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Preface

Among the major devastating abiotic challenges is the salinization of soils, which 
are natural finite resources sustaining most life on Earth. Soils exhibiting satura-
tion paste extracts (ECe) in the root zone as electrical conductivity (EC) > 4.0 dS 
m−1 (≈ 40 mM NaCl; dSm-1 = decisiemens per meter) at 25°C and 15% exchange-
able Na+ ion are considered saline. By the year 2050, a projected increase of 16.2 
million ha will be witnessed in salt‐affected areas. In terms of tolerance to salinity 
levels, plants are grouped into two categories, namely halophytes (salinity toler-
ant and adapted to salinized environments) and glycophytes (salinity-sensitive 
plants). Unfortunately, most agricultural crop plants are glycophytes (salt sensi-
tive), where soil salinization adversely inhibits the plants’ absorption of water and 
nutrients and eventually severely impairs the major physiological/biochemical 
and molecular attributes of crop plants as well as their yield (30%–50% reduc-
tion). Thus, the salinity sensitivity of most crop plants, increasing rate of land 
salinization, and salinity-caused losses in crop productivity are challenging food 
security.

Interestingly, the life of plants under salinity can be made easier and more productive 
by employing strategies comprising optimum and timely supply of mineral nutri-
ents, compatible solutes, bio-stimulants, nanomaterials, phytohormones, phenolic 
compounds, and microorganisms, as well as considering the crosstalk of mineral 
nutrients/biostimulants–phytohormones and molecular-genetic approaches. These 
approaches, in isolation and/or combination, may boost the efficiency of the plant’s 
inherent mechanisms for its improved sustenance and productivity under salinity 
stress.

Making Plant Life Easier and Productive Under Salinity – Updates and Prospects intro-
duces the concept of salinity, its major impacts, and important approaches for making 
plant life easier and more productive under salinity; reviews the scale and complexity 
of salinity impacts on Sri Lankan rice farming systems, along with presenting major 
actionable insights; reviews the salinity stress responses of major metabolites and in 
vitro production of terpene in plants; discusses the major mechanisms underlying 
phytohormone-mediated control of salinity impacts in plants; and appraises the 
literature on genomics-assisted breeding approaches for achieving salinity tolerance 
in cereal crops.

We believe that this volume will serve as an important resource for plant biologists 
and agriculturists as well as research students.

We would like to thank our publisher IntechOpen for providing a platform for 
showcasing our work. We are also thankful to Publishing Process Manager Mrs. Karla 
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Chapter 1

Introductory Chapter: Making 
Plant Life Easier and Productive 
under Salinity – Updates and 
Prospects
Naser A. Anjum, Asim Masood, Palaniswamy Thangavel  
and Nafees A. Khan

1. Introduction

1.1 Human, food and plants

Almost all life forms on the Earth fundamentally depend on plants and/or plant-
based (food and non-food) resources. Human being, in particular, are indebted 
(directly or indirectly) to the diversity of plants for oxygen, food, fuel, fiber, medi-
cines, and even for shelter. Being sessile by nature, plants have to closely interact with 
the immediate environment (growing conditions comprising air, water, soil, energy/
light) to sustain their own lives and accomplish the aforementioned notable contribu-
tions to human life. As an enigmatic, heterogeneous, multiphasic and porous system, 
soil acts as a natural growth environment/medium for diverse land plants. The health 
of soil is closely linked with the health of plants and that of their immediate and long-
term consumers. Interestingly, 80% of average calorie consumption comes from crop 
plants grown directly in soil. Hence, healthy soil has been widely argued vital both as 
a resource for feeding the burgeoning global population via agriculture, and also for 
realizing most of the United Nations Sustainable Development Goals [1–5].

1.2 Soil salinization: concept and types

The health of soil is being significantly impacted by increased salinization due to 
excess accumulation of varied salts (e.g., cations: Na+, Ca2+ and Mg2+; anions: Cl−, SO4

2−, 
CO3

2− and HCO3
−). Based mainly on the soil properties, namely electrical conductivity 

(EC), pH, exchangeable sodium (Na+) percent (ESP), Na+ adsorption ratio (SAR), total 
soluble salts (TSS), and total dissolved solids (TDS), soils can be categorized in three 
major types: saline, sodic and saline-sodic. EC of the saturation paste extract (ECe) is the 
measure of salinity, whereas the measure of sodicity is the exchangeable sodium (Na+) 
percentage (ESP) or the sodium adsorption ratio (SAR). Soils can be saline (ECe > 4 
dS m−1 (decisiemens per meter)) at 25°C and ESP < 15 (high soluble salts and low 
exchangeable Na+; pH 7.0–8.5), sodic (Ece < 4 dS m−1 and ESP > 15; with a high amount 

XIV
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of exchangeable Na+ ions on the cation-exchange sites; weak bond between soil particles; 
pH > 8.5) or saline-sodic (Ece > 4 dS m−1 and ESP > 15; both salts and exchangeable 
sodium are high). According to the first ever country-driven global map of salt-affected 
soils (GSASmap, V1.0.0), which comprised over 118 countries with 257 and 419 locations 
(covering 85% of global land area), 85% of salt-affected top-soils are saline, 10% are 
sodic and 5% are saline-sodic, 62% of salt-affected subsoils are saline, 24% are sodic and 
14% are saline-sodic (FAO-GloSIS 2023 [6]; Figure 1). Major consequences of sodicity 
and salinity on soil health are summarized in Figure 2.

The building-up of elevated level of varied salts (e.g., cations: Na+, Ca2+ and Mg2+; 
anions: Cl−, SO4

2−, CO3
2− and HCO3

−) in the soils may be caused naturally (leading to 
primary salinity) or human-induced (or anthropogenic activities) (leading to secondary 
salinity). Interestingly, the natural climate conditions; different geological, hydrological 
and pedological processes; wind; rainfall; parent rock weathering; long-term natural 
accumulation of salts (including Cl− of Na+, Ca2+ and Mg2+ and sometimes SO4

2− and 
CO3

2−); and higher evapotranspiration (versus precipitation) largely contribute to the 
primary or natural salinity in the soil or surface water. On the other hand, the human-
induced (or anthropogenic) activities done in agricultural management practices are 
largely inappropriate, which cause poor drainage and arbitrary irrigation, disrupt the 
hydrologic balance of the soil between water applied (irrigation or rainfall) and water 
used by crops (transpiration), leading ultimately to the secondary salinization, the major 
cause of the loss of agricultural soils (Figure 3) [6, 8]. Both primary and secondary 

Figure 1. 
Global map of salt-affected soils (GSASmap) [6].
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Figure 2. 
Schematic representation of the major impacts of sodicity and salinity on soil health [7].

Figure 3. 
Schematic representation of the major factor contributing to natural and human-induced soil salinization [7].
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salinization of soils mainly occurs in arid and semi-arid regions, where precipitation 
to evapotranspiration ratio is low. Notably, climate change is among the major factors 
known to influence the global distribution of salt-affected soils [9–13].

Notably, soil salinization is at the top among the major climate change-influenced 
abiotic stress factors and is also known to bring severe consequences at both agri-
cultural soil and agricultural crop plant levels. It significantly changes the major 
physiochemical and biological characteristics (including soil structure, soil microbial 
activity, etc.). These soil-level changes culminate in the inhibition of absorption of 
water and nutrients by plants and severely impairing the physiological/biochemical, 
molecular and yield (≈50% reduction) attributes of crop plants. On the other hand, 
agriculture, in particular, is under pressure to accelerate crop plant yield (by >70%) in 
order to feed the burgeoning world population that is projected to stabilize at around 
9.7 billion by the year 2050 [14].

Given above, efforts must be made to make crop plant life easier and more pro-
ductive under rapidly increasing soil salinity. It is required to consider a multi-level 
approach comprising monitoring, assessment, and the management of soil saliniza-
tion; getting insights into the crop plant physiological/biochemical and molecular-
genetic responses to soil salinity; and dissecting the strategies for strengthening 
plant/crop salinity-tolerance mechanisms.

2. Salinity-impacts in plants

Three major physiological stresses encountered by salinity-exposed plants include 
ion (Na+ and Cl−) toxicity; physiological drought due to low osmotic potential; and 
nutrient imbalance in plants (Figure 4) [15–17]. Salinity-accrued decrease in plant 
growth and photosynthesis and related variables may also be possible as a result of 
hyperionic and hyperosmotic stress [18]. Plant tolerance to salinity of the soils of the 
root zone greatly varies with plant types and their age, and the salinity concentration 
and exposure duration. However, exhibition of yield reduction was noted in most 
crop plants at the electrical conductivity (EC) of the saturation extract (Ece) in the 
root zone >4.0 dS m−1 (≈40 mM NaCl; exchangeable sodium of 15%) at 25°C [19–21]. 
Taking into account representative studies, the major impacts of salinity on plant 
growth, photosynthesis, yield, nutrient uptake and metabolism, water status, oxida-
tive stress, and antioxidant metabolism are briefly overviewed hereunder.

2.1 Growth, photosynthesis and yield

Soil salinization impacts almost every stage of plant growth and development. 
Salinity impact on germination has been extensively reported in several test plants 
[22, 23]. Contingent to salinity concentration, type of salt present, type of plant 
species, age of test plant, and time of exposure were reported to control the extent of 
salinity impacts. The major growth traits, namely the rate, percentage and index of 
germination; leaf area; length, fresh and dry weights of root and shoot; and plant dry 
mass, were varyingly decreased in salinity-exposed plants [23–25]. Salt stress impacts 
on photosynthesis and involved several mechanisms. Salinity-accrued impediment in 
photosynthesis is caused by decreased leaf area and stomatal conductance, declined 
CO2 availability and assimilation; Cl−led inactivity of RuBisCO; degraded D1 and D2 
proteins of PSII reaction center; diminished activity of enzymes involved in photo-
synthetic pigment synthesis; low uptake of Mg2+, and destruction of pigment-protein 
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complexes [26, 27]. Elevation in the soluble salts in the rhizosphere is bound to result 
in brutal yield losses in most crops, which was widely argued to involve salinity 
impact on different yield components [28, 29].

2.2 Nutrients uptake and metabolism, and water status

Elevated soil salinity significantly impacts the acquisition of most mineral nutrients 
including Ca, Cu, Fe, N, P, K, S and Zn. Decreased solubility and mobility of Cu and Fe 
were earlier noted in plants under salinity stress [30, 31]. In fact, salinity conditions tend 
to immobilize nitrate (NO3

2−; by Cl−) and ammonium (NH4
+; by Na+) ions, the major 

plant-absorbed N forms [32]. Unavailability of soil-P to plants, its deficiency therein 
are caused by salinity [33]. Impaired uptake and metabolism of Ca, K, P, N and S were 
observed in salinity-treated plants, which mainly involved salinity-accrued changes in 
soil solution’s osmotic potential and/or the activity of K+-selective ion channels [22, 34]. 
Salt-affected plants exhibit significantly decreased uptake and use efficiency of B, K 
and P due mainly to the negative interactions with higher concentrations of cations and 
anions. Salinity-exposed plants also exhibited inhibited K+ uptake and decreased K+/
Na+ ratio, which were argued to involve salinity-mediated depolarization of the plasma 
membrane potential, activation of voltage-gated guard cell outward rectifying K+ 
channels and eventual K+ efflux [35, 36]. Salinity-caused reduced uptake and deficiency 
of Mn, and decreased solubility and P uptake were also observed in plants under salinity 
exposure [37, 38]. In several instances, elevated salinity also impacted the assimilation of 
both N and S via impacting the major N-S assimilatory enzymes [39–41]. Notably, high 
salinity was reported to affect the major genes involved in the uptake and transport of 
N, and assimilation can also be affected by high salinity [42]. Salt stress can also impact 
nitrification and ammonification [43]. The proportion of N-transport amino acids (such 
as asparagine, glutamate, aspartate and glutamine) decreased in several salinity-exposed 
test plants [44, 45]. Notably, physiological drought in plants has been reported due to 
the imposition of high salt concentration in the rhizosphere, and eventual salt-accrued 
immobilization of water and its unavailability to the plants [46].

Figure 4. 
Schematic representation of the major targets of salinity impacts in plants.
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2.3 Oxidative stress and antioxidant metabolism

Elevated soil salinity is widely known to accelerate the accumulation of reactive 
oxygen species (ROS; such as O2

−, H2O2, •OH, and 1O2) leading to oxidative stress, a 
physiological condition of imbalance between generation of ROS and their scavenging 
[22, 47, 48]. Elevated or non-metabolized ROS cause lipid peroxidation and damage 
macromolecules including DNA and protein. Interestingly, plants possess inherent 
capacity to activate ROS-scavenging system in order to counteract potential ROS-
accrued consequences. Interestingly, plant antioxidant defense system is comprised of 
enzymatic (superoxide dismutase, SOD; peroxidase, POD; catalase, CAT; ascorbate 
peroxidase, APX; glutathione peroxidase, GPX; glutathione reductase, GR; monode-
hydro ascorbate reductase, MDHAR; dehydroascorbate reductase, DHAR); and non-
enzymatic (reduced ascorbate, AsA; reduced glutathione, GSH; phenolic, vitamin E, 
carotenoids and mannitol etc.) components (Figure 5) [49–51].

Extensive reports are available on the salinity-mediated elevation in the levels of 
varied (such as O2

−, H2O2, •OH, and 1O2), and their impact on membrane lipids and 
leakage of electrolytes have been reported. Salinity stress was also found to induce 
different components of antioxidant defense system in salinity-exposed plants. 
Significant enhancements in the activity of enzymes involved in the dismutation of 
O2

− (SOD); H2O2-metabolism (CAT; APX) and GSH-regeneration (GR) [22, 47, 48].

3. Salinity impacts-minimization in plants

The life of plants under salinity can be made easier considering both plant- and 
soil-focused strategies, namely adopting approaches aimed at improving plant 
growth, metabolism, and productivity and employing the management approaches 
for managing the health (physico-chemical and biological traits) of saline soils.

Figure 5. 
Schematic representation of the main reactions performed by selected enzymatic antioxidants involved in 
the scavenging of varied reactive oxygen species (ROS). Abbreviations: DHA, reduced dehydroascorbate; 
GSSG, oxidized glutathione/GSH disulfide; MDHA, monodehydroascorbate; NADH, nicotinamide adenine 
dinucleotide; NAD, nicotinamide adenine dinucleotide; NADPH, nicotinamide adenine dinucleotide phosphate; 
NADP+, oxidized form of nicotinamide adenine dinucleotide phosphate [49–52].
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3.1 Plant health-improving approaches

Plants are endowed with inherent mechanisms for salt stress-impact mitigation, 
which include hormonal stimulation, ion exchange, antioxidant enzymes and non-
enzymes (metabolites) and activation of signaling cascades. However, efficiency 
of most of these inherent mechanisms can be further improved by employing 
approaches comprising the optimum and timely supply of mineral nutrients, compat-
ible solutes, bio-stimulants, nanomaterials, phytohormones, phenolic compounds, 
microorganisms and considering mineral nutrients-phytohormones crosstalk and 
molecular-genetic approaches.

3.1.1 Mineral nutrients

The role of different mineral nutrients (such as N, P, K and S) in both minimiza-
tion of salinity impacts and strengthening plant salinity tolerance has been widely 
studied. The major mechanism involved in the improved health of salinity-treated and 
N-supplied plants included diminished accumulation of Na+, efficient N-uptake and 
assimilation processes, controlled K+/Na+ homeostasis, and improved plant-K status 
[53–55]. S-supply improved plant health and salinity tolerance via maintaining the 
improved status of S and S-containing compounds (including cysteine, Cys; glutathi-
one, GSH); improved cellular redox homeostasis; efficient ROS-metabolism; decreased 
oxidative stress; decreased Na+/K+ ratio and Na+ accumulation, increased K+ and Ca2+; 
improved uptake of K and P; and reduced electrolyte leakage [22, 48, 56, 57].

3.1.2 Phytohormones

Sustainable improvement of plant growth, metabolism, photosynthesis and 
productivity (yield) under salinity-affected soils can be possible with the judicious 
and timely use of various phytohormones and signaling molecules, and thereby mini-
mizing increasing strain on the global food security. The major role (and underlying 
basic mechanisms) of phytohormones (namely abscisic acid, ABA: a sesquiterpenoid, 
15-C compound; auxins: endogenous plant growth regulators; brassinosteroids, BRs: 
polyhydroxy steroidal phytohormones; cytokinins, CKs: derivatives of adenine or that 
of phenylurea; ethylene: an unsaturated hydrocarbon gas; and gaseous hormone; gib-
berellins, gibberellic acid (GA): a large family of tetracyclic di-terpenoid compounds; 
jasmonic acid, JA: a cyclopentane fatty acid; nitric oxide, NO: a highly versatile 
gaseous, free-radical, redox-signaling molecule; salicylic acid, SA: a phenolic plant 
hormone; and strigolactones, SLs: carotenoid derived phytohormone) in improving 
plant salinity tolerance are briefly highlighted hereunder.

Under saline condition, ABA supply improved plant health by modulating ABA 
signaling components; reducing Na+ content, increasing K+, Mg2+ and Ca2+ content; 
improving coordination among antioxidant defense system components; improv-
ing cellular level of AsA and GSH; significant reduction in Na+ content, increasing 
the contents of hormones such as 1-aminocclopropane carboxylic acid, trans-zeatin, 
N6-isopentyladenosine, indole-3-acetic acid (IAA); reduction of transpiration flow, 
regulation of Na+ ion homeostasis; involving calmodulin signaling cascade; and induc-
tion of osmolytes accumulation [58–60]. The supply of auxins has been widely reported 
to improve plant salinity tolerance involving various mechanisms [61–63]. BRs-mediated 
improvements in plant salinity tolerance and growth and development mainly involved 
BRs-supply-induced activity of ROS-metabolizing enzymatic antioxidants (including 
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APX and CAT), and the cellular levels of non-enzymatic antioxidants (such as AsA and 
GSH); and decreased electrolyte leakage and membrane lipid peroxidation [24, 64, 65]. 
Cytokinins-supply can improve plant salinity tolerance via modulating shoot Cl− exclu-
sion and enhancing antioxidant system and photosynthetic efficiency [66, 67].

Ethylene-induced plant salinity tolerance was argued earlier as a result of ethylene-
mediated maintenance of the homeostasis of ions; up-regulation of antioxidant 
enzymes; improved endogenous ethylene-overproduction; increased activity of seed 
α-amylase; decreased H2O2 and lipid peroxidation; decrease in osmotic stress; PSI 
cyclic electron flow-mediated controlled non-photochemical quenching [68–70]. 
Gibberellins (GA)-mediated improvement in plant health involved decreased ion 
leakage; improved osmolyte accumulation and proline content; elevated Ca2+ and 
K+ concentrations, and transpiration rates; modulated antioxidants and secondary 
metabolites; and improved redox homeostasis and coordination among antioxidant 
enzymes  [71–73]. Jasmonic acid (JA)-supply can mediate the salinity-impact miti-
gation in plants involving increased endogenous levels of cytokinins and auxins, 
increased α-tocopherol, phenolics, and flavonoids levels; enhanced activity of SOD and 
APX; increased K+ and Ca2+; declined Na+ content; and crosstalk on JA and ABA [74, 
75]. Nitric oxide (NO) is the smallest diatomic gas and a gaseous signaling molecule 
in plants [76, 77]. NO-supply protected plants against salinity impacts by enhancing 
mineral absorption, maintaining hormone equilibrium, improving osmolyte accumu-
lation, strengthening antioxidative defense systems, mitigating H+-ATPase inhibition, 
and maintaining oxidative homeostasis in plants under salt stress [78, 79]. Alleviation 
of salinity stress in plants has also been achieved through crosstalk of NO with other 
signaling compounds and phytohormone signaling pathways [80, 81]. In salinity-
exposed plants, salicylic acid (SA)-supply reduced Na+ and Cl− ions; maintained high 
GSH level; improved cellular redox environment; regulated AsA-GSH cycle, elevated 
osmolyte accumulation; and involved characteristic changes in the expression pattern 
of major GST-gene family members [82–84]. Strigolactones (SLs)-mediated improved 
salinity tolerance in plants was argued to involve enhanced antioxidant enzyme activ-
ity; improved ROS-metabolism, decreased lipid peroxidation and cellular damage; and 
SLs-ABA-arbuscular mycorrhizal fungi crosstalk [85–88].

3.1.3 Mineral nutrients-phytohormones crosstalk

The major outcomes of the crosstalk of most mineral nutrients with phytohormones 
have improved plant salinity tolerance. To this end, in several instances, the crosstalk 
between the major phytohormones (such as indole-3-acetic acid (IAA), gibberellic acid 
(GA), kinetin (CK), ethylene, 24-epibrassinolide, SA, ABA, brassinosteroid (BR)), with 
N and S resulted in differential decreasing the content of Na+ and Cl− ions; modulation 
of key enzymes of N and S metabolism; cellular homeostasis, photosynthesis; lowering 
oxidative damage, improving photosynthetic efficiency, assimilation of N and S, proline 
content and antioxidant defense system and decreased generation of oxidative stress 
markers; maintain osmotic balance via controlling cellular osmolytes; modulating the 
photosynthetic N-use-efficiency and antioxidant metabolism; increased levels of free 
amino acids and soluble proteins [22, 44, 60, 68].

3.1.4 Osmolytes

Exhibition of almost ceased water flow from soil into roots and cellular dehydra-
tion as a result of decreased cellular turgor pressure are common in plants under 
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salinity stress. To counter this, plants employ the mechanism of osmoregulation, 
which involves the accumulation of varied small water-soluble organic non-toxic 
solutes (osmolytes/compatible solutes). Osmolytes/compatible solutes such as 
polyamines (PAs), glycine betaine, b-alanine betaine, dimethyl-sulfonio propionate, 
and choline-O-sulfate are ‘ammonium compounds’; whereas fructan, trehalose, 
mannitol, D-ononitol and sorbitol are grouped as the ‘sugars and sugar alcohols’. 
On the other, the list of major amino acids acting as osmolytes includes proline and 
ectoine. The accumulation of most of these solutes in the cytoplasm largely leads to 
the maintenance of low cytosolic and cytosolic concentrations within narrow limits 
(100–150 mM) across a broad range of external and vacuolar concentrations of NaCl 
[89–91]. In addition to performing cytoplasmic osmoregulation/osmotic adjustment, 
osmolytes have been considered as efficient oxidative stress-busters in plants under 
varied abiotic stresses (Figure 6) [92].

Figure 6. 
Schematic representation of the major osmolytes involved in osmotic adjustment in plants under salinity stress [52].
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Salinity-exposed plants have been extensively reported to accumulate polyamines 
(PAs) which are low-molecular-weight aliphatic amines/polycations [91, 93, 94]. 
Notably, the list of most common natural PAs present in plants includes Spermidine 
(Spd), spermine (Spm) and putrescine (Put). These PAs are known to act as signaling 
molecules in plant-environmental stresses [95]. PAs-supply mediated strengthening 
of antioxidant defense system has been reported in plants [36, 96]. The synergistic 
effect of PAs (Put + Spd) was reported to confer salinity tolerance in foxtail millet 
(Setaria italica), by inducing antioxidant enzymes and osmoprotectants, and main-
taining coordination among the complex physiological and biochemical processes 
[97]. Elevation in the cellular level of proline is involved plant salt stress tolerance 
mechanisms. Beside delivering C, N, and energy during stress condition, proline 
scavenges varied ROS and also stabilizes DNA, proteins and membranes, and reduces 
NaCl-induced enzyme denaturation [91, 98]. Osmotic adjustment in salinity-
impacted plants can also be accomplished with the accumulation of total soluble 
sugars, namely glucose, sucrose, dextrins, and maltose, where these sugars provide 
osmoprotection and also act as C-storage [99]. A non-reducing storage disaccharide, 
trehalose is mainly involved in the regulation of carbohydrate metabolism [100]. 
Interestingly, trehalose-mediated improvement in plant salinity tolerance involves 
the maintenance of K+:Na+ ratio, ROS-scavenging ROS, and increased soluble sugar 
concentration [101–103]. Mainly acting as important osmolytes in plant vacuoles, 
organic acids can also significantly contribute in plant tolerance to salt stress [104].

3.1.5 Microorganisms

Numerous plant growth-promoting microorganisms have been identified, which 
have become a useful tool for achieving sustainable agricultural production [105, 
106]. Interestingly, rhizosphere is the home to numerous plant growth-promoting 
bacteria (PGPB) (or plant growth-promoting rhizobacteria; PGPR) (Figure 7). Most 
of these PGPB/PGPR are cheap and easily available resources; hence, they are gener-
ally used as an inoculant for bio-stimulation, biocontrol and biofertilization for the 
mitigation of salinity impacts in plants. Therefore, PGPB/PGPR has been argued as 
an alternative strategy for salt tolerance in plants [106–108]. The role of plant growth-
promoting rhizobacteria (PGPR) in plant salinity tolerance and immunity is worth 
mentioning, where most PGPR protect plants by colonizing within the rhizosphere 
and producing antimicrobial metabolites (antagonistic) and producing regulatory 
hormones [109]. Plant inoculation with selected PGPRs (including Bacillus pumilus 
and Pseudomonas pseudoalcaligenes) under saline conditions resulted in increased 
uptake of N, P, K, decreased uptake of Na and Ca; and improved growth traits [110]. 
Thus, the use of selected PGPR makes the solubility and bioavailability of major min-
eral nutrients (such as soil-P) feasible under saline condition. PGPR strain-mediated 
induction of antioxidant enzymes can also be promising in improving plant salinity 
tolerance.

The role of arbuscular mycorrhizal fungi (AMF), a unique group of root obli-
gate endophytic fungal symbionts (reported in about 90% of terrestrial plants), 
in plant salinity tolerance has also been found significant [17, 91]. AMF-mediated 
improvements in plant health involved enhanced ability of plants to replace K+ with 
Na+ using various transporters [111]; maintenance of high K+ in roots and shoots 
[112, 113]; efficient regulation of K+/Na+ ratio required for cytoplasmic ion-balance 
maintenance [18]; strengthening of antioxidant defense mechanism [114]; improv-
ing water-use-efficiency, and compartmentalization of Na+ within plant tissues 
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[115, 116]; and inducing the osmolytic solutes (including proline, glycine betaine, or 
soluble sugars) [117].

3.1.6 Phenolic compounds

Elevated accumulation of phenolic compounds has been reported in salinity-
impacted plants [118–120]. Considered significant among the most widely distributed 
secondary metabolites in the plant kingdom, phenolic compounds (including poly-
phenols and flavonoids) are the low-molecular-weight non-enzymatic antioxidants 
generated in plant cells. Most phenolic compounds act as signaling molecules and 
mediate auxin transport [121]. These phenolic compounds improve plant salinity 
tolerance via acting as reactive oxygen species (ROS)-scavengers, thereby maintain-
ing a fine cellular redox homeostasis [118, 119].

3.1.7 Bio-stimulants

Bio-stimulants (also termed as bio-effectors) are viable microorganisms or active 
natural compounds, and can fall within four prime groups: acids (humic acid, fulvic 
acid, humins, amino acids, fatty acids, and organic acids), microbes (plant growth-
promoting rhizobacteria, PGPR; arbuscular mycorrhizal fungi, AMF; Trichoderma 
spp.), plant-derived bioactive substances (polyphenols and allelochemicals, etc.), 
and others (beneficial elements: Al, Si, Na, Se, Co, etc.). Most bio-stimulants are 
considered as the regulators of both ROS-metabolism and also stress metabolites 
involved in enhancing plant tolerance to major stresses (including salinity) [122, 
123]. Bio-stimulants-mediated improved salinity tolerance in plants involved bio-
stimulants-induced maintenance of reduced non-enzymatic antioxidants (such as 
GSH and AsA); improved tissue water status, ionic and nutrient homeostasis, and 
osmotic tolerance; stabilized membrane properties; maintenance of a fine-tuning 
among antioxidant enzymes; and decreased ROS generation electrolyte leakage and 
lipid peroxidation) [7, 124–126].

Figure 7. 
Schematic representation of the major plant growth-promoting rhizobacteria inhabiting the plant rhizosphere 
[106–108].
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3.1.8 Nanomaterials

Nanomaterials (NMs) are materials with a basic structure of 1–100 nm in at least 
one dimension. Nanomaterials (in terms of nano-fertilizer and nano-pesticides, and 
other plant protection nano-agents) have shown great potential in agriculture [127]. 
The major mechanisms underlying NMs-mediated improved plant salinity tolerance 
included NMs-mediated alleviation of osmotic and ionic stress, enabling the better 
ability to maintain cytosolic K+/Na+ ratio; enhancing leaf mesophyll K+ retention; 
efficient scavenging of ROS; maintaining a fine-tuning among the components of 
antioxidant defense system; and protection of photosynthesis [128–131]. The role 
of nanozymes in salinity-exposed plants has also been reported, where the supplied 
nanozymes with ROS-scavenging ability in plants helped to improve plant salt toler-
ance via maintaining ROS homeostasis and alleviating ROS-accumulation in plant 
organs [132, 133].

3.1.9 Molecular-genetic approach

Deep understanding of molecular insights into plant salinity stress tolerance 
has come to light mainly due to exhaustive studies on omics techniques. The list of 
the mentioned techniques comprises transcriptomics, genomics, proteomics, and 
metabolomics, where crucial cell signaling compounds crosstalk and integrative 
multi-omics techniques could be employed for improving salinity tolerance in plants 
[134, 135]. Notably, plants are of multi-genetic nature, which makes actual under-
standing of their responses to salinity very difficult. To this end, genomics (studies 
on a certain genome aimed at unveiling insights into organism’s biology) has greatly 
helped identify and characterize the salinity stress response gene [135, 136]. Notably, 
understanding plants’ salinity tolerance and also the development of salinity tolerant 
plants have been enabled to a great extent by employing high-throughput approaches 
including forward genetics, serial analysis of gene expression, expression sequence 
tag, next-generation sequencing), targeting-induced local lesion in genomes, RNA 
interference, and genome-wide association study [135, 137–139]. Additionally, plant 
salinity tolerance mechanisms are very complicated and involve polygenic traits [15]. 
To this end, dealing mainly with the RNA expression profile of organisms at temporal 
and spatial bases, transcriptomics has helped in the identification of transcripts/genes 
essential in controlling transcription and translation machinery in several studies on 
plants under salinity stress [20, 140–142].

Critical studies on the protein profiles (which is actually the expression-reflection of 
the salinity-caused genes) employing the proteomics approach have helped to identify 
proteins, and get their expression profile, post-translational modifications, and 
protein-protein interactions in both agricultural [143–145] and non-agricultural 
[146, 147] plants under salinity stress. Clear and reliable information about the major 
metabolites (such as most organic acids, hormones, amino acids, ketones, vitamins, 
and steroids) in salinity-exposed plants has been obtained employing metabolomics 
[47, 148, 149]. The collection of minerals and elements of an organism is considered 
as ‘ionome’, which has helped in understanding the role of adoption of controlled 
ion uptake, distribution system (homeostasis), and detoxification as plant’s major 
strategy for adjusting high salinity [142, 143, 150]. The major impacts of salt stress on 
photosynthesis and related variables, ionic relationships, plant senescence, and yield 
can be assessed well by employing high-throughput phenotyping [151, 152].
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The manipulation of N-dynamics through genetic engineering has great 
potential to improve plant life under salinity stress [153]. As also mentioned above 
that, ethylene is an important gaseous phytohormone involved in the regula-
tion of plants growth, development, and senescence [154]. Among the small 
transcription factor gene families in higher plants, ethylene-insensitive 3 (EIN3)/
ethylene-insensitive 3-like (EIL) gene family is very important. All members of the 
EIN3/EIL gene family are key genes in the ethylene signaling pathway [155–157]. 
Ethylene-mediated downstream transcriptional cascade has been reported to 
involve EIN3/EILs as the major key elements and positive factors [158]. Ethylene-
mediated enhanced salt tolerance in Arabidopsis involved EIN3/EIL1, which 
promoted EBF1/EBF2 proteasomal degradation and modulated several EIN3/
EIL1-regulated genes. Further, overexpression of EIN3 target genes (e.g., ERFs 
and SALT INDUCED EIN3/EIL1-DEPENDENT1 (SIED1)) can also improve plant 
salinity tolerance [159].

3.2 Saline soil health-management approaches

Appropriate, effective, cheap and environment-friendly management/ame-
lioration approaches can be applied to improve the health (physicochemical and 
biological traits) of saline soils, and thereby providing the soil conditions favorable 
for establishment, and optimum growth and development of plants, which in turn 
can contribute in securing foods for future generations [160, 161]. Reclamation 
(salt removal from the plant-root zone) stands at the top of the saline soil health-
management approaches, which is mainly comprised of reducing salinity by leach-
ing; salt scraping; and phytoremediation of accumulated salt. Approaches such as 
the addition of organic amendments as ameliorant (such as crop residue, compost, 
farm yard manure, cattle manure, poultry manure, clover hay and wheat straw; 
aimed at improving soil physical conditions; stabilization of soil aggregates and 
improving water holding capacity); addition of chemical amendments (flushing 
out of the Na+ from the root zone; can be done using gypsum, CaSO4; lime, CaCO3; 
sulfuric acid, H2SO4; hydrochloric acid, HCl; nitric acid, HNO3); and soil ripping 
(reduce the compaction and assist with salt leaching; normally considered in sodic 
soils with compaction problem) may be adopted to reduce salt leaching from the 
upper layers of the soil. Salt scraping approach involves the physical removal of 
the salt crust, followed by leaching for salts (including Na+) removal from the root 
zone [162, 163].

Phytoremediation is a plant-assisted approach alternative and efficient tech-
nique that has the potential to replace the abovementioned costly physical and 
chemical methods for reclaiming sodic and saline-sodic soils. Interestingly, the 
phytoremediation approach is based on the ability of plant roots to enhance the 
dissolution rate of native calcite and the removal of Na+ [161, 164]. Plant species 
exhibiting hyperaccumulation of elevated soil salts and strong salinity tolerance 
can be considered in the phytoremediation-based management of saline soils. 
In particular, halophytes are the plants reported to exhibit salt resistance or salt 
tolerance to soils with >200 mM NaCl [165]. Notably, most halophytes (including 
grasses, shrubs, and trees) exhibit their extraordinary capacity of salt exclusion, 
excretion or salt accumulating at cellular, organelle and whole body levels. Given 
this, several halophytes have been considered a panacea in the remediation of 
salt-affected problematic soils (Figure 8). The use of phytoremediation approach 
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in salinity-loaded soils helped in improving physical, chemical, and microbiologi-
cal properties; increasing soil fertility, organic matter accumulation, erodibility 
reduction, and increasing soil water retention [166–168].

4. Conclusions and prospects

This chapter overviewed the concept and the global status of soil salinization; 
highlighted the major mechanisms underlying salinity impacts in plants, and criti-
cally discussed in detail the potential approaches for making plant life easier under 
salinity. Notably, salinity-accrued decrease in plant-water status led to salinity-
mediated impairments in growth and development; ionic imbalance, impaired 
nutrient uptake and assimilation were argued as a result of elevated accumulation of 
Na+ and Cl−; and impact on the tuning among the components of antioxidant defense 
system (causing oxidative stress) was cumulative resulted in severely hampered plant 
growth, metabolism, development and productivity. Notably, despite the fact of a 
very complex nature of plant salinity responses, the major approaches considered 
so far, have mainly focused on physiological/biochemical and agronomical (and 
molecular) aspects of salinity-exposed plants. Integrating these aspects with more 
molecular-genetic aspects, a critical crosstalk on gasotransmitters, phytohormones 
and mineral nutrients; intricacies therein of potential synergism and antagonism may 
help in understanding and getting insights into the complexity of signaling pathways. 
Evaluating how AMF influence the cell wall; and lipid metabolism under saline condi-
tions will also be important.

Little success has been achieved in the field of breeding and genetic engineering 
of plants for their improved salinity tolerance. Exhaustive studies on the PGPR-
colonization within the rhizosphere and the production of antimicrobial metabolites 
may also yield promising outcomes in plant salinity response and tolerance research. 
The use of varied plant bio-stimulants (bio-effectors) can also be employed to 

Figure 8. 
Schematic representation of the major halophytes used in saline soil management [161, 164].
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stimulate growth, nutrient uptake and crop plant salinity tolerance. Most mechanisms 
underlying the control of ion homeostasis, cell activity responses, and epigenetic 
regulation have been extensively unveiled in salinity-exposed. However, further 
insights into the identification of Na+ sensor or receptor, ontogenic variation in the 
salt-induced signaling, and salt-tolerance markers for crop breeding can also be 
promising in future research on plant salinity stress tolerance. Additionally, further 
dissection and use of the outcomes of the crucial cell signaling compounds crosstalk 
and integrative multi-omics techniques will help further understand plants salinity 
responses and develop salinity tolerant plants.
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Abstract

Saline-affected rice (Oryza sativa L.) production environments in Sri Lanka can be
divided into three categories including: late-season salinity in irrigated mega-cultivation
environments during the minor cultivation season where soil EC ≥7 dSm�1, late season
salinity in rain-fed farming systems in the west, southwest, and eastern coastal line
during the minor cultivation season where soil EC ≥20 dSm�1, and early season salinity
in selected irrigated and rain fed sites during major and minor cultivation seasons as a
result of residual overload of salts that was not washed off due to inadequate rain. In the
west and southern coast early season salinity salinity can exceed EC ≥12 dSm�1. The
proposed zones of saline-afflicted production environments permit designing of target
ideotypes and locally adapted rice varieties. Accordingly, high yielding, 3 to 3.5 months
duration varieties that are tolerant at>7 dSm�1 are recommended for intensive irrigated
farming systems affected due to late season salinity (panicle initiation stage of the crop,
PI); high yielding, 2.5 to 3 months duration varieties can avoid late season salinity in
intensive irrigated farming, and varieties tolerant up to EC = 12 to 20 dSm�1 throughout
the crop life including seedling and PI stages can target saline affected, semi-subsistence
rice cultivation in rain-fed systems. In fact, secondary salinization in local rice farming
environments is resulting from interaction among multiple factors; therefore, system-
level interventions are necessary to manage the impacts.

Keywords: secondary salinization, rice (Oryza sativa L.), rice cultivation seasons,
saline tolerant germplasm, system interventions

1. Introduction

1.1 Background

Rice (Oryza sativa) is the staple food of an estimated 3.5 billion people from East
and South Asia, the Middle East, the West Indies, and Latin America, accounting for
50–80% of their daily calorie intake [1]. It is also the primary source of income and
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employment for more than 200 million households in developing countries [2]. Rice is
the main staple providing over 45% of the total caloric and 40% of the protein
requirements for the Sri Lankan population [3, 4]. In the country, rice cultivation
occupies 16% of the total land area and 34% of the total cultivated area whereby 11.6%
of the total local population and 32% of the total labor force are directly engaged in the
rice sector [5]. The rice sector contributes 7% to the national agricultural GDP [6], and
therefore is associated with food and nutrition security and is critical for generating
livelihood income for the Sri Lankan population.

Salinization of arable soils is an increasing challenge in global agriculture. World-
wide about 20% of total cultivated and about 33% of irrigated agricultural lands are
afflicted due to soil salinity [7, 8]. Soil salinization is aggravated by the adverse effects
of climate change causing abandonment globally of 0.3–1.5 million hectare year�1 [9].
Consequently, an estimated 50% of the arable land would be salinized by the year
2050 [10]. The cost of global crop loss owing to salinization is estimated to be USD
27.3 billion [11]. Rice, with a threshold of 3 dSm�1 for most cultivated varieties, is very
sensitive to salinity [12], and rice cultivation is extremely vulnerable to soil saliniza-
tion. In moderately saline areas, the yield loss of rice is 10–15%, whereas in highly
saline areas, the yield was reduced by 30–45% [13]. Soil salinity has become a major
limiting factor for local rice production, especially in the irrigated farming systems in
the north-central and eastern plains, and in the rain-fed systems in the west coast and
the Jaffna peninsula [14]. The net income of rice production is reduced up to 22% and
43% in moderate and highly saline areas, respectively in Sri Lanka [15], and therefore
salinity has a significant impact on the economic sustainability of local rice production
systems.

1.2 The concept of soil salinity

Saline soils have an excess accumulation of Na+, K+, Ca2+, Mg2+, HCO3
�, Cl�,

NO3
�, SO4

�2, and CO3
�2 or mixtures of these ions [16], thereby affecting the

normal functions of plant growth. Based on the physiochemical properties: electrical
conductivity (EC), exchangeable sodium percentage (ESP), sodium adsorption ratio
(SAR), and pH, saline soils can be categorized as saline, sodic (alkali), and saline-
sodic soils. Optimal soil conditions for crop growth are EC <4 dSm�1, pH = 6.5–7.0,
SAR <13, and ESP < 13 [17]. Saline soils are characterized by EC of saturated
extract >4 dSm�1, pH <8.5, SAR <13%, and ESP <15% of the exchangeable cations.
However, saline soils often are in normal physical conditions with good structure
and permeability, and therefore with proper management measures can be used for
crop cultivation. In contrast, sodic soils are low in total salts but are characterized by
high exchangeable Na+. Sodic soils record high ESP >15%, pH > 8.5, and SAR >13%,
but EC is often <4 dSm�1 [18, 19]. High levels of sodium and low total salts result in
dispersed soil particles, and poor physical properties and sodic soils are sticky when
wet, but hard, cloddy, crusty, and nearly impermeable to water when dry. Saline-
sodic soils contain large amounts of total soluble salts but greater than 15% of
exchangeable Na+. The pH is <8.5, SAR >15%, and the EC is >4 dSm�1. The
physical properties of saline-sodic soils are good as long as an excess of soluble salts
is present.

Soil salinity can arise due to natural processes causing primary salinity or due to
manmade secondary salinity. In field conditions, low salinity viz. EC 2–4 dSm�1 can
arise from natural salinity and/or irrigation salinity. Species with low to moderate
salt tolerance can be grown successfully in low saline soils. Moderate to high salt-
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tolerant plant species can be grown when the EC is between 4 and 8 dSm�1 [20]
usually present in water logged irrigated conditions. Under high salinity with an EC
value of >9 dSm�1 only halophytes can be grown [21], and therefore the choice of
crops is a useful measure of salinity management. Rice expresses low tolerance and
based on current guidelines rice yields decrease by 12% for every unit of (dSm�1)
salinity increase above 3.0 dSm�1 [22, 23]. Detailed analysis of the salinity problem
including associated intricate mechanisms, therefore, can help in developing effec-
tive management practices including the selection of tolerant rice varieties.

1.3 Major factors underlying salinity tolerance

Salinity tolerance in plants involves a number of traits that act in isolation (inde-
pendent) or in combination (less independent) [24, 25]. The adverse effects of salinity
on plant growth are generally associated with the osmotic potential of the soil solution
and the high level of toxicity of sodium (and chloride for some species) that causes
multiple disturbances in crop metabolism, growth, and development at the molecular,
biochemical and physiological levels [26]. Plant response to salinity is expressed in
two major phases: the initial, rapid osmotic phase that inhibits growth and, a later,
slower ionic phase that accelerates tissue and organ senescence [27]. Salinity-induced
osmotic effects reduce plant biomass and yields; however, selected ions, such as Na+,
Cl�, Ca+2, and Ba+, cause additional injury and crop damage [28]. Accordingly, three
distinct salinity response mechanisms were described in tolerant germplasm, includ-
ing osmotic stress tolerance, Na+ exclusion from photosynthetic and other sensitive
tissues, and tissue tolerance against accumulated Na+ and possibly also accumulated
Cl� [27].

Rice is relatively tolerant to salinity at germination and late vegetative growth,
compared to the early seedling stage (3-leaf stage) and reproductive stage (pollina-
tion and fertilization). Therefore, apparently, plants at different developmental
stages may express one or more of the different tolerance mechanisms. However,
there is a poor correlation between the tolerance mechanisms expressed at the two
most salt-sensitive stages, the early seedling and reproductive stages [27]. Multiple
tolerance phenotypes, associated mechanisms, and genes were identified from dif-
ferent salinity-tolerant germplasm at different development stages [3, 29]. Therefore,
a thorough understanding of the molecular mechanisms associated with tolerance
traits, and advanced technological innovations to incorporate the traits into elite
varieties can accelerate breeding programs targeting saline tolerance.

This chapter aims to review the literature available on the nature and the scale of
soil salinization problems in local rice farming environments. The analysis, thereby,
would provide actionable insights and potential targets to reduce the genetic vulnera-
bility of elite germplasm and to improve soil salinity management strategies in local
rice farming and production environments.

2. Rice farming systems in Sri Lanka

Rice is cultivated island-wide except at elevations 2000 m above sea level, and 75%
of the rice lands in Sri Lanka are located in inland valley systems. The remaining 25%
are in the terraced slopes of uplands, coastal plains, associated floodplains, and alluvial
plains [30]. Rice cultivation is practiced following the “northeast” and “southwest”
monsoons. The northeast monsoon is from December to February in the following
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year, and the southwest is from May to August. The spatial distribution of rainfall
brought by the monsoons defines two distinct climatic zones namely the “wet” and
“dry” zones. The wet zone is in the southwestern sector of the island, whereas the dry
zone is in the north, northeastern, and eastern parts of the country. The marginal
areas between the two major zones are in the intermediate zone (Figure 1). The wet
zone receives rain from the southwest monsoon and the amount varies from about
100 mm to over 3000 mm. In addition, from March to April wet zone receives the
“first inter-monsoon” rain due to convectional influence, which can be over 250 mm
to >700 mm. The dry zone receives rain from the northeast monsoon and the peak
rainy season is from December to February, where the rainfall can be up to 177 mm to
1281 mm. The influence of depression and cyclone weather systems in the Bay of
Bengal cause a “second inter-monsoon” starting from late September [33] or October
to November [33–35]. The entire island receives in excess of 400 mm of rain from the
second inter-monsoon. The two inter-monsoon periods contribute 37% of the total
annual rainfall [36] and are critically important for the local crop calendars.

The special variability in rainfall along with soil, elevation, and hydrological
regimes identify diverse rice farming environments in the country. However,

Figure 1.
Land extends of the different farming systems: Major irrigated, minor irrigated, and rain-fed based on data from
2011 to 2021. Lands affected due to coastal and inland salinity and the border lines of wet, dry, and intermediate
zones are indicated (data obtained from [31, 32]).
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hydrological regimes are the principal determinant of rice production in the country,
and three major rice farming systems are identified based on the source, supply, and
use of surface water. These include rice lands under major and medium irrigation
schemes, minor irrigation schemes, and rain-fed systems (Figure 1). Major irrigation
systems are those that have a command area of >1000 ha, whereas the command area
of medium schemes is between <80 ha and 1000 ha. Small tanks or minor irrigation
systems are those having an irrigated command area of 80 ha or less [37]. The
different rice production systems are geographically distributed (Figure 1). Rice land
irrigated by major and medium irrigation schemes extends in the dry zone in an area
of 730,000 ha in the north-central and the eastern parts of the island [38], where the
water supply is from major tanks, rivers, and major stream diversion systems. Rice
farming in major irrigation systems contributes 53% of the total annual rice produc-
tion. Rice farming systems in the central dry and intermediate zones mostly depend
on minor irrigation. Minor irrigation schemes operate under village tanks that are
natural or man-made water reservoirs. Out of the total extent of the irrigated lands,
37% is in this category, and the minor irrigated systems contribute 20% to the total
annual rice production in the country [39]. In the southwest, southern coastal region
of the wet zone, and in the Jaffna peninsula, rice is cultivated under rain-fed systems.
Of the total area of rice lands, 34.7% is rain-fed [31], and rain-fed systems contribute
only 27% to the total rice production. All three systems, therefore, are critical in
providing food supply and livelihoods for the local community.

Rice cultivation in irrigated and rain-fed systems is practiced in two major
cropping seasons namely “major cultivation season” and “minor cultivation season,”
coinciding with the two monsoons (Figure 2). The “major cultivation season”, which
is from September to February coincides with the second inter-monsoon rain followed
by the northeast monsoon. In the major season, cultivation starts in late September
[33] with the onset of the second inter-monsoon, and the crop is harvested at the end
of February. In the minor cultivation season cultivation starts during the end of March
to mid-April with the first inter-monsoon rain, and the crop is harvested at the end of
August [33]. In the major cultivation season with sufficient rainfall, rice is cultivated
throughout the country. However, during the minor cultivation season, 21% of the
rice lands are abandoned or used for the cultivation of other field crops due to water
scarcity [31]. Rice lands under major irrigated farming systems are cultivated in two
seasons, viz. major cultivation season and minor cultivation season per year. However,
in minor irrigation systems, rice is cultivated in one season, the major cultivation
season, with a few exceptions where irrigation is sufficient to cultivate two seasons.
Wet zone rain-fed systems in the southwest are cultivated in two seasons depending
on water availability, but rainfed systems in Jaffna peninsula are cultivated only
during the major cultivation season [31].

Average annual rice production from major cultivation season, major irrigation
schemes during the period 2011 to 2022, was 1,592,588 MT accounting for 54% of the
total annual rice production. In the minor irrigation and rain-fed rice farming systems,
the average rice production from major season over the same period was 702, 953 MT
(31%) and 653, 288 MT (29%), respectively [31]. Rice production was significantly
reduced in the minor cultivation season due to the limitation of water in the minor
irrigation and rain-fed systems whereby the average production from the minor
season during the period from 2011 to 2022 was 340,634 MT and 136,014 MT,
respectively [40]. Therefore, 72% of the total production from the minor cultivation
season is from rice under major irrigation schemes, and the average annual production
over the period from 2011 to 2022 was 1,222,106 MT [31]. Accordingly, altogether,
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>70% of the national annual rice production is from major irrigated systems
(Figure 3). Therefore, major season cultivation in the major irrigated fields is the most
productive rice farming environment or the “mega-rice cultivation system” in the
country. Although the national contributions are less from rain-fed and minor irri-
gated systems where smallholder farmers cultivate rice on a semi-subsistence scale,
those systems are critically important for national food security.

Figure 2.
Rainfall patterns and cultivation seasons in rice farming systems in Sri Lanka (adapted from [33–35]).

Figure 3.
Percentage of rice production in different districts in the two cropping seasons. Bar graphs indicate total seasonal
rice production from the district as a percentage of the total national production from each season based on data
from 2011 to 2021 (data obtained from [31]).
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3. Spatial variation of soil salinity in Sri Lanka

Soil salinity varies across the country and the highest salinity levels are reported in
the north-central plains and along the coastal belt (Figure 1, Table 1) [15, 41–53].
Primary salinity due to natural weathering of salt-containing bedrock is restricted to
isolated patches in the island. However, secondary salinity is widespread and found in
inland and coastal rice farming systems. There are three main processes associated
with secondary salinity in local rice farming systems viz, irrigation salinity, dryland
salinity, and coastal salinity. Irrigation salinity arises in irrigated areas as a result of
rising groundwater tables from excessive irrigation or due to the use of poor-quality
water. In dryland non-irrigated landscapes, dryland salinity occurs due to the rise of
the water table that drives soluble ions deposited by primary salinity to the soil
surface. Coastal salinity is a result of the accumulation of salts in soil and water due to
seawater intrusion from surface flow or seepage of seawater through sea level rise and
tidal activity. The incidence of tides and dikes is the main reason for the intrusion of
seawater into inland areas. Primary salinity, found in a few isolated sites such as the
Nawagathegama soils series in the northwest part of the country [54], has a minimal
economic impact on local agriculture; however, secondary salinity resulting from
human activities causes significant economic losses in the local rice farming systems.

The inland salinity is a combination of both irrigation salinity and dryland salinity
and has a mosaic distribution island-wide [53]. The main processes that contribute to
irrigation salinity are the rise of groundwater tables resulting from poor drainage,
excess irrigation, and perennial irrigation systems, which result in shallow water
tables that bring salts to the upper layers of the soil profile. The problem is aggravated
due to blocked drainage canals that prevent draining of salts [55]. A case study, in the
largest irrigation scheme in the country the “Mahaweli,” observed that soil salinity is a
principal determinant of rice production in affected irrigated areas whereby yield loss
of 10–15% is recorded in moderately saline areas; however, the yield was reduced by
third in high saline areas [15]. In the segment “Mahaweli H” > 10% of the irrigable
area is affected due to high salinity and an additional 40% is affected by moderate
salinity providing a relative measure of the scale of the problem [15]. When salinity is
>5dSm�1, rice yield is reduced by more than 20% in affected compared to unaffected
cultivations [56]. Inland salinity, therefore, has a significant impact on mega-rice
cultivation environments, causing reduced production and direct economic losses.

Multiple studies have shown high concentrations of inorganic ions and EC >2.5
dSm�1 in irrigated water in the dry zone, significantly exceeding the recommended
EC range in irrigation water, which is 0.7–0.75 dSm�1 [18]. Despite the high EC
values, natural Na+ concentrations in inland soils, including soils in the mega-
cultivation environments, and except in a few isolated pockets, were low [55]. A
significant portion of the northern half of the country recorded soil Na+ concentra-
tion > 200 mg/kg, which is below the toxic limits [57]. However, high CO3

�2, HCO3
�,

Ca+2, and Mg+2 concentrations in the dry zone soils increase EC [58, 59]. Anuradha-
pura, Puttalam, Polonnaruwa, and Kurunegala districts record soil Mg2+ and Ca2+

concentrations as high as 730 ppm (optimum level for rice production, 120 ppm, [60]
and 509–3452 ppm [61], respectively). Ca2+ saturation of cation exchange capacity
(CEC) of soils in the dry zone is Ca 52.5% of CEC (5 cmolc/kg), whereas the
recommended Ca CEC is <20% [62]. Further, high HCO3

�2 and SO4
�2 are reported in

water in irrigation wells in north-central areas, which can contribute to high soil EC
values. In such conditions, although not subjected to Na+ toxicity, the crops are
subjected to osmotic stress owing to the high ion concentration in the root zone.
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Type
of
salinity

Location Salinity level
(Electrical
conductivity)

Temporal
variation

Other significant findings Reference/s

Coastal
salinity

Jaffna Peninsula Soil EC range:
0.05–34 dSm�1

August 2019
(Peak of the
dry season
and fallow
season of the
paddy
cultivation)

13% and 46% of the paddy
cultivation lands are
extremely saline and saline
respectively,
Salinity increased by 1.4 folds
in 30 years
Salinity increment-
Slightly saline area by 51%
Moderately saline area by 24%
Extremely saline area by 65%

[41–43]

Jaffna EC of soils
collected from
Tsunami
affected
areas high
(7–19 dSm�1) in
January and low
(1–5 dSm�1) in
September

High salinity
in January
and low in
September

EC of water and soil was high
just after Tsunami and
decreased to low levels with
time.

[44]

Bentota river
basin
Bentota DSD-
the lower part of
the river basin

Soil EC range-
0.14–20 dSm�1

0.0112 to
0.2443μScm�1

August 2016
to March
2017
Groundwater
salinity is
high in
September
and from
January-
March

Land in the Bentota River
basin
Non-saline- 29.79%
Slightly saline- 40.58%
Moderately saline- 19.47%
Saline- 10.16%
The EC distribution pattern
was changed with the depth
of the soil layer. 40 cm and
60 cm reported high salinity
levels
Land in Bentota DSD
Moderately saline- 35.6%
Slightly saline- 64.4%

[45, 46]

Hambantota
district

Soil EC
range > 16 to 0
dSm�1

October-
December
(Dry period)
only

Non- saline- 40.4% (<2)
Slightly saline- 38.0% (2–4)
Moderately saline- 20.5%
(4–8)
Strongly saline- 1.2% (8–16)
24.8 sq.km (>16)

[47]

Colombo
Kahapola

Soil EC (1:5)
0–2.8 dSm�1

Higher
salinity >2
dSm�1 in the
dry season
August-
September

EC values greater than 0.6
dSm�1 in 1:5 Extract.

[48]

Puttalam-
Madampe

Soil EC
3–4 dSm�1

Highest
salinity
August-
September

Mannar Soil EC
3–4 dSm�1

—
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Coastal salinity has a significant impact on the rain-fed farming systems in the
southwest coastal belt [48, 63] and in the Jaffna peninsula [41–43]. Due to the low
coastal slope rice farming systems in the southwest coast are frequently affected by

Type
of
salinity

Location Salinity level
(Electrical
conductivity)

Temporal
variation

Other significant findings Reference/s

Mathara Soil EC
100–422 μscm�1

Highest
salinity
August-
September

Mathara
(Tsunami
affected and
unaffected
areas)

Soil EC in the
tsunami-
affected area
varied from 100
μScm�1 to 422
μScm�1 and
groundwater
salinity changed
between 400
μScm�1 to 2000
μScm�1

— Soil depth
soil salinity, pH, and EC
variations were directly
related to groundwater
salinity

[49]

Puttalum
district-
Arachchikattuwa

Maximum E C
values
1.9, 1.8 and 1.7
dSm�1

Maximum
EC-
February,
July, and
August
Minimum
EC- April,
September,
October, and
November

Percentage land extent EC
>4 dS/m was 10% in
September and April. April
(secondary cultivation
season) and September
(Main cultivation season)
were the suitable months to
establish paddy crop since EC
levels were at a minimum

[50]

Nilwala River
area

Groundwater
EC 38.48
μScm�1

— Due to sand mining [51]

Inland
salinity

Kurunegala
District
Mahananeriya
Ibbagamuwa
Alawwa

Major part of
the areas was <
0.15 dSm�1

In certain areas
EC (1:5) rise up
to 0.8 dSm�1

— Soil chemical parameters in
the regions were suitable for
paddy cultivation.

[52]

Mahaweli river
system H
Irrigation
scheme
Nochchiyagama
Madatugama

Soil EC range-
1.3–7.90 dSm�1

Soil EC range-
1.1–8.80 dSm�1

September to
February
March to
August
(The main
inflow
seasons from
Mahaweli)

Mahaweli H area has less
than 10% of the total
irrigable area with significant
soil salinity problems
40% of the farmer fields are
affected by moderate salinity
The yield loss ranged from
10–15%; high and severe
salinity reduced yield by
about one third

[15]

Table 1.
Spatial and temporal variation in salinity in Sri Lanka.
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inundation and irrigation with salty water [48, 52, 64]. An area of 0.112 million ha is
affected due to coastal salinity in Sri Lanka [30], where the EC of the soil extraction
can exceed 4 dSm�1 [65]. In affected sites, tidal waves can range between 45 cm and
60 cm during spring tide and between 10 cm and 25 cm during neap. In dry condi-
tions, the reduction of water levels in rivers causes backflow of seawater along rivers
and intrudes the rice fields with salt water, thereby saltwater intrudes into lands up to
50 cm above mean sea level [32] in dry weather. Further, blockage of drainage canals
can also cause salinization in rice fields in the coastal line. The EC range in the
southwest coast varied from 0.1 to 0.4 dsm�1 based on soil: water 1:5 extracts.
Unlike in inland salinity, soils affected due to coastal salinity contain high
concentrations of Na+ and Cl� ions [66, 67]. In the southwest coastal belt (Kaluthara
to Matara), Na+ levels vary from 50 to 100 ppm; however, in Jaffna and on the eastern
coastline the Na+ levels are higher than 200 ppm [53]. Detailed observations were
made in the Bentota river basin, where 70% of the land is affected due to coastal
salinity, ranging from 8 dSm�1 to 16 dSm�1 along with >10% of land affected by high
salinity (>16 dSm�1) [45, 46, 53]. Agricultural production loss per year due to salinity
in the area is over 3.6 million USD [45]. Rice lands are gradually abandoned in the
Jaffna peninsula owing to the high levels of seawater intrusion causing salinization of
soils and water in wells used for irrigation. In addition, the major irrigated farming
systems in Mannar, Hambantota, and Trincomalee coastal lines are also affected due
to coastal salinity, where EC values can vary between 3 to 30 dSm�1 [42, 47, 48, 68].
Coastal salinity has a significant impact on semi-subsistence rice farming systems in
the southwest, northwest, and eastern coastal line limiting food availability and liveli-
hoods for the local farmers, and thereby destabilizing local food systems and increase
poverty.

4. Temporal variation of salinity in Sri Lanka

Soil salinity varies seasonally whereby both coastal and inland salinity is high
during the dry season. During the wet season with high rainfall salts are washed off
from the soils, but in dry periods, salts accumulate causing salinity. Furthermore, the
impact of coastal salinity is reduced during the wet months due to high rainfall
causing a pushing effect and runoff inflow toward the sea reducing sea water back-
flow and saline water intrusion into the land [69]. With the heavy rain, salts are
washed off in the main cultivation season, but with less water availability and with
high water evaporation, the minor cultivation season is more salinity prone especially
toward the end of the season. The phenomena create a seasonal cycle in salinity in the
irrigated and rain-fed systems whereby salinity deposited from primary and second-
ary sources (seawater and irrigation water) during the dry season is washed off during
the wet periods (Figures 4 and 5) [48, 50, 69–71]. The amount of rainfall and water
availability, therefore, are primary factors that determine soil salt concentration and
the variability in rainfall causes seasonal and annual fluctuations in salinity levels.

The west coast where the rainy (March to August: first inter monsoon followed by
southwest monsoon; September to February: second inter-monsoon followed by
northeast monsoon) and dry periods observe bimodal patterns. Two clear salinity
peaks were recognized. In time series salinity estimates of soil and water in selected
sites in the rain-fed and irrigated rice lands in the west coast the highest salinity levels
are recorded from August to September at the end of the minor cultivation season
(EC > 24 dSm�1). A second minor salinity peak was observed at the end of the major
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cultivation season during February to March, where the EC values in soil >20 dSm�1

(Figure 4) [45, 48, 50, 63]. A similar pattern is reported in the Jaffna peninsula [72].
When salts were not washed off due to insufficient rain, the seedling crop of the both
minor and major cultivation season is affected due to early season salinity. Unlike in
the west coast, in the north-central and east parts of the country EC values gradually
built over a period of six months during the dry season starting from the later part of

Figure 4.
Temporal variation in salinity and rainfall in Northwestern [A], Southwestern [B], and eastern [C] coastal line
of Sri Lanka. The vertical axis on the left indicates the monthly average rainfall (mm) and on the right indicates
soil electrical conductivity (dSm�1). Gray boxes indicate monthly rainfall (mm), whereas the line electrical
conductivity (dSm�1). The green boxes from left to right present crop stages of 2.5, 3-, and 3.5-months rice
varieties, including seedling (susceptible), tillering/vegetative, reproductive/PI, and mature/ripening crop. The
crop-salinity susceptibility window is indicated in red boxes (based on [45, 48, 50, 63]).

Figure 5.
Temporal variation of salinity and rainfall in irrigated “mega production areas” of Sri Lanka. The vertical axis on
the left indicates monthly average rainfall (mm) and on the right indicates the electrical conductivity (dSm�1) in
irrigation water. Gray boxes indicate the rainfall, whereas the line indicates electrical conductivity (dSm�1) in
irrigated water. The green boxes from left to right present growth stages of crops of 2.5, 3-, and 3.5-months,
including seedling (susceptible), tillering/vegetative, reproductive and PI (susceptible), and mature/ripening
stages. The crop/salinity susceptibility window is indicated in red boxes (based on [69–71]).
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the major cultivation season throughout the minor cultivation season [72] (Figure 5).
Accordingly, the major irrigated rice farming systems are affected due to high salinity
over the dry months from April to October, where EC value can be as high as 7 to 9
dSm�1. Therefore, farmers experience transitional saline conditions with significant
yearly (depending on the annual rainfall) and seasonal fluctuations in salinity level in
both irrigated and rain-fed local farming systems.

5. Salt-tolerant germplasm in Sri Lanka

Sri Lanka was the first country to recommend rice varieties for salinity-prone areas
whereby the first variety released was an improved land race “Pokkali” [73]. Pres-
ently, there are four elite locally improved rice varieties recommended for cultivation
in salt-affected areas namely Bg369, Bg310, At401, and At354 [33]. Salt- tolerant
germplasm Pokkali [74] and Nona Bokra [75] are extensively used in local salinity
tolerance breeding programs. Pokkali is an immediate parent of Bg310, At401, and
At354, whereas Nona Bokra is an immediate parent of Bg369. In addition, tolerant and
moderately tolerant local rice germplasm that express Na+ exclusion at root surface,
Na+ exclusion at root xylem parenchyma, and capacity to maintain shoot water status
under saline stress were identified [76].

Pokkali and Nona Bokra are known to withstand salinity EC > 12 dSm�1 from
seedling to harvesting [68, 77–79] and were also reported to express high to
moderate salinity tolerance throughout the crop life. Pokkali and Nona Bokra seedlings
recorded salinity susceptibility scores of three compared to a score of seven in suscep-
tible checks [80]. The concentration of NaCl inhibiting 50% of shoot growth (IC50) in
72 hours is 305 mM in Nona Bokra and 272 mM in Pokkali but significantly low in
susceptible IR64 (188 mM) and IR29 (243 mM). Shoot Na+ accumulation after 2 hours
of 200 mM salinity stress at the seedling stage was 50% in Pokkali (2629.6 ppm)
compared to that in the susceptible variety IR64 (5674.3 ppm). Similarly, plant Na+

concentration and Na+/K+ ratio were 2.4 and 2.5 folds lower in Pokkali seedlings
compared to that in the salt-sensitive, IR64 [81]. Nona Bokra and Pokkali report
low shoot Na+ content of 5 mg/g by shoot dry weight compared to IR64 (13 mg/g) and
IR29 (12 mg/g) [82]. Nona Bokra, Pokkali, and IR28 reported 0.6 mg, 4.0 mg, and
5.8 mg reduction of dry weight of a fertile spikelet at 15 dSm�1, indicating the presence
of tolerance mechanisms that are effective over the growth period. [83]

Pokkali and Nona Bokra express “Na+ exclusion,” and therefore the phenotypes
are “high Na+ in the culm and low Na+ in the leaf” [76]. Evidence found on
additional resistance traits such as efficient photosynthesis, adaptive defense
mechanisms, osmolyte accumulation, membrane integrity, and optimum
biochemical environment in the cells of Pokkali may provide whole-life resistance
[84–87]. Furthermore, multiple Quantitative Trait Loci (QTLs) associated with
salinity tolerance were predicted in Pokkali [88–92], including the Saltol locus [93–97],
which is collocated with a major QTL, SKC1 from the salt-tolerant landrace, Nona
Bokra [98]. Saltol/SKC1 is a major QTL associated with low Na+ uptake, high K+

uptake, and Na+/K+ homeostasis in shoots in the seedling stage. Saltol/SKC1 was collo-
cated with an important candidate gene OsHKT1;5, a high-affinity K transporter gene
[99–101] that is expressed in xylem parenchyma cells, and retrieves Na+ ions from xylem
sap under salinity. Furthermore, root QTLs associated with the total Na+ in the root
(qRNTQ-1) and K+ concentration in root (qRKC-4) that contribute to salt tolerance were
reported in a cross between Nona Bokra/Koshihikari [102]. The physiological, genetic,
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and genomic studies, therefore, revealed multiple tolerance mechanisms expressed at
different growth stages in Pokkali, Nona Bokra, and in the local varieties derived from
those parents.

Although the four recommended local varieties expressed comparable saline
tolerance at specific crop growth stages, overall tolerance levels during the crop life were
not comparable with that of Pokkali and Nona Bokra. Based on the percentage germi-
nation of seeds soaked at 45 dSm�1 salt solution for 9 days [103], At 354 (21–30%
germination) was moderately susceptible for salinity compared to Pokkali (51–70%
germination); however, Bg369 was highly susceptible (>10% germination) [68, 78,
104]. Evidence from multiple studies found that based on susceptibility scores at 12
dSm�1 At354 and Bg369 were tolerant and comparable with Pokkali at seedling stage
[68, 76]. Nona Bokra and Pokkali seedlings survived (100% survival rate) up to 8
dSm�1; however, above 4 dSm�1 survival rates declined by 50% in IR28 [105]. Based on
the survival percentage of plants treated at 12 dSm�1 from 3 weeks to flowering, Bg369
and At354 were comparable with Pokkali [68]. Additionally, the yield reduction at 8
dSm�1 based on grain yield per panicle, At354 was low compared to Pokkali and Nona
Bokra (per panicle grain yield reduction was 0.72 g, 0.43 g, and 0.38 g respectively)
[78]. A F5, RILs population of At354� Bg352 (susceptible check), predicted six QTLs on
chromosomes 1 and 4 from At 354, contributing to 10–16% of the total phenotypic
variability. The six QTLS were collocated with 10 tolerant haplotypes of Os01g0581400,
Os10g0107000, Os11g0655900, Os12g0622500, and Os12g0624200, highlighting the
genetic potential of At354 as a salinity tolerant variety [106]. Therefore, it is clear that
the full potential of Pokkali, Nona Bokra, and the related germplasm is yet to be
explored and incorporated into local elite rice varieties.

Several reports have identified unique local rice germplasm that can be used in
base broadening for salinity tolerance [68, 78, 104]. In a study, using 102 rice acces-
sions from local germplasm including both traditional and improved varieties five
susceptibility/tolerance categories were identified based on growth parameters during
the initial phase (Phase I) of osmotic stress caused by reduced water uptake due to
excess salts in the external soil solution at 100 mM Na+(Figure 6) [65]. Interestingly,
in this study Pokkali was categorized as “tolerant,” whereas six phenotypically supe-
rior germplasm were categorized in the “highly tolerant” category. Multiple tolerance
traits were expressed in 7% of the germplasm [76]. Interestingly, unique germplasm

Figure 6.
Salinity tolerance mechanisms in 54 selected traditional and improved rice germplasms from Sri Lanka at the
seedling stage (based on [76]).
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superior to Pokkali at different development stages were also reported. Bg406 records
70% germination under 12 dSm�1 EC, expressing similar or more tolerance than
Pokkali (51–70%); At402, performed equal or better at the seedling stage and
reproductive stages [68]. Similarly, At303, Bg350, and Bg450 have a high tolerance
compared to Pokkali at the osmotic phase of salinity stress [76] owing to their ability
to maintain high relative growth rate at early stages of salinity (24 hours after final
salinization at 10 dSm-1). The unique varieties namely Bw400, At402, and Bg406
expressed tolerance compatible with Pokkali at varying degrees throughout the crop
life [107]. As these traits and associated alleles are distinct from Pokkali and Nona
Bokra parental germplasm, these provide unique germplasm base for increasing
salinity tolerance in elite rice genotypes without compromising crop vigor. Therefore,
further analysis of the local germplasm will identify novel physiological and genetic
tolerance mechanisms, and the associated genotypes can be used in base-broadening
for salinity tolerance breeding in rice.

6. Discussion

Secondary salinization is increasingly becoming a productivity constrain in local
rice farming systems in the “mega-cultivation environments” in north central and
eastern inland fields and rain-fed systems in the west, southwest and eastern coastal
line. The spatial and temporal dynamics in climatic, edaphic, and hydrological
regimes, and associated variations in the farming practices create complex and diverse
saline stress environments in local rice farming systems. Furthermore, salinity stress
coincides with the susceptible 20-day period, the 3-leaf stage and PI of the rice crop
life whereby early season salinity coincides with the 3-leaf seedling stage and late
season salinity coincides with the PI stage. Secondary salinization of cultivation envi-
ronments, therefore, is the result of the interaction among multiple factors, including
sea intrusion, sub-optimal quality of the irrigation water, injudicious use of irrigation
water, suboptimal farming practices, and unavailability of local elite germplasm, and
hence is a problem that operates at system level; therefore, system-level interventions
are necessary to mitigate and/or to manage the impacts.

Analyzing the variability in physical and chemical field characteristics and crop
growth stage enabled zoning of the saline-afflicted production environments into
three major categories: (1) late-season salinity in irrigated mega-cultivation environ-
ments during the minor cultivation season, where the soil EC values can be higher in
selected locations but on average ≥ 7 dSm�1, (2) late season salinity in rain-fed
farming systems in the west, southwest, and eastern coastal line during the minor
cultivation season, where the soil EC values can be higher in selected locations but on
average ≥ 20 dSm�1, and (3) early season salinity in rain-fed farming systems in west,
southwest. and eastern coastal line during the minor cultivation season, where the soil
EC values can be higher in selected locations but on average ≥ 12 dSm�1. Although,
detailed studies were not available, early season salinity during the major season is
reported in the intermediate and dry zone rice fields as a result of residual salts from
the previous season that was not washed off due to inadequate rainfall from north-
west monsoon (personal observation).

Mega-cultivation environments that contribute nearly 70% of the average annual
rice production [108] is an important economic enterprise and critical for the local
economy and food availability. However, the intensive irrigated farming system is
destabilized as a result of secondary salinization. Irrigation practices in the absence of
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proper drainage management trigger accumulation of salts in the root zone negatively
affecting crop productivity. Poor drainage, undulating topography, reuse of irrigation
water, and mono-cropping for long periods are recognized as the main causes of
salinity developments in inland areas [109]. The seasonal soil salinization and desali-
nization cycles are driven by the deposition of salt by irrigation and evaporation and
the removal of salts from the root zone by washing off due to rain and by gradual
leaching. However, imbalances in this seasonal cycle can create residual effects lead-
ing to the accumulation of salts in the system, increasing residual salinity levels, and
gradual salinization of the soils. As late-season salinity is largely an irrigation-limited
issue, optimizing farm irrigation management strategies and robust water governance
can reduce salinity impacts significantly and enhance productivity, while minimizing
long-term land degradation in rice farming systems. Standards for irrigation and
irrigation water quality based on rainfall, edaphic, and crop parameters [110–113] can
be useful for efficient use of irrigation water and also sustainable land use. Actionable
guidelines for irrigation and management of water quality are, therefore, an immedi-
ate need to prevent or minimize rapid soil salinization in mega-cultivation
environments.

Furthermore, late season crop in mega-rice cultivation environments is subjected
to simultaneous occurrence of multiple abiotic stresses, including water stress, high
temperature, and salinity. Sterility of panicles is very common in saline-afflicted rice
environments possibly as a consequence of a decreased pollen viability or receptivity
of the stigmatic surface or both [114–117]. Salinity stress at the reproductive stage,
especially after the booting stage, cause a reduction of grain yield due to the reduced
number of filled grains, total number of grains and total grain weight per panicle,
1000-grain weight, and total grain weight per plant [118–120]. Evidence found that
the reduction in grain number and grain weight in salinized panicles was not only due
to reduced pollen viability but also due to higher accumulation of photosynthates
(sugars) in panicle branches and panicle stem coupled with reduced activity of starch
synthetase in developing grains. Accumulation of Na+ in floral parts impedes starch
synthase activity that transfers glucose to starch primer in developing grains resulting
in the failure of the seed set [121]. However, early grain initiation, loss of pollen
fertility, failure of pollination, spikelet death or zygotic abortion, changes in carbohy-
drate availability, and changes in the kernel sink potential are also the consequences of
water deficit [122, 123]. The optimum temperature range for normal growth of rice is
22 to 32°C [124] and the threshold temperature of rice during anthesis is 33.7°C [125].
Under local open field conditions, pollen sterility was recorded at 31 � 0.8°C [126].
Temperature more than 35°C under high relative humidity (near 85–90%) has an
effect on the evaporative cooling of spikelet and makes complete spikelet sterility, and
thus subsequent yield losses [127]. Therefore, designing mitigation measures would
require a holistic approach whereby management practices and technology interven-
tions need to be integrated effectively to avoid, overcome, or prevent the parallel
occurrence of multiple abiotic stresses during the late season.

Early minor cultivation season, and occasionally in selected fields during major
season, salinity can affect the seedling crops as a result of residual salinity from the
previous season that is not washed off owing to insufficient rainfall or due to contin-
uous seawater intrusion causing inundation of coastal low-lying rice lands. Early
season salinity devastates seedling fields causing total loss of the crops. Transplanting
aged seedlings is commonly practiced in coastal rice fields to avoid early-season
salinity whereby farmers transplant 18 days old seedlings instead of 12 days and
practice gap filling in case of mortality. Old seedlings with an established root and
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shoot system can tolerate salinity stress [128]. In addition, at manageable levels,
salinity-afflicted coastal rice lands can produce rice by the cultivation of tolerant
cultivars such as At354, At401, and Bw400 and by practicing recommended good
agricultural practices (GAP) [113]. These include proper management of saltwater
drainage canals, proper management of soil, maintenance of satisfactory fertility
levels, pH and structure of soils by maximization of soil surface cover, application of
organic manure, using crop rotation, minimum tillage, proper leveling, and adding
gypsum (CaSO4), which can cause leaching out of excess sodium [55].

Despite being one of the most susceptible cereal crops, rice cultivation was tradi-
tionally practiced in coastal floodplains as an effective way of land utilization in South
and East Asia [129, 130], including Sri Lanka. In experimental plots, salinity of soil
was controlled below 3% by growing rice. Soil desalination rate was increased from 65
to 74% by combining physical remediation measures with planting of rice [131]. The
reason for this counterintuitive practice is that rice thrives well in standing water,
which helps in leaching salts from the root zone to lower layers. Persistence of multi-
ple abiotic stresses, including waterlogging in the wet season and soil and water
salinity in both wet and dry seasons make managing these rain-fed production sys-
tems challenging. Therefore, salt-tolerant varieties, while increasing yields, enable
effective use of saline lands. Integrated approaches based on a detailed understanding
of the land potential can help in effective land diversification and crop diversification
for developing sustainable land use strategies, and cultivation of tolerant rice varieties
can be part of the solution.

Zoning of saline-afflicted production environments enables identifying genetic
vulnerabilities, and thereby the unique targeted phenotypes (ideotypes) and locally
adapted varieties. Ideotype breeding can create multi-trait genotypes to increase
genetic yield potential by modifying selected individual traits to improve crop perfor-
mance in saline production environments. Since salinity levels in local farming sys-
tems are transitional with significant yearly and seasonal fluctuations, maximizing
resource use and profits in farms would require a clear understanding of the tradeoffs
between performance of varieties under benign conditions and under stress. The
vigor/ stress response tradeoff of the varieties, therefore, is an important selection
criterion for varietal selections. Knowing the vigor/stress response tradeoff and the
traits associated with the tradeoff enables designing potential ideotypes. Accordingly,
three major ideotypes can be described. Two different ideotypes can target late-season
salinity in irrigated mega-cultivation environments viz. (1) high yielding, 3 to
3.5 months varieties that are tolerant at >7 dSm-1, for intensive irrigated farming
systems affected due to late season salinity (PI stage) and (2) high yielding, 2.5 to
3 months varieties for intensive irrigated farming that can avoid late season salinity.
(3) the third, ideotypes targeting the rain-fed system in the west, with southwest, and
the eastern coastal line will have to express tolerance throughout the crop life includ-
ing seedling and PI stages. Varieties with average yield under salinity up to 12 to 20
dSm�1 would be a practical selection criterion for breeding varieties for the semi-
subsistence rain-fed cultivation systems in these sites.

Climate change and rising temperatures have a strong positive correlation with
increasing soil salinity [132]. Sri Lanka being a tropical island is highly vulnerable to
climate change whereby the average temperature is increasing at a rate of 0.01–0.03°C
per year [133–135] along with significant fluctuations in rainfall resulting in frequent
droughts and floods [34, 136–138]. Higher temperature intensifies the excessive
deposition of salt on the surface due to evaporation and increased capillary action.
Once reached the surface leaching salts below the rooting zone is extremely difficult,
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especially under water-limited conditions in the dry zone. Moreover, as an indirect
effect of increased temperature sea level rises resulting in increased salinity encroach-
ment in coastal and deltaic areas that have previously been favorable for rice produc-
tion [138]. The sea level rise in Sri Lanka is 0.3 m by 2010 with a predicted increase of
sea level up to 1 m by 2070 [139]. Natural land degradation in coastal areas through
sea level rise and increased coastal salinity has changed land use patterns [140]. In the
western coast, in addition to rising sea level a combined impact of multiple factors,
including groundwater extraction, river damming for hydropower, and riverbed
mining has caused sinking of the shorelines and drawing seawater inland.

7. Conclusion and prospects

The temporal and spatial impact of salinity signifies a wide variation in different
rice farming systems in Sri Lanka. The immediate and future risk assessments can
scale the increasing trends in secondary salinization of the local rice farming systems
that are further aggravated by climate change. Such actionable data can help in
designing efficient management strategies.
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Chapter 3

Plant Adaptation to Salinity Stress: 
Significance of Major Metabolites
Maneesh Kumar, Himanshu Bharadwaj and Komal Kumari

Abstract

These genes increase the plant’s tolerance to salt stress by producing proteins and 
metabolites that protect the cell against stress. More secondary metabolites including 
anthocyanins phenols, saponins, flavonoids, carotenoids, and lignins, etc., are pro-
duced by plants in salty conditions, but previous studies have only looked at a small 
portion of these compounds. Antioxidant activity and phenolic compound accumula-
tion under salt stress have been linked in several studies. Proline accumulates in the 
cytoplasm and the vacuole, where it functions as an osmolyte and protects macromol-
ecules against denaturation. Polyamines play a role in salt tolerance by regulating gene 
expression and ion flux. This means that metabolites are crucial for plant response to 
salt stress and maintaining agricultural productivity in salt-affected environments.

Keywords: abiotic factor, salinity, secondary metabolites, stress, plant defense

1. Introduction

The salinization of soil has emerged as one of the most significant environmental 
and socioeconomic problems on a global scale, and it is anticipated that this problem 
will become much more severe as a result of forecasted changes in the climate. It 
affects food security, water availability, and human health. Salinization of soil occurs 
when salt accumulates in the soil, making it unsuitable for crop growth. This can be 
caused by the accumulation of naturally occurring salts or by the introduction of 
salt-laden irrigation water. Salinization can also be caused by inadequate drainage, 
where water accumulates in the soil and dissolves and accumulates salts from the soil. 
Salinization can reduce crop yields and cause environmental damage such as increas-
ing the salinity of nearby rivers and streams. To prevent salinization, farmers can use 
soil amendments to reduce the salt content of the soil and use irrigation practices that 
avoid the accumulation of salt in the soil. This can be caused by over-irrigation, poor 
drainage, and high levels of evaporation. The economic effects of salinization of soil 
can be seen in the form of reduced crop yields, increased. It is a process where the 
salt content in soil increases, which can endanger plant life and lead to soil erosion. 
Salinization is a result of increased precipitation, flooding, or irrigation that saturates 
the soil with salt. Salinization can also be the result of the chemical precipitation of 
salt from the atmosphere [1]. High levels of salt can cause soil structure degradation. 
It can lead to the formation of a hardpan layer, which can make it difficult for roots to 
penetrate the soil. This can further reduce the crop yields significantly. Soil salinity 
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can have a significant adverse effect on crop yield. High levels of salinity can reduce 
crop yields by reducing germination rates, reducing plant growth, and increasing the 
susceptibility of plants to disease. Salinity can also reduce the availability of essential 
nutrients, resulting in stunted growth and reduced yields. Additionally, high salin-
ity levels can result in increased water stress, which can further reduce crop yields. 
Recent estimates show that salt affects about 1125 million hectares of land around 
the world and that every year, 1.5 million hectares of land cannot be used for farm-
ing because the soil is too salty [2, 3]. It is hard to figure out how much agricultural 
production is lost, but it is thought that between 25% and 50% of all irrigated land is 
affected by salt accumulation, leading to decreased yields and the abandonment of 
agricultural land. It is estimated that up to 1 billion people in the world are affected by 
salinization and that the problem is growing. The World Bank has estimated that up to 
$20 billion a year is lost due to salinization [4]. Due to the extremely complex natural 
processes, abiotic stress inhibits plant development, reduces agricultural production, 
and further contributes to excessive soil degradation. Farmers’ incomes and other 
local economies are solely slowed [1].

Plants make substances called secondary metabolites that help them do well in their 
environment. A variety of responses occur in plants and other species as a result of 
these tiny chemicals. They signal the continuation of perennial growth or the onset of 
dormancy, and they are responsible for triggering blooming, fruit set, and abscission. 
Depending on the circumstances, they can attract or repel microbes. There are over 
50,000 distinct secondary metabolites present in plants. Secondary plant metabolites 
are responsible for the activities of therapeutic plants and a variety of modern pharma-
ceuticals. Secondary metabolites are produced by plants in response to environmental 
and biotic stimuli. These include defensive chemicals, attractants, and toxins. They 
are also responsible for plant growth, development, and health. Universities and drug 
companies are always looking for new secondary products in plants in the hopes of 
finding new products or, even better, new ways to treat diseases. As secondary metabo-
lites, once-held hopes that better appreciating natural product distribution might aid 
in plant taxonomy were also entertained. This supplementary rationale is no longer 
relevant because plant classification is increasingly done by comparing DNA sequences 
[5, 6]. In this chapter, we talk in-depth about the fundamental contribution of second-
ary metabolites that enable plants to sustain soil salinity, increase agricultural produc-
tion, and have no negative effects on the economy or people’s health.

1.1 Soil salinity causing factors

Soil salinization can be caused by a number of factors, but most commonly it is 
due to improper irrigation practices that allow salts to accumulate in the soil. Other 
causes of salinization include soil type, water table fluctuations, and high evapora-
tion rates. In some cases, poor agricultural practices, such as excessive fertilization, 
can also lead to soil salinization. In order to prevent soil salinization, it is important 
to practice proper irrigation techniques, ensure that the soil has adequate drainage, 
and make sure to use the appropriate amount of fertilizer for the crops being grown. 
Additionally, certain soil amendments, such as gypsum, can help reduce the number 
of salts in the soil [2, 7]. One of the most common and bad effects of soil flooding is 
that it makes the soil saltier. Salinity is based on how much salt is dissolved in the soil, 
and it can be changed by a number of things. Poor drainage can also make it easier for 
certain types of weeds to grow, which can lead to soil erosion and other problems. It 
can also cause the soil to get harder, which can make it harder for plants to get enough 
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oxygen and nutrients. Soil salinization occurs when seawater or other salt water floods 
a field or other piece of land. When water evaporates, salt and other minerals are left 
behind. These can build up in the soil and make it less fertile. This can cause long-term 
problems with soil salinity in places that flood often [7]. To mitigate the effects of soil 
salinity caused by flooding, farmers and landowners should improve drainage, plant 
salt-tolerant crops, and restrict the amount of irrigation water permitted to pool on 
the land. When soil is inundated, water from rivers, streams, and other sources can 
carry enormous quantities of dissolved salts. High concentrations of nutrients, such 
as nitrogen and phosphorus, can also contribute to an increase in salinity. Inadequate 
drainage can also raise the water table, leading to flooding and other water-related 
problems [8, 9]. Salt can build up in the soil as a result of over-irrigation. This can 
cause a variety of issues, including decreased crop yields, soil structure damage, and 
plant toxicity. Salt buildup can also cause water logging, which reduces soil oxygen 
levels and damages plant roots. Farmers should employ water-saving irrigation 
techniques, such as drip irrigation, to mitigate the impacts of soil salinity caused by 
over-irrigation. Farmers should also utilize soil tests to detect the salinity of the soil 
and alter their irrigation operations accordingly. Finally, the use of soil supplements, 
such as gypsum, can aid in the reduction of salt accumulation in the soil [10]. Climate 
change and natural disasters (such as a tsunami) that make the soil saltier are still 
problems for agriculture. When the Earth’s temperature rises, the water that falls as 
rain or snow becomes increasingly saline. An increase in saline water can dissolve 
salts in the soil, making plant growth more challenging. Also, when the Earth’s seas 
warm, more salt is released into the atmosphere. This rise in salinity can kill marine 
life, making it impossible for them to live. Finally, as the Earth’s surface dries up, salts 
collect in the soil more easily [11]. Drought, excessive salinity, and cold temperatures 
are all climatic factors that have a negative impact on plant growth and crop yield. 
The growth of a plant and the production of secondary metabolites are both affected 
by environmental conditions such as temperature, humidity, and the intensity of the 
light, as well as the availability of water, minerals, and carbon dioxide. Cellular dehy-
dration brought on by exposure to salt generates osmotic stress, which in turn leads to 
the loss of cytoplasmic water and a consequent shrinking of the cytosol and vacuoles. 
Depending on the severity of the salt stress, plants may either accumulate or decrease 
a number of different secondary metabolites [12]. Generally, salt-stressed plants are 
known to accumulate a wide range of secondary metabolites, including polyamines, 
polyphenols, and flavonoids, which act as antioxidants and chelators of metal ions, 
thereby helping to protect the plants from oxidative damage caused by the salt stress. 
In addition, the accumulation of these compounds can also help to increase osmotic 
pressure, allowing plants to cope with the osmotic stress caused by salt. On the other 
hand, plants under salt stress may also decrease the synthesis of certain secondary 
metabolites, such as terpenes and alkaloids, which can be toxic to plants when present 
in high concentrations. Therefore, the accumulation or decrease of secondary metabo-
lites in salt-stressed plants is largely dependent on the severity of the salt stress.

1.2 Plant defenses against salt stress and metabolic alertness

There are several different ways in which plants react when they are subjected to 
salt stress. The physiological and the biochemical are the two categories that can be 
used to classify these responses (Figure 1). Alterations in the growth rate of the plant 
are one type of physiological reaction. Other types of physiological reactions include 
changes in photosynthesis, respiration, transpiration, water uptake, nutrient uptake, 
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and hormone production. Plants respond to salt stress by increasing the concentration 
of compatible solutes in their cells, which helps them maintain their turgor pressure 
and prevent dehydration [ 13 ]. Compatible solutes are small molecules that can be 
accumulated in the cell without disrupting its osmotic balance. Examples of compat-
ible solutes include sugars, amino acids, and polyols. Plants also respond to salt stress 
by activating various stress-response pathways, such as the MAPK, calcium, and 
ABA pathways, which help them cope with the stress and protect them from damage 
[ 14 ]. Stomatal movement also gets affected under this salt stress. Plants close their 
stomata to reduce the amount of water lost through transpiration. This helps them 
conserve water and reduce the amount of salt that enters the plant. Stomata are small 
pores on the surface of leaves that open and close to regulate the exchange of gases 
and water vapor. When the stomata are closed, the plant reduces the amount of water 
vapor that is released into the atmosphere. This helps the plant conserve water and 
reduce the amount of salt that enters the plant [ 15 ,  16 ]. In some cases, plants may 
shed their leaves and can cause root growth inhibition, which reduces the amount of 
water and nutrients taken up by the plant to cut the amount of salt uptake. Salt stress 
led to antioxidant enzymes (such as superoxide dismutase, catalase, and peroxidase), 
osmoprotectants (such as proline, glycine betaine, and polyols to help them maintain 
their turgor pressure and prevent dehydration), stress hormones (abscisic acid and 
jasmonic acid), and phytohormones (gibberellins and cytokinins) production [ 17 ,  18 ]. 
Other types of physiological responses include changes in the structure of the plant 
such as an increase in the production of root hairs and thicker cell walls. Changes in 
the plant’s metabolism, such as the creation of enzymes and other proteins that assist 
the plant in coping with salt stress, are examples of biochemical responses that take 

  Figure 1.
  Salt stress and metabolic reactions are physiological and biochemical: salt stress intensity affects secondary 
metabolite accumulation in salt-stressed plants. Salt stress increases osmotic potential, decreases water potential, 
increases photosynthetic rate, and decreases stomatal conductance. Salt stress increases antioxidant enzyme 
activity, stress-related gene expression, proline buildup, and soluble sugar accumulation. Plants need these 
responses to stay healthy and avoid salt stress.          
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place as a result of salt stress. In addition, plants may create compounds that assist 
them in absorbing and storing salt, or they may develop compounds that assist them 
in excreting excess salt as a defense mechanism against the effects of salt stress.

Plants can not get away from potentially dangerous situations, so they have 
evolved to have different defense mechanisms to protect themselves. These include 
physical barriers such as thorns, chemical defenses such as toxins and poisons, and 
camouflage to blend in with their environment. Some plants also produce chemicals 
that attract predators of the herbivores that would otherwise feed on them. Some 
plants, such as certain species of grasses, are able to tolerate high levels of salinity. 
Other plants may be able to survive in the short term but suffer long-term damage. In 
extreme cases, the plants may die. There are several strategies that can be employed 
to help plants cope with high levels of salinity such as using salt-tolerant varieties 
of plants, avoiding over-irrigation, and using soil amendments to improve the soil’s 
structure and drainage [19]. Metabolites are used for a variety of purposes in plants. 
Plants can use these metabolites to help regulate their internal water balance, allow-
ing them to cope with salt stress [19, 20]. Such compounds help plants detoxify and 
eliminate excess salt from their cells. They can be used to protect the plant’s cells from 
the damaging effects of salt. They can be used as a source of energy, to help regulate 
growth and development, to produce hormones, to protect against environmental 
stress, to produce pigments, to aid in defense against pathogens, and to help in the 
synthesis of other molecules [21]. Some plants have evolved mechanisms to cope with 
soil salinity. These mechanisms involve the production of metabolites, such as proline, 
glycine betaine, and trehalose, which help the plant to maintain its water balance and 
protect its cells from the damaging effects of salt. Additionally, some plants produce 
special root structures that help to reduce the uptake of salt from the soil.

The prospects of metabolic alertness in crop production against salinity stress are 
very promising. By understanding the role of metabolic alertness in the response to 
salt stress, researchers can develop new strategies to improve crop performance under 
salinity. It refers to the ability of a crop to detect and respond to salt stress. It could 
improve the drought tolerance of crops by reducing the amount of water lost through 
transpiration. It helps crops adjust their metabolic processes to adapt to the salinity 
environment. Various studies have shown that crops with higher metabolic alert-
ness respond better to salinity stress than crops with lower alertness. This is done by 
increasing the production of certain proteins that are involved in salt tolerance. It also 
involves the upregulation of certain genes that are involved in salt tolerance. Finally, 
metabolic alertness can be used to improve the nutrient content of crops by increasing 
the uptake of minerals and other nutrients.

2. Secondary metabolic profile of plants under soil salinity

The secondary metabolic profile of plants in soils under saline conditions shows an 
increase in the activity of enzymes involved in the synthesis of secondary metabolites. 
These enzymes are typically more active when the concentration of salts is high. In 
addition, plants may upregulate the expression of genes encoding other enzymes 
involved in the synthesis of secondary metabolites in response to salt stress. Several 
stressors are imposed on plants, such as the presence of certain elicitors or signal mol-
ecules, resulting in the accumulation of secondary metabolites [21, 22]. It is possible 
for the secondary metabolites to be created in reaction to a wide variety of stimuli such 
as being injured, experiencing extreme cold or heat, dehydration, or exposure to salt 
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or light. These compounds are also capable of being created as a result of the metabolic 
response that the plant has developed in reaction to being under stress. It is common 
for secondary metabolites to play a role in a plant’s defensive mechanism, whether it is 
against herbivores or pathogens. They are also able to contribute to the communication 
between plants, both with one another and with their surrounding environment.

In general, soils that are dry and infertile are more likely to become salinized since 
they are less able to resist the accumulation of salts. Salinity can also increase as a 
result of climate change as warmer temperatures allow more water to evaporate, leav-
ing behind more salts. The inability of plants to absorb water due to an overabundance 
of salts is one of the many reasons why salinization is a resource concern that threatens 
agricultural output. This soil salinity includes sodium (Na+), potassium (K+), chlo-
ride (Cl−), and sulfate (SO4

2−). Ions, such as Na+ and Cl−,are not utilized by plants 
for nourishment; however, ions, such as K+ and SO4

2−, are. As a consequence of this, 
sodium ions and chloride ions are regularly investigated about soil salinity. The term 
“sodicity” refers to the degree to which the concentration of Na+ in the soil solution 
rises in comparison to the concentration of other exchangeable cations [23]. Indirectly, 
through the worsening of soil physical conditions, salinity and sodicity affect plant 
growth through their impacts on the water intake by plants, the availability of nutri-
ents for plants, and by imposing plant toxicity. These effects can be attributed to salin-
ity and sodicity’s respective impacts on water intake by plants, nutrient availability for 
plants, and plant toxicity. Both natural processes and human-caused interventions can 
contribute to an increase in salinity [24, 25]. The situation might become severe when 
salt contributions to the soil surface become too high. It exclusively hampers seed ger-
mination and plant growth. Alternatively, sodium (Na+) may cause the soil to become 
more dispersed. The electrical conductivity (EC) of the ground is used to assess the 
dangers posed by salt, whereas the exchangeable sodium percentage (ESP) is used to 
assess the dangers posed by sodium. By making EC more concentrated, salt disper-
sion may affect the possible damage [24]. Salts will nearly usually first occur at lower 
elevations on a landscape, and they will gradually ascend to higher heights through 
time. This phenomenon is occurring on millions of hectares worldwide, including in 
Australia, Canada, Montana, Minnesota, and North Dakota and South Dakota. It also 
occurs in other nations, including New Zealand and Australia. There is a correlation 
between a decline in agricultural yields and profitability and an increase in soil electri-
cal conductivity (EC) in locations where salt has impacted the soil [26].

2.1 Plant metabolites and its significance in environment

Plants store many compounds or “specialized metabolites.” These tiny compounds 
affect plants and other living things. They blossom, fruit, then abscise or retain ever-
lasting growth. Beside fighting bacteria, these compounds can also draw in or ward off 
pests. These substances are referred to as “secondary metabolites” [27]. These chemi-
cals help a creature adapt to environmental changes and interact with other organisms. 
They protect against viruses, pests, and herbivores, respond to environmental stress 
and connect organisms. So far, about 50,000 secondary metabolites that come from 
plants have been studied. Plant secondary metabolites are the main therapeutic agents 
in ancient and modern medicines. It is the goal of many academic and pharmaceuti-
cal institutions to discover new goods or, better yet, new treatment approaches for a 
wide range of disorders by doing extensive research into the plant’s secondary com-
pounds. Once upon a time, it was thought that understanding the spread of natural 
products would help classify plants [26, 28]. During a plant’s life, as it interacts with 
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its complicated multi-kingdom microbiome, which is made up of both good and bad 
microbes, these specialized metabolites have been shown to play one of the most 
important and noticeable roles. Plant microbiomes are also in charge of controlling 
how a plant’s metabolism works. Because of this, plant microbiomes are involved in 
a lot of the things listed above. A lot of plant secondary metabolites are important to 
the economy because they are good for human health [29, 30] and help increase the 
amount of food that can be grown. Even though several protein-substrate and protein-
metabolite complexes have been identified, the majority of their biological functions 
remain unconfirmed [31]. Scientists have identified functioning secondary metabo-
lites and metabolic pathways in plants using metabolomics. These findings apply to 
both fundamental and applied research. Nuclear magnetic resonance spectroscopy, 
Fourier transform near-infrared spectroscopy, capillary electrophoresis mass spec-
trometry, gas chromatography-MS, liquid chromatography-MS, MS imaging, and live 
single-cell MS are some of the most prevalent methods (LSC-MS). These approaches 
generally work together since they examine distinct metabolites. These techniques aid 
researchers in gaining a more comprehensive understanding of how metabolic net-
works in plants are regulated under different biotic and abiotic circumstances.

The plant microbiome helps the plant fight disease [32], get nutrients [33], and 
protect itself from living and nonliving environmental threats [34, 35]. Large-scale 
parallel sequencing enhanced plant microbiome research 15 years ago. These studies 
discovered plant microbiomes and interactions. Seed, core, synthetic community, 
defensive, and epiphytic microbiomes are some of the examples. Plant microbiomes 
respond differently to biotic and abiotic stimuli. More evidence reveals that complex 
feedback loops between plants, microorganisms, and their physical and chemical 
environments shape plant microbiomes. Genomic and molecular biology develop-
ments make studying plant specialized metabolites’ biosynthesis pathways’ structural 
and regulatory components easier. These methods can also be used to develop and 
test synthesizing-deficient mutant strains [6, 36]. Apart from these environmental 
elements such as light, temperature, soil water, soil quality, and salinity all have a sig-
nificant role in the secondary metabolites’ ability to accumulate. Changes in a single 
environmental element, even when all others are held constant, can affect the levels 
of secondary metabolites in most plant species. Plants are sensitive to the ionic or 
osmotic pressure induced by salinity, which can either promote or decrease the accu-
mulation of particular secondary metabolites. Their secondary metabolites provide 
protection of the plant cells from the oxidative damage produced by ion accumulation 
at the cellular and subcellular levels; salt stress may operate as an elicitor of secondary 
metabolites, which mitigate the harmful effects of salinity [37].

2.2 Secondary metabolic profiles decrease with salinity stress

As salinity increases, secondary metabolic profiles decrease in a variety of spe-
cies. This can be seen in the decreased levels of metabolites such as carbohydrates, 
lipids, and proteins. This decrease in metabolic activity can be due to a number of 
factors, including a decrease in the number of cells and a decrease in the activity of 
metabolic enzymes. An increase in soil saltiness and ion accumulation represents one 
of the important abiotic factors that adversely affect the growth and production of 
cultivated plants. High NaCl concentrations impede plant growth due to a decrease in 
hydraulic conductivity (hyperosmotic stress) and the accumulation of ions to harm-
ful levels for their proliferation (hypertonic stress). Plants change their biochemical 
and physiological processes in response to these stresses. Observing gene regulation, 
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production of functional proteins, and accumulation of tiny molecules (i.e., metabo-
lites) has allowed researchers to concentrate on plant signal perception and adaptabil-
ity to an unfavorable environment [38, 39]. Salinity stress can have various effects on 
plants, including changes in their secondary metabolism. Secondary metabolites are 
compounds produced by plants that are not directly involved in growth and develop-
ment but instead play roles in various functions such as defense against herbivores, 
attraction of pollinators, and communication with other organisms [26, 40].

Several studies have reported that salinity stress can lead to a decrease in the 
production of secondary metabolites in plants. For example, a study was conducted 
on exposure of basil plants to salt stress resulted in a decrease in the levels of certain 
secondary metabolites, including β-carotene, cryptoxanthin, lutein flavonoids, and 
phenolic acids in the leaves and flowers. Salinity stress has been shown to decrease the 
levels of certain secondary metabolites in basil plants [41]. Another study reported 
that salinity stress reduced the levels of secondary metabolites in grapevine leaves, 
including stilbenoids and flavonoids [42]. However, it is important to note that the 
effect of salinity stress on secondary metabolism can vary depending on the plant 
species and the specific metabolites involved. Some studies have also reported an 
increase in the production of certain secondary metabolites in response to salinity 
stress, suggesting that the relationship between salinity stress and secondary metabo-
lism is complex and not fully understood. As a result of salinity stress, plants produce 
secondary metabolites that help them to adapt to the new environment. These 
metabolites can help plants reduce water loss, increase their resistance to pests and 
pathogens, and increase their salt tolerance.

Several studies have shown that sugars, amino acids, and organic compounds, 
which are primary metabolites, play a role in osmotic regulation. In contrast, sec-
ondary metabolites, which are the final products of primary metabolites, are more 
species-specific and are connected with plant protection due to their numerous roles 
(e.g., serving as antioxidant activity, superoxide radical (ROS) scavengers, and regula-
tory molecules) [43]. Even though the production of secondary metabolites such as 
phenols, saponins, flavonoids, carotenoids, and lignins, etc. usually goes up in salt-
stressed plant, only a few target compounds have been looked at in detail in previous 
studies [44, 45]. Several studies have shown that this link between antioxidant activity 
and the buildup of phenolic compounds under salt stress is true for most plants, and 
research on the topic is constantly expanding. However, there are specific plant species 
that have been found to be more resistant to the oxidative damage caused by salt stress, 
and these are typically plants that have high levels of antioxidant activity. One such 
plant is rosemary, which has been shown to have high levels of antioxidant activity and 
resistance to salt stress. This is likely due to the presence of high levels of polyphenols 
in rosemary, which are powerful antioxidants that can protect cells from damage 
caused by oxidative stress [46]. Other plants that are known to be resistant to salt stress 
and have high levels of antioxidant activity are grapefruit, black tea, and green tea.

Flavonoids, polyphenols, tannins, and anthocyanins are some other second-
ary metabolites that were found in large amounts and may help plants tolerate salt 
by making their antioxidants work better [47]. Flavonoids are a type of secondary 
metabolite that is found in large amounts in plants. These compounds can help plants 
tolerate salt. Polyphenols are another type of secondary metabolite that can help 
plants tolerates salt. Tannins are types of secondary metabolite that can help plants 
resist damage from salt. Anthocyanins are another type of secondary metabolite that 
can help plants resists damage from salt. Yang et al. used saponin as a priming agent 
to help quinoa plants grow from seeds in salty environments. This is because saponins 
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can get rid of ROS [48]. In this way, by analyzing the changes in metabolites at the 
whole-metabolome scale and using these metabolic profile changes along with other 
“omic” analyses such as genome, transcriptome, and proteome analysis, one can 
figure out the regulatory networks and find biomarkers that control stress responses 
and can be used to improve plants [39, 49].

2.3 Plant reactions against the salt stress factors

Plants can not get away from potentially dangerous situations, such as those caused 
by biotic and abiotic stresses, which affect them at every stage of their lives. Stress 
does not hurt some desert plants, but it can kill others [50]. Some plants have a physi-
ological or biochemical defense against salt stress factors. These plants can accumulate 
substances that scavenge or chelate ions or that suppress the activity of salt-sensitive 
enzymes. For example, several plant species accumulate compounds such as salicin 
or protocatechuic acid that bind to and suppress the activity of ion channels in the 
cell membrane. Other plants produce compounds such as phenolic acids that inhibit 
the activity of salt-sensitive enzymes. Plants protect themselves from a wide range of 
stresses with systems that are complex and well-balanced. There are three main types 
of systems in plants: photosynthesis, respiration, and homeostasis. Photosynthesis is 
the process that plants use to create energy from the sun [51]. Respiration is the process 
that plants use to release energy from the food they eat. Homeostasis is the system that 
plants use to maintain the correct level of water, minerals, and energy in their cells.

When plants are exposed to high levels of salt, it can disrupt their ability to take 
up water and nutrients, which can have a negative impact on their metabolism and 
overall growth. To cope with this stress, plants have evolved a variety of strategies 
to adjust their metabolism and maintain their physiological functions. Plants adjust 
their rates of photosynthetic activity, stomatal conductance, transpiration, cell wall 
architecture, membrane remodeling, cell cycle and division rates, and a variety of 
other physiological and metabolic activities in response to environmental stresses 
[52]. This can be achieved by altering the expression of genes that are involved in ion 
transport and osmotic adjustment. For example, some plants will increase the produc-
tion of compatible solutes, such as proline and glycine betaine, which help to maintain 
cellular osmotic balance and protect cellular structures from damage. Other plants 
may increase the expression of genes involved in ion transport, such as the Na+/H+ 
antiporter, which helps to remove excess sodium from the cell and maintain cellular 
pH. In addition to these gene expression changes, plants may also alter their metabolic 
pathways in response to salt stress. For example, some plants may increase their 
production of antioxidants, which can help to protect against oxidative stress and cell 
damage. Others may alter their carbohydrate metabolism such as increasing the break-
down of starch to provide energy for growth and maintenance. Stress signals turn on 
the plant’s main metabolism, which makes biosynthetic intermediates for the second-
ary metabolism. The stress response system and the inducible defense system root 
stress signals turn on the plant’s main metabolism in soil salinity. This increases the 
rate of uptake of salt ions from the soil, which can lead to increased plant growth and 
survival in saline soils [53] depend on the ability to turn on or off a number of genes 
and a number of molecular and cellular processes that have to do with defense. To deal 
with harsh conditions, plants make SMs from primary metabolites in their cells.

Salt stress causes a reduction in plant growth and development; it also has an 
effect on carbon combustion, ion uptake, nutritional requirements, and energy 
metabolism, and it alters the amounts of secondary metabolites, which are crucial 
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physiological markers in salt stress tolerance. Recent advancements have been made 
in the identification and characterization of the systems that enable plants to resist 
high salt concentrations and drought stress. These processes allow plants to survive 
in harsh environments. In plants that are subjected to stressors, such as the presence 
of a variety of elicitors or signal molecules, the deposition of secondary metabolites 
frequently takes place [10, 54].

3. Research methods and analysis of metabolic alertness during salt stress

Metabolic alertness during salt stress can be studied using a range of research 
methods and analyses. These can include in vitro studies, animal studies, and human 
studies. In vitro studies involve culturing cells and introducing salt stress to observe 
the metabolic alertness response. This can be done using a range of techniques such 
as fluorescence microscopy, flow cytometry, and metabolite assays. Animal studies 
involve exposing animals to the plants grown under salt stress and observing their 
metabolic alertness response. This can be done using behavioral tests, metabolic 
assays, and gene expression analyses. Human studies involve exposing individuals to 
salt stress and observing their metabolic alertness response. This can be done using 
various methods such as dietary interventions, metabolic assessments, and physical 
activity tests. The analysis of metabolic alertness during salt stress will depend on the 
research method used. For in vitro studies, the data can be analyzed using a variety 
of techniques such as statistical tests, machine learning algorithms, and network 
analyses. For animal studies, the data can be analyzed using techniques such as behav-
ioral tests, metabolomic profiling, and gene expression analyses. For human studies, 
the data can be analyzed using techniques such as dietary interventions, metabolic 
assessments, and physical activity tests [55]. In case of salt stress in plants [56, 57], 
metabolic alertness during salt stress in plants can be studied by a variety of methods 
and techniques have been mentioned below:

3.1 Molecular analysis

1. RNA sequencing: RNA sequencing is a powerful tool for studying gene expres-
sion in plants under salt stress. It can be used to identify and quantify changes in 
gene expression in response to salt stress.

2. qPCR: qPCR is a sensitive and quantitative method for measuring gene expres-
sion in plants. It can be used to measure the expression of genes involved in 
metabolic pathways and to identify changes in gene expression in response to salt 
stress.

3. Proteomics: proteomics is a powerful tool for studying protein expression in 
plants under salt stress. It can be used to identify and quantify changes in protein 
expression in response to salt stress.

3.2 Physiological analysis

1. Photosynthesis: photosynthesis is a key metabolic process in plants. It can be 
used to measure the effects of salt stress on photosynthetic efficiency, as well as 
to identify changes in photosynthetic rate in response to salt stress.
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2. Enzymatic activity: enzymes are involved in a variety of metabolic pathways in 
plants. Measurement of enzymatic activity can be used to identify changes in 
metabolic activity in response to salt stress.

3. ion transport: ion transport is an important process in plants. Measurement of 
ion transport can be used to identify changes in ion transport in response to salt 
stress.

3.3 Field experiments

Field experiments can be used to study the effects of salt stress on plant growth 
and productivity. These experiments can be used to measure changes in plant growth 
and productivity in response to salt stress, as well as to identify changes in metabolic 
processes in response to salt stress.

As a whole, the systematic research methodology and its analysis to control the salt 
stress in the crop plants has resulted in the development of a variety of techniques to 
maximize crop yields and minimize salt stress (Table 1). Firstly, the use of salt toler-
ance genes and the development of transgenic plants have been found to be effective 
in controlling salt stress. Secondly, the use of crop rotation, soil amendments, and the 
application of fertilizers and micronutrients can be helpful in controlling salt stress. 
Thirdly, the selection of salt-tolerant crop varieties and the use of drip irrigation 
techniques also play a major role in controlling salt stress. Finally, the use of bioreme-
diation techniques, such as the use of bacteria and fungi to absorb the salt from the 
soil, can also help in controlling salt stress.

4. Behavior of anthocyanins in soil salinity

Anthocyanins are a type of phenolic pigment that dissolves in water. Pigments are 
found in glycosylated forms. The red, purple, and blue pigments found in fruits and 
vegetables are called anthocyanins. The anthocyanin content of berries, currants, 
grapes, and even some tropical fruits is quite high. Edible vegetables rich in antho-
cyanins have a red to purple hue and include leafy greens, cereals, roots, and tubers. 

Research method Analysis

Observational studies: observing plants in their natural 
environment to determine their response to salt stress 
and metabolic alertness.

Statistical analysis: analyzing data collected from 
observational studies and experiments to identify 
trends in the plant’s response to salt stress and 
metabolic alertness.

Experiments: creating controlled environments to 
study the effects of different levels of salt stress and 
metabolic alertness on plants.

Molecular analysis: analyzing gene expression, 
proteome, and metabolome data to identify key genes 
and pathways involved in the plant’s response to salt 
stress and metabolic alertness.

Molecular techniques: using techniques such as gene 
expression, proteomics, and metabolomics to study 
the plant’s response to salt stress and metabolic 
alertness.

Comparative analysis: comparing the plants’ response 
to salt stress and metabolic alertness with other 
species to identify differences and similarities.

Table 1. 
The prospective approach to control the salt stress in the crop plants.
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There are several different types of anthocyanin pigments, but the most common 
one is cyanidin-3-glucoside, which is present in a wide variety of plant species [58]. 
They are glycosides and acylated, while anthocyanidins are 3-hydroxy, 3-deoxy, and 
O-methylated. Cyanidin, delphinidin, pelargonidin, peonidin, petunidin, and mal-
vidin are some of the most common types of anthocyanidins. Aside from the usual 
anthocyanins, plants have also been found to have acylated anthocyanins. Acylated 
anthocyanin has four subtypes: acrylated, coumaroylated, caffeoylated, and malo-
nylated. These compounds become active under the saline stress. Some of them get 
induced in response to salt stress and hike the amount of synthesis of anthocyanins in 
the concerned plant. While anthocyanins appear red in acidic conditions, they change 
to a more typical blue color when the pH level is raised. Extraction, separation, and 
measurement of anthocyanins have all greatly benefited from the use of chromatog-
raphy [59]. There have been several studies that link the production of anthocyanins 
to the induction of various types of stress in plants; however, very few of these studies 
have examined the rise in anthocyanin levels that occurs in response to salt stress [60].

Anthocyanins in soil salinity can help promote beneficial microbial activity in the 
soil. Anthocyanins are plant pigments that can help protect the plant against environ-
mental stress such as soil salinity. They can also act as an antioxidant, scavenging for 
free radicals and reducing oxidative stress. Furthermore, they can induce the produc-
tion of plant growth regulators and plant hormones, which can stimulate beneficial 
microbial activity in the soil. This includes bacteria and fungi that can improve soil 
fertility and nutrient availability. Additionally, anthocyanins can also stimulate the 
production of enzymes and metabolites that can help to increase the microbial activ-
ity in the soil. When plants are subjected to salinity stress, their metabolic processes 
undergo alterations. These changes manifest themselves first in the vegetative part 
of the plant (i.e., the leaves) and later in the reproductive organs of the plant (i.e., 
the flowers). Thus, leaves with intact polyphenols and antioxidants may indicate 
that the plant’s response to salt stress occurred before the 10th day. Salinity may have 
decreased anthocyanins in flowers because metabolic activities were inhibited, other 
pigments accumulated, or the plant’s antioxidative mechanisms had exhausted their 
supply [61]. Salinity affects anthocyanin accumulation differently, thus more research 
is needed. In salinity-exposed tomato genotypes, For instance, Borghesi et al. [62] 
demonstrated that the accumulation of anthocyanins in two different tomato geno-
types reacted in opposing ways when they were exposed to saline. The study suggests 
that the production and localization of anthocyanins may help the plant acquire 
resistance to a variety of environmental challenges and that the adaptive advantages 
of anthocyanins are considerably less muddled in nonreproductive tissues [63].

5. Behavior of flavonoid in soil salinity

In the kingdom of plantae, flavonoids are the secondary metabolites that are 
present in the widest variety of plant species. These chemicals have a wide variety of 
physiological and molecular functions in plants, including acting as signaling mol-
ecules, contributing to plant defense, influencing the transport of auxin, exhibiting 
antioxidant activity, and scavenging free radicals [64]. According to Sirin and Aslam 
[65], among the nonenzymatic antioxidants, phenols and flavonoids make a substan-
tial contribution to removing free radicals in plants, which allows plants to tolerate salt 
stress by storing the antioxidants in a variety of tissues. Flavonoids are a group of com-
pounds that are found in many plants. These compounds have been studied for their 
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potential health benefits, and many are now known to be beneficial for human health. 
Flavonoids are a type of polyphenol. They play essential roles in soil salinity regulation 
[30, 41, 66]. They can reduce the number of ions, such as sodium and chloride, present 
in the soil solution, which can help maintain soil health and fertility [66]. They have 
also been shown to promote beneficial microbial activity in the soil, including improv-
ing the growth and health of beneficial bacteria and fungi. They also have antioxidant 
properties, which can help protect plants from environmental stressors such as high 
levels of salinity. They can also act as signaling molecules, helping plants regulate their 
response to salt stress. In addition, flavonoids can help promote beneficial microbial 
activity in the soil, which can improve the soil’s fertility and reduce its salt content. 
This can help boost the soil’s fertility, improve water retention and nutrient cycling, 
and reduce the risk of disease-causing pathogens. They can also help protect plants 
from environmental stressors such as drought and extreme temperatures [67, 68].

In plant materials, polyphenols can be found in both their free and bound forms. 
Phenolic acids make up the bulk of the polyphenols that are found in grains and baked 
goods derived from cereal, and approximately 75% of these are accessible in bound 
form. Plants’ development, reproduction, and eventual grain yield are almost entirely 
dependent on the leaf proteins [68]. It is not surprising that salt stress causes a decrease 
in protein content in plant leaves, given that proteins are known to be one of the first 
targets of reactive oxygen species (ROS) in living organisms. One of the principal sites 
of ROS damage is the chloroplast, where it leads to the degradation and inactivation of 
Rubisco, as well as many other changes in the thylakoid and stromal proteins [69].

Because of this, leaf protein concentration is an important indicator of salt stress 
[70]. One of the most debated topics in the literature is the extent to which genetic 
diversity affects the protein content of plant leaves when subjected to salt stress. Few 
studies have looked into how genetics interact with salt stress to affect protein levels. 
In addition, there is a lot of debate in the scientific literature concerning the way 
salinity has an effect. For instance, Birhanie et al. [71] found that salt stress similarly 
reduced total protein concentration in the shoots of two cultivars of wheat (toler-
ant and sensitive). In contrast, it was discovered that during salt stress, leaf protein 
concentration varied by genotype and increased [72, 73].

Many studies have been proposed that increasing the accumulation of suitable 
solutes, such as proline, can improve salt tolerance. Proline, such as other osmolytes, 
can eventually regulate redox potential through its effects on osmotic adjustment, 
membrane protection, and enzyme stability in the face of abiotic and biotic stresses 
[74]. Arabbeigi et al. [75] reported greater proline biosynthesis gene (P5CS) expres-
sion in Ae. cylindrica may be linked with salt tolerance. It is a bacterial species that 
is commonly found in salt marshes and coastal habitats. The P5CS gene is known to 
play a role in proline biosynthesis, which is a process that helps cells to build proteins. 
The researchers found that Ae. cylindrica cells that expressed high levels of the P5CS 
gene were more resistant to salt stress. Additionally, the study found that deleting the 
P5CS gene had no impact on the salt tolerance of Ae. cylindrica cells. The authors of the 
study say that the findings suggest that the P5CS gene may play a role in salt tolerance 
in Ae. cylindrica. They say that the findings could help to identify new strategies for 
preserving salt marsh habitats. In wheat, this finding agrees with that of Kumar et al. 
[76]. This is congruent to a certain extent with the findings of Ebrahim et al. [77] in 
barley, who also found that salt stress led to a huge buildup of proline but also found 
that salt-sensitive genotypes accumulated more proline in their leaves than salt-toler-
ant ones. Since the osmo-adaptive response includes proline buildup, whether or not it 
plays a special function in the resistance to abiotic and biotic stresses (such as salinity 
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and drought) is debatable. Several explanations come to mind for this discrepancy. 
Variations in genotype or species, stress level or duration, and physiological maturity 
or development are particularly important to note when comparing research.

6. Behavior of phenolic in soil salinity

Increased salinity affects primary carbon metabolism, plant growth and 
 development by osmotic stress, mineral deficiencies, ion toxicity, and physiological 
and biochemical disturbances. In general, the effect of salinity on plant growth and 
development is greatly reduced by the presence of phenolic compounds. Phenolic 
compounds have been shown to reduce the uptake of sodium and other cations, 
thereby reducing the amount of cations in the soil. Phenolic compounds can also 
increase the availability of phosphorus, potassium, magnesium, and calcium, which 
can help to reduce soil salinity. Phenolic compounds can also reduce the amount of 
bicarbonate and chloride ions in the soil, thereby reducing soil salinity [78].

Phenolic compounds are known to have a strong ability to absorb and react to soil 
salinity. They are capable of binding and immobilizing ions, including sodium, which 
helps to reduce the salinity of the soil. These compounds can also reduce the amount of 
cations present in the soil, which helps to reduce soil salinity [79]. These compounds 
can also form complexes with other compounds in the soil, preventing them from 
taking up and dissolving in the soil water, thereby reducing the salinity of the soil.

7. Discussion

Excessive salts can be deposited on the soil surface due to rainfall or irrigation, 
or salt can be injected into the soil due to oil and gas exploration or mining, both 
of which lead to salinization. Using salt-based insecticides and fertilizers can also 
contribute to salinization. Soil salinization is now a major issue in environmental and 
socioeconomic sustainability around the world. Soil salinization is the process of the 
soil becoming excessively salty. This can be caused by a number of factors, includ-
ing overpumping of groundwater, the use of salty irrigation water, and the addition 
of salt to the soil through fertilizer and other means. The effects of soil salinization 
are wide-ranging and can have serious consequences for both the environment and 
human health [9, 80]. Salinization can lead to the formation of salt lakes and ponds, 
which can damage infrastructure and disrupt water supplies. It can also damage 
plants and animals and can increase the risk of waterborne diseases. Soil salinization 
is a growing problem around the world, and it is becoming increasingly important to 
address it. There are a number of ways to combat soil salinization, and it is important 
to stay up-to-date on the latest research and developments [81]. Some of the most 
commonly used methods include (Table 2).

Salt lakes are a byproduct of salinization, which can also contribute to the forma-
tion of other environmental dangers such as toxic dust storms and the contamination 
of water supplies and agricultural land. The development of salt-sensitive habitats is 
one way in which salinization affects human health. Various efforts have been made 
to address the global problem of salinization. The United Nations Development 
Programme (UNDP) has launched a number of initiatives to help address the 
issue, including the Salinization of Soil Information and Capacity Building Centre 
(SalinSICB), which provides training and resources to help farmers and communities 
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protect their soil from salinization, and the Salinization [80]. The Salinization of Soil 
Information and Capacity Building Centre (SalinSICB) was launched in March 2008 to 
support the development of effective soil salinization management practices in coun-
tries across the world. The centre provides access to soil salinization information and 
training to government officials, scientists, farmers, and other practitioners. It also 
works to build the capacity of countries to manage salinization and address its impacts 
[76, 82]. Salt stress is a major environmental stressor for plants. It has a negative effect 
on the environment and is a major contributor to reducing crop production. Plants are 
unable to grow and develop normally under salt stress, and their levels of secondary 
metabolites, which serve as important physiological markers of salt stress resistance, 
are typically altered as a result. Recent successes in identifying and characterizing 
salt-resistant systems in plants have paved the way for the creation of salt-resistant 
crops. Here, the chapter discussed the salt stress affects secondary metabolites and 
several vital plant medicines. During stress, increased cytosolic synthesis of secondary 
metabolites (anthocyanins, flavonoids, phenolics, and unambiguous phenolic acids) 
may protect cells from ion-induced oxidative damage by binding the ions and lowering 
cytoplasmic structural toxicity. Anthocyanins, flavones, phenols, and phenolic acids 
cause this. Plants adapt to salt stress by changing their metabolism. Understanding 
these systems may help researchers enhance agricultural output in salt-affected areas.

8. Conclusion and prospects

Over exploitation of groundwater, the use of irrigation water with high salt con-
tent, and the application of salt-based pesticides and fertilizers have all contributed 
to soil salinization, a major problem for environmental and socioeconomic sustain-
ability in many parts of the world. Salinization occurs when salt concentrations in 
the soil become elevated, leading to a decrease in soil fertility and crop yields. This is 
often caused by the accumulation of salts in the soil, either due to a lack of leaching 
or due to the application of salt-based fertilizers and pesticides. The over-extraction 
of groundwater can also lead to the accumulation of salts in the soil as the water may 

Irrigation management This includes adjusting the timing and amount of irrigation, using soil moisture 
sensors, using different types of water, and improving drainage systems.

Leaching Leaching is a process by which salts are removed from the soil by flushing them 
away with water.

Drainage Proper drainage helps to reduce the number of salts in the soil and can be achieved 
by installing tile drains or subsurface drains.

Amendments Adding organic matter to the soil can help to reduce soil salinity and can also 
improve soil structure and fertility.

Cover crops Planting cover crops, such as legumes and grasses, can help reduce soil salinity by 
taking up some of the salts from the soil.

Crop rotation Rotating different crops in a field can help to reduce soil salinity as different plants 
have different salt tolerances.

Desalinization Desalination is a process by which salts are removed from the water and can be used 
to reduce soil salinity in areas with high levels of water salinity.

Table 2. 
Proper management of soil from salinity.
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contain a higher concentration of salts than the soil. In addition, irrigation with water 
that has a high salt content can lead to the accumulation of salts in the soil. To prevent 
soil salinization, proper irrigation management, the use of low-salt fertilizers and 
pesticides, and the proper management of groundwater extraction are all essential. 
Soil salinization is a problem for both terrestrial and aquatic ecosystems, causing 
problems for plants, animals, and people. Plants are able to adapt their metabolic pro-
cesses and physiological activities in order to survive in environments with high levels 
of salt. This can inhibit plant growth, but plants are able to overcome this obstacle by 
changing the way they assimilate and use nutrients. When exposed to high levels of 
salt, plants have evolved mechanisms to adapt their metabolism and preserve physi-
ological processes such as changing the expression of genes involved in ion transport 
and osmotic adjustment. In addition, plants can upregulate the expression of genes 
involved in antioxidant enzymes, which help protect the plant from oxidative damage 
caused by high salinity. Plants also increase the expression of genes involved in the 
synthesis of compatible solutes, which are osmotically active molecules that increase 
the osmotic potential of the cell and allow it to retain water. Lastly, plants can reduce 
their transpiration rates and close their stomata to reduce water loss. It is possible to 
do this by regulating the expression of genes involved in ion transport and osmotic 
balance. The expression of genes involved in ion transport and osmotic balance 
under soil salinity is to introduce a salt stress response gene. A salt stress response 
gene encodes a transcription factor that responds to salinity stress by upregulating 
the expression of ion transport and osmotic balance-related genes. This upregulation 
helps the plant to better cope with stress and improve its overall growth and survival.

There are a number of prospects to control soil salinity using secondary metabo-
lites. Some of these include using antimicrobial agents to control bacterial popula-
tions, using plant-derived secondary metabolites to regulate salt uptake, and using 
plant-derived inhibitors of salinization enzymes. There are several secondary metab-
olites that have been shown to have the ability to mitigate the effects of soil salinity on 
plant growth. For example, polyamines such as spermidine and spermine have been 
found to reduce the toxic effects of salt on plant cells by maintaining ion homeostasis 
and reducing oxidative stress. Another group of secondary metabolites that have been 
studied for their potential to control soil salinity are plant growth regulators such as 
auxins, cytokinins, and gibberellins. These compounds have been found to improve 
plant growth and productivity under saline conditions by regulating the uptake and 
distribution of ions, maintaining water balance, and enhancing antioxidant defense 
mechanisms. In addition to polyamines and plant growth regulators, other second-
ary metabolites, such as flavonoids, alkaloids, and terpenoids, have also been shown 
to have potential for controlling soil salinity. These compounds have been found 
to improve plant growth and productivity by reducing oxidative stress, enhancing 
nutrient uptake, and regulating ion balance. Soil salinity can have a significant impact 
on plant metabolism and growth, leading to stunted growth and decreased yields that 
need to be minimized in the future forecast.
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Chapter 4

Influence of Salinity on In Vitro 
Production of Terpene: A Review
Emine Ayaz Tilkat, Ayşe Hoşer, Veysel Süzerer and Engin Tilkat

Abstract

Terpenes are the largest group of plant secondary metabolites with many biological 
activities, such as anticancer, antimicrobial, anti-inflammatory, antifungal, and antiviral. 
They are natural plant products frequently used in many sectors, such as medicine, 
agriculture, and perfumery. Various biotechnological strategies have been developed to 
increase terpene production and variety in plants. Among these approaches, using stimu-
lants that induce in vitro accumulation of plant secondary metabolites, such as elicitor, is 
one of the best alternatives. Successful effects of salt (NaCl), an abiotic elicitor, on terpene 
production in different plant species have been reported. This technique remains relevant 
as a promising approach to the yet unknown chemistry of many plant species. Therefore, 
this review aims to appraise the literature available for using NaCl stress as an elicitor in in 
vitro cultures to increase terpene compounds in plants.

Keywords: in vitro, salt stress, elicitor, terpene production, NaCl

1. Introduction

Plants are a valuable source of various secondary metabolites used as pharmaceu-
ticals, agrochemicals, flavors, fragrances, colors, biopesticides, and food additives 
[1]. Plant secondary metabolites (PSM) are low molecular weight organic compounds 
that do not directly affect plant growth and development but have essential roles as 
a defensive tool in interacting with the environment and adapting to environmental 
conditions. Under natural conditions, many PSMs accumulate in different parts of 
plants (vacuoles, specialized glands, trichomes, and sometimes only at certain devel-
opmental stages) to provide functional flexibility under the influence of environ-
mental factors without affecting cellular and physiological developmental pathways 
[2]. Since these compounds have many properties, such as antioxidant, antimalarial, 
antifungal, antimicrobial, and antiviral, they are essential in protecting the plant’s 
defense system due to their toxicity. Thus, removing other microbes and herbivores 
protects them from all kinds of pathogens [3]. PSMs are diverse and numerous chemi-
cal compounds derived from primary metabolic pathways by the plant cell. There 
are over 100,000 known PSMs in the plant kingdom. These compounds are divided 
into three major classes according to their chemical structures: terpenes, nitrogen-
containing compounds (e.g., alkaloids and glucosinolates), and phenolic compounds 
(e.g., phenylpropanoids and flavonoids) [4].
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Terpenes are the largest and most structurally diverse group of natural products, 
with more than 80,000 characterized compounds [5, 6]. In addition to being a pig-
ment, flavoring and solvent, terpenes have many functions, such as medical ther-
moprotectant and signal transduction processes. Although there are many types and 
varieties, it is impressive that different organisms use terpenes for common purposes. 
Many living organisms, such as microorganisms, fungi, and plants, are protected 
from abiotic and biotic stresses thanks to their synthesized terpenes [7]. Terpenes are 
aromatic metabolites found in plants and can improve plants’ adaptation to the envi-
ronment. Some terpenes are of enormous value to humanity due to their application 
in medicine, industry, and agriculture. To date, 52 antimicrobial terpenes have been 
identified, including carvacrol, thymol, menthol, geraniol, carnosic acid, quercetin, 
and allicin [8, 9]. Other terpenes, such as beta-myrcene limonene, pinene, and 
caryophyllene, may be safe and cost-effective alternatives for treating malaria in the 
pharmaceutical industry because they have antiplasmodial potential [10, 11]. Recent 
studies suggest that another terpene, Tanshinone IIA, can prevent the occurrence of 
atherosclerosis and damage and hypertrophy of the heart [12]. Perillyl alcohol is a 
monocyclic monoterpene and is of great interest due to its potent antitumor activity.

On the other hand, geraniol has been found to have therapeutic effects on 
cancer diseases, such as lung, colon, prostate, pancreas, and liver. Artemisinin and 
its derivatives have been reported to affect tumors significantly and have specific 
inhibitory effects at low costs [13]. However, terpenes are challenging to produce in 
large quantities due to their complex chemical structure and low content [14]. Plant 
production in vitro conditions is preferred because it allows the production of plant-
specific metabolites using elicitor and precursor compounds and even the increase 
in the number of metabolites and the synthesis of new metabolites. Elicitors can be 
defined as a substance that, when delivered to a living cell system in a small concen-
tration, initiates or increases the biosynthesis of specific compounds. Different types 
of stress used as elicitors may promote or inhibit terpene production [15]. Abiotic 
elicitors, such as salinity, UV light, temperature, pH, and heavy metals, can stimulate 
the accumulation of terpenes [16].

Salinity is one environmental factor limiting growth, development, and produc-
tivity among the abiotic stress variety. Under salinity conditions, terpenes protect 
cells from ion-induced oxidative damage [17]. It can also increase the tolerance of bio-
logical activity of some plant species, especially in vitro conditions. This trend is note-
worthy because of the interesting biological properties of terpenes. This approach, 
which leads to the overproduction of terpenes, is highly desirable, especially in some 
medicinal plants. Plant production of terpenes against biotic and abiotic stress has 
been widely studied [18], and in some studies, it has been proven that salinity causes 
the accumulation of terpenes [16, 19, 20].

Recently, various strategies have been developed to synthesize terpenes, such as 
optimization of culture media, elicitation, use of precursors, bioreactor cultures, 
metabolic engineering, immobilization, and biotransformation methods [1]. This sec-
tion focuses on the effect of salinity on terpene production in medicinal plants grown 
in vitro conditions.

2. Biosynthesis and classifications of plant terpenes

The name “terpene” is derived from the old French word “turpentine” and 
means “resin” [5]. Plants use two pathways to produce terpenes: the plastidial 
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2-C-methylD-erythritol-4-phosphate (MEP) pathway and the acetyl-CoA-linked 
cytosolic mevalonate (MVA) pathway. One of the basic terpene biosynthesis building 
blocks (C5 isoprene unit) is isopentyl pyrophosphate (IPP), and the other is allylic 
isomer dimethylallyl pyrophosphate (DMAPP). DMAPP and IPP building blocks 
combine to form mono-, di-, tri-, tetra-, and polyterpenes with higher molecular 
weights [21]. Terpenes are volatile unsaturated hydrocarbons with various structural 
properties [22]. They are commonly found in the leaves, flowers, stems and roots of 
higher plants, aromatic medicinal plants, citrus, conifers, and eucalyptus species.

The development of chromatographic and spectroscopic methodologies has 
accelerated the discovery of terpenes and terpenoids [18]. Terpenes and terpenoids 
are terms that are often used interchangeably. But terpenes undergo oxygenation, 
hydrogenation, or dehydrogenation to form terpenoids. Terpenes, such as pinene, 
myrcene, limonene, terpinene, and p-cymene, are compounds with simple hydrocar-
bon structures. However, terpenoids are a class of modified terpenes with different 
functional groups and oxidized methyl groups that have been moved or removed [23].

Terpene compounds are classified according to the number of isoprene units they 
contain. The chemical formula of terpenes is (C5)n. The n, in this formula, indicates 
the number of isoprenes present in the compound. The number of isoprene units 
forms the groups that provide the structural diversity of terpenes [14]. Accordingly, 
terpenes, as shown in Figure 1, are hemiterpenes (C5 isoprene), monoterpenes (C10 
limonene, menthol, etc.), sesquiterpenes (C15 atractylone, caryophyllene, etc.), 

Figure 1. 
Classification of terpenes.
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diterpenes (C20 taxol, etc.), sesterpenes (C25 disidiolide), triterpenes (C30 mastica-
dienolic acid, ursolic acid, etc.), tetraterpene (C40, zeaxanthin, carotene, etc.) and 
polyterpenes (C˃40 resin, etc.)

3. Production of terpenes via plant cell tissue and organ culture technics

Since terpenes are pharmaceutical compounds with important biological activi-
ties, studies on producing these compounds in plants have accelerated in the last 
20 years. Plants generally produce low concentrations of terpene in their tissues, with 
terpene concentration less than 2–3% of a plant’s total dry weight. In particular, varia-
tion in terpene distribution caused by biotic, abiotic, and seasonal stimuli may vary 
depending on the plant’s chemotype, suggesting that different plants may respond to 
genetically different stimuli with various terpene syntheses. This situation may differ 
even between species and individuals [15].

Due to these molecules’ complexity and extreme metabolic modifications, their 
chemical synthesis is inherently tricky, expensive, and relatively low-yield. By 2050, 
the need for food is expected to double its current level due to overpopulation, and 
therefore the use of PSMs will increase in the coming decades to meet this demand 
[24]. With the increase in the world population, modern technologies developed to 
meet the demand for PSMs and to overcome possible negative situations have begun 
to be used. Today, many biotechnological techniques such as plant cell and tissue 
cultures (shoot culture, callus culture, suspension culture, hairy root culture, plant 
cell immobilization, and bioreactors) and genetic engineering applications are widely 
used for terpene production [25]. Many other valuable pharmaceutical terpene com-
pounds, such as ginsenosides in Panax ginseng [26, 27], terpenoid indole alkaloids 
(TIAs) in Catharanthus roseus [28, 29], and tanshinones in Salvia miltiorrhiza [30, 31], 
can be produced in high quantities through the shoot, callus, and cell suspension 
cultures technics. Some studies conducted to increase the production levels of some 
terpenes and produce them on an industrial scale have focused on bioreactor systems 
[32]. It has been reported that Rhizoma zedoariae cell suspension cultures provide 
cell proliferation and accumulation of β-element in the bioreactor [33]. Considering 
that secondary metabolite production may be higher in differentiated tissues, 
extensive research has also been conducted on hairy root cultures transformed with 
Agrobacterium sp. as an alternative research tool. Extensive research has also been 
carried out on hairy root cultures transformed with the Agrobacterium rhizogenes-
mediated transformation method, which reduces the risk of somaclonal variation and 
provides rapid shoot regeneration, has yielded successful results for the production 
of terpenes. For example, although the concentration of triterpene detected in the 
leaves of Centella asiatica plants was >2 times higher than in the petiole, the amount 
of triterpene in the petiole-derived hairy root cultures was 1.4 times higher than in 
the leaf-derived hairy root cultures. In addition, it was determined that the amount of 
terpene obtained from leaf and petiole root cultures was higher than that of adventi-
tious roots [34]. Advances in immobilization techniques contribute to a significant 
increase in the production of high value-added pharmaceutical compounds. Plumbago 
rosea, in which cell cultures were immobilized with 10 mM calcium alginate, plumba-
gin production was doubled compared to control cells [35].

Furthermore, understanding the function of genes involved in terpene production 
may lead to discovering new compounds or metabolic pathways that can reveal opti-
mal properties. Accordingly, increased terpene emission was observed in Nicotiana 
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tabacum plants’ leaves after adding monoterpene synthase genes [36]. In recent years, 
overproduction, co-overexpression, gene silencing, and genome editing techniques 
are among the current approaches used for synthesizing different terpene compounds 
through developments in metabolic engineering.

3.1 Using elicitors for terpene production

It has been shown that certain stress conditions can increase or inhibit terpene 
production and change the emission pattern and/or amount. Stress conditions gener-
ally affect both constitutive and induced terpene emission rates [15]. Treatment of 
in vitro cultures with biotic and abiotic elicitors has been seen as essential to increase 
the production of desired products [37]. This technique has become the subject of 
an increasing number of studies today. The elicitor triggers signal transduction and 
generates secondary signals, stimulating regulatory proteins (transcription factors) 
that coordinate the expression of biosynthetic genes [38]. Elicitors can be classified as 
biotic and abiotic elicitors depending on their source and effect on plants (Figure 2).

Elicitor type, dose, and application time are the main factors in terpene production 
[39]. Apart from NaCl, an abiotic elicitor source, there is a lot of literature on methyl 
jasmonate (MeJA) and salicylic acid (SA). MeJA is a plant growth regulator belonging 
to the jasmonate family. Extensive research has been conducted on phytohormones, 
as they can influence many physiological and metabolic processes in plants. Given the 
great diversity of these compounds with specific biological functions, they are also 
referred to as biostimulants [24]. Biostimulants are essential as a signaling molecule 
that mediates intra- and inter-plant communication and modulates plant defense 
responses, including antioxidant systems. Farag et al. [37] studied the effects of six 

Figure 2. 
Classification of elicitors used in secondary metabolite production.



Making Plant Life Easier and Productive Under Salinity – Updates and Prospects

86

different biotic and abiotic elicitors, including MeJA, SA, ZnCl2, glutathione, and 
β-glucan (BG; fungal stimulant) wounding, on terpene accumulation in soft coral 
Sarcophyton ehrenbergi. Based on the elicitation process, it has been discovered that 
the mere inclusion of 0.1 mM SA and 1.0 mM ZnCl2 resulted in a remarkable increase 
in the levels of sarcophytolide I by 132 and 17 times, respectively, in just 48 hours.

Again, in Mentha x piperita plants, where SA or MeJA was applied exogenously, 
a significant increase in menthol, pulegone, linalool, limonene, and menthone 
concentrations was achieved with the application of 2.0 mM MeJA [40]. Depending 
on the dose and time, significant increases in the accumulation of TIAs (eburenin, 
quebrachamine, fluorocarpamine, pleiocarpamine, tubotaiwine, tetrahydroalstonine, 
and ajmalicine) occurred in hairy root cultures of Rhazya stricta, elicited by the 
application of different concentrations of MeJA [38]. The roots of Salvia miltiorrhiza, 
a plant rich in tanshinones, an essential active diterpene, are used medicinally for 
cardiovascular diseases and inflammation. In a study on Salvia miltiorrhiza, with 
0.2% (v/v) bacterial inoculum as a biotic elicitor, the total tanshinone content of 
the roots increased more than 12-fold [41]. Li et al. [42] reported that selected genes 
in the tanshinone biosynthetic pathway of Ag (+), MeJA, and yeast extract were 
significantly upregulated in S. castanea f tomentosa Stib hairy root cultures. Yeast 
extracts increased the expression level of isopentenyl diphosphate isomerase 13.9-
fold at 12 hours. It was determined that yeast extracts increased the expression level 
of isopentenyl diphosphate isomerase 13.9-fold in 12 h. In contrast, the contents of 
tanshinone IIA were increased by 1.8-fold and 1.99-fold compared to the control with 
Ag (+) and MeJA elicitation, respectively.

The addition of the biotic elicitor Anabaena sp. (265 cells/mL) to cell suspension 
cultures of Azadirachta indica triggered the synthesis of the triterpene azadirachtin 
(0.32 g/μL) [43]. UV-B caused a significant increase in lochnericine concentrations in 
hairy root cultures of C. roseus. It has also been shown that increasing the exposure 
time to UV-B up to 20 minutes causes significant increases in lochnericine, serpen-
tine, and ajmalicine and a decrease in horhammericine [44].

3.2 Effect of salt as an elicitor

NaCl is one of the most important abiotic stress factors that cause different 
changes in plants’ morphological, physiological, and biochemical responses, limit 
their growth and development, and consequently negatively affect total crop pro-
duction [45, 46]. In the early stages of salinity-induced stress, the ability of roots to 
absorb water is highly affected and reduced [47]. Higher NaCl concentrations pose a 
significant threat to the plant by inhibiting physiological processes through osmotic 
stress, nutrient imbalance, ionic toxicity, and oxidative stress [48]. Oxidative stress is 
a process in which reactive oxygen species occur as a result of excessive accumulation 
of sodium (Na+) and chloride (Cl−) in plant tissues [49]. After exposure to excess 
NaCl, plants first sense the potential source of stress and then activate a multifaceted 
response that includes a signaling network and the synthesis of several compounds 
that help reduce the effects of high salinity and maintain cellular homeostasis. At 
this point, secondary metabolites play critical roles in plant adaptation to NaCl stress 
[4]. Depending on the salinity levels that plants are exposed to in vitro, the type and 
amount of these metabolites they synthesize to survive may vary. Thus, plants can 
often produce species-specific secondary metabolites in shoots, roots, leaves, etc., 
at different stages of plant development [10]. Some studies have reported that ter-
penes exhibit antioxidant activities and thus their function in overcoming oxidative 
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stress [4]. During NaCl stress, terpenes can reduce the consequences of oxidative 
stress either by reacting directly with intercellular oxidants or altering the signaling 
of reactive oxygen species. Various terpenes can minimize NaCl stress in different 
plant species by providing membrane stabilization and direct antioxidant effects. In 
addition to their antioxidant effects, isoprenes and monoterpenes can react rapidly 
with ozone and reduce the toxicity caused by NaCl stress. Amphipathic isoprene can 
prevent membrane and protein degradation by improving hydrophobic interactions 
between membrane proteins and lipids [20].

Although significant progress has been made on the accumulation mechanisms 
of terpene compounds in medical plants via NaCl elicitation [50], studies are still 
ongoing on terpene compounds whose chemistry and role are still unknown. To the 
present day, especially in recent years, research on accumulating these compounds 
has been presented in Table 1. Terpenes and terpenoids are the main components of 
volatile oils of medical and aromatic plants; it has a variety of chemical compositions 
ranging from monoterpenes, sesquiterpenes, triterpenes, alcohols, ethers, aldehydes, 
esters, and ketones [60, 61]. There are 49 different terpenes in the leaves and resins of 
the male and female mastic tree (Pistacia lentiscus) [62]. Tilkat et al. [16] investigated 
the effects of different NaCl concentrations applied to juvenile shoots of P. lentiscus 
in vitro on the accumulation of anticancer triterpenes, such as ursonic, moronic, 
oleanolic, masticadienolic, oleanolic, and ursolic acids. Accordingly, while 50 mM 
NaCl elicitation increased the amount of ursonic acid 2.16 times, 25 mM NaCl elicita-
tion increased it 3.71 times. In addition, masticadienolic acid, which is not found in 
the control group, was induced in vitro leaves via elicitated 100 mM NaCl; and ursolic 
acid was induced in vitro leaves and stems by 25, 50, and 100 mM NaCl. It is known 
that C. roseus, which contains 200 different TIAs, is also a source of vinblastine and 
vincristine, which have high economic and medical importance. However, since it 
has been observed that these compounds accumulate in insufficient amounts in the 
natural growing environment of this plant, it has been tried to increase the produc-
tion of these compounds with various strategies [63]. Studies have shown that TIA 
accumulation can be significantly altered through stress mechanisms such as NaCl 
stress [53, 64] or studies such as overexpression of these genes [65, 66]. In a survey 
conducted by Fatima et al. [53] using different levels of NaCl concentrations (0, 25, 
50, 75, 100, and 125 mM) as an elicitor in various embryogenic tissues of C. roseus 
grown in vitro, the content of vinblastine and vincristine was increased. It was noted 
that the maximum accumulation of vinblastine and vincristine was obtained by 
elicitation with 25 mM NaCl. Thymol is a natural volatile monoterpene phenol and 
the main active ingredient of essential oil obtained from Thymus vulgaris, Ocimum 
gratissimum, Carum copticum, and Nigella sativa. Black seed (N. sativa L.) is a medici-
nal plant used to treat many diseases since ancient times. It has been reported that 
250 mM NaCl elicitation in N. sativa calli leads to high thymol accumulation [19]. 
Diterpene steviol glycosides obtained from the leaves of the Stevia rebaudiana plant 
are calorie-free natural sweeteners. NaCl and Na2CO3 salts were investigated on 
steviol glycoside production in callus and suspension cultures. In calli, steviol glyco-
sides increased from 0.27% (control) to 1.43% and 1.57%, respectively, with 0.10% 
NaCl and 0.025% Na2CO3. However, in suspension cultures, the same concentrations 
of NaCl and Na2CO3 increased the steviol glycoside content from 1.36 (control) at day 
10 to 2.61% and 5.14%, respectively [52]. In addition to the studies on increasing the 
terpene compounds with a single type of elicitation in vitro, more than one type of 
elicitation has been tried in many plants, and successful results have been obtained. 
In this context, it has been reported that elicitors, such as NaCl, chitosan, MeJA, SA, 
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and jasmonic acid (JA), are widely used in combination or separately for terpene 
production [25, 67–69]. Razavizadeh et al. (2020) investigated the potential effects 
of terpene accumulation by examining the combined effect of chitosan and NaCl on 
C. copticum shoot and callus cultures. They reported that combined elicitation led 
to an increased accumulation of thymol and p-cymene in both shoots and calli [25]. 
In another study on the production of vincristine and vinblastine from TIAs in C. 
roseus calluses of both osmotic and NaCl stresses, 75 mM NaCl elicitation signifi-
cantly increased the content of both bioactive compounds [51]. In another combined 
elicitation study, the effect of NaCl and phenylalanine on rosmarinic acid production 
in vitro cultures of Mentha longifolia was investigated. Five different phenylalanine 
concentrations (0, 0.5, 5, 10, and 15 mg/l) and four different NaCl concentrations (0, 
2000, 4000, and 6000 mg/l) were tested. Shoot tips were more efficient in rosmarinic 
acid production than callus cultures. In addition, low-concentration NaCl elicitation 
led to a high accumulation of rosmarinic acid [70].

As discussed above, salt, an abiotic stress factor, actually increases the synthesis of 
terpenes in plants and is an essential factor for plants to combat the negativities they 
encounter under natural conditions (Figure 3). In addition, it is possible to increase 

Plant species Elicitor type Culture Type Increased Terpene 
Compounds

References

Carum copticum Chitosan + NaCl Shoot and callus 
culture

Thymol and 
p-cymene

[25]

Catharanthus 
roseus

75 mM NaCl Callus culture Vincristine and 
vinblastine

[51]

Mentha longifolia 4000/ 6000 mg/l for 
callus, 2000 mg/l for 
the shoots

Shoot and callus 
culture

Rosmarinic acid [51]

Stevia rebaudiana NaCl and Na2CO3 Callus and 
suspension cultures

Steviol glycosides [52]

Nigella sativa 250 mM NaCl Callus culture Thymol [19]

Catharanthus 
roseus

25 mM NaCl Shoot culture Vinblastine and 
vincristine

[53]

Pistacia lentiscus 25 and 50 mM NaCl Shoot culture Ursonic acid [16]

Pistacia lentiscus 100 mM NaCl Shoot culture Masticadienolic 
acid

[16]

Rauwolfia 
serpentina

100 mM NaCl hairy root culture ajmalicine and 
solasodine

[54]

Datura 
stramonium

1 and 2 g/l NaCl Hairy root culture Hyoscyamine [55]

Panax ginseng 0.1% NaCl Hairy root culture Saponin [56]

Withania 
somnifera

50 mM NaCl Callus culture Withanolide [57]

Glycyrrhiza 
uralensis

0.3%, 0.6%, 1.2%, 
1.8%, and 2.4%

Shoot culture Saponin [58]

Stevia rebaudiana 150 mM NaCl Shoot culture Steviol glycosides [59]

Table 1. 
Effect of salt stress on the accumulation of some terpene compounds in plants.
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the production of terpenes with economic value by plants through salt elicitation 
carried out in vitro. From this point of view, it can be seen that salt, which negatively 
affects agricultural production, is an essential factor that triggers different metabolic 
pathways in plants and contributes to the production of many other secondary metab-
olites, including terpenes, that are beneficial for humanity. Terpenes, in particular, and 
all secondary metabolites in general, which plants synthesize to make their own life 
easier and more efficient under salinity, form active compounds used in agricultural 
and industrial fields and necessary pharmaceutical raw materials for human beings.

4. Future prospects

Many studies have expressed and emphasized elicitation’s effect on gene expression 
in medicinal plants, including salt treatments. With plant tissue culture and genetic engi-
neering applications, regulating the biosynthesis pathways of commercially valuable, 
potent, effective, and specific terpenes can be modified and improved. By revealing the 
effects of these applications holistically, it will be possible to produce terpenes, which are 
especially important in medical terms, on an industrial scale, and at an affordable cost.

Overall, since high salt stress affects the total amount and metabolite profile of 
secondary metabolites produced, it is clear that salinity regulation can be a promis-
ing way to obtain new compounds from plants to produce active PSMs such as raw 
pharmaceutical materials. In addition, considering the changing climatic conditions 
and soil profile, it is vital to understand the plant biosynthetic pathways that lead to 
the production of terpenes, which have a wide range of economic value through salt 
stress, and ultimately determine how to manipulate these pathways. Accordingly, 
applying transcriptome and metabolome data to examine gene-metabolite networks 
at both regulatory and catalytic levels for secondary metabolism in plants will also be 
an essential approach to reveal the PSM production profile. Additionally, modulation 
of plant metabolic pathways, leading to target metabolite production through the 
development of efficient modeling strategies and optimization of growth condi-
tions may help improve the production of important bioactive molecules through 
bioreactors.

Figure 3. 
Terpenes production under NaCl stress [71–73].
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in Plants
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Abstract

The salinity of soils has been significantly limiting crop production in most arid 
and semi-arid regions of the world. Plant hormones (phytohormones), small mol-
ecules with versatile roles in plants can be a sustainable approach for minimizing the 
major salinity-impacts in plants. Most phytohormones are reported to regulate various 
signaling cascades interrelated with plant development and stress-resilience and 
-coping mechanisms. In addition to regulating photosynthesis and related variables, 
phytohormones also modulate nutrient homeostasis, source-sink capacity, osmoregu-
lation, and antioxidant defense systems in plants under abiotic stresses including soil 
salinity. Molecular studies have confirmed the coordination between phytohormones 
and signaling networks, which in turn also maintains ionic homeostasis and plant-
salinity tolerance. This chapter aims to appraise the literature available on the role of 
10 well-characterized stress response hormones (abscisic acid, ABA; ethylene; salicylic 
acid, SA; jasmonic acid, JA; and nitric oxide, NO) and also other growth-promoting 
hormones (such as auxins, gibberellins, GA; cytokinins, CKs; brassinosteroids, BRs; 
and strigolactones, SLs) in the management of salinity impacts in plants. The discus-
sion outcomes may help in devising and furthering the strategies aimed at sustainably 
strengthening plant-salinity tolerance.

Keywords: abiotic stress, soil salinity, plant health, phytohormones, stress tolerance

1. Introduction

Human’s major three requirements, namely food, clothing, and shelter are 
mainly provided by agricultural activity. Unfortunately, the health and productiv-
ity of most agricultural crops are impacted by both biotic (insect pests and disease 
pathogens) and abiotic (temperature, drought, flooding, salinity, heavy metals, 
radiation, nutrient deficiency, and excess) stress factors. In turn, these stress factors, 
in isolation and/or combination, are significantly threatening global food security. 
In particular, abiotic stresses are responsible for about 51–82% of annual loss in yield 
of the major food crops in the world agriculture. Interestingly, abiotic stress impacts 
on agricultural crops and food security are further aggravated by the deteriorating 
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agro-climatic conditions [1–4]. According to the United Nations Population Division, 
the world population will reach 9 billion in 2037 and 10 billion in 2058 [5]. It would 
be far easier to feed the projected human population because most grain crops exhibit 
about 1% annual yield (much < world’s population growth rate), and direct feeding of 
people shares only 55% of the world’s crop calories [6, 7]. Among the major environ-
mental challenges, the salinization of soils (soil salinity) has been inducing most land 
degradation, constituting a primary limit on crop health and productivity, and thus, 
is threatening agriculture across the world [8].

2. Soil salinity: causes, status, and major impacts

2.1 Causes and status

Soils exhibiting the saturation paste extracts (ECe) in the root zone as electrical 
conductivity (EC) > 4.0 dS m−1 (≈40 mM NaCl) at 25°C and 15% exchangeable 
Na+ ion are considered saline. There can be five major classes of soil salinity: non-
saline (EC = 0–2 dS m−1; low saline (EC = 2–4 dS m−1; moderately saline (EC = 4–8 
dS m−1; highly saline (EC = 8–16 dS m−1; and extremely saline (EC = ≥ 16 dS m−1)  
(Figure 1) [9–12]. Most saline soils exhibit Na+ as an anion and Cl− as a cation [13]. 
However, Na+, Ca2+, and Mg2+ are the major cations component of total soluble salts 
in soils, whereas Cl−, SO4

2−, and carbonates (CO3
2− and HCO3

−) are the major anions 
in total soluble salts in soils. Despite the aforementioned fact, most studies aimed at 
exploring plant-salinity responses and tolerance have considered Na+ and Cl−; and 
have largely ignored other cations (Ca2+ and Mg2+) and/or anions (SO4

2−, CO3
2−, and 

HCO3
−) [14]. Both Na+ and Cl− ions are the most widespread causes of soil salinity, 

where Cl− is more dangerous than Na+ since it is responsible for many physiological 
disorders in plants [15].

Notably, the soil salinity may be developed as natural (geological, hydrological, 
and pedological processes) or induced by human activity (human-caused factors). 
The long-term natural accumulation of salts (including Cl− of Na+, Ca2+, and Mg2+ 

Figure 1. 
Schematic representation of the major classes of soil salinity [9, 10]. dSm−1, decisiemens per meter.
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and sometimes SO4
2− and CO3

2−) in the soil or surface water contributes to the pri-
mary or natural salinity. On the other hand, the disruption of the hydrologic balance 
of the soil between water applied (irrigation or rainfall) and water used by crops 
(transpiration), as a result of anthropogenic activities, causes secondary soil salinity 
[16]. In fact, the secondary salinization (rising NaCl levels in groundwater) impacts 
irrigated land and eventually leads to the loss of agricultural soils [17]. About 1125 
million hectares worldwide have already been impacted by the soil salinization [18]. 
Huge annual global loss in crop production (≈ US$27.3 billion) has been reported in 
saline soils in irrigated areas, representing about 20% of the total salinity-affected 
soils, mainly in North America, Oceania, and the Middle East. Interestingly, salinity 
may impact half of the world’s irrigated land by 2050 [19–22].

2.2 Major impacts

In terms of the tolerance to salinity levels, plants are grouped into two categories, 
namely halophytes (salinity-tolerant and adapted to salinized environments) and 
glycophytes (salinity-sensitive plants). Unfortunately, most agricultural crop plants 
are glycophytes (salt-sensitive), where soil salinization adversely inhibits growth, 
metabolism, development, and productivity (yield). Thus, the salinity-sensitivity of 
most crop plants, increasing rate of land salinization, and salinity-caused serious loss 
in crop productivity are challenging food security. Soil salinity significantly limits the 
growth, metabolism, seed germination, flowering, fruiting, and productivity (crop 
yields) in most crop plants, mainly as a result of osmotic stress and ionic stress [3, 23].

2.2.1 Osmotic stress and ionic stress

High soil salinity is bound to cause osmotic stress, followed by ionic stress. These 
two high soil salinity-caused direct stresses (ionic and osmotic) induce second-
ary stresses such as oxidative stress. Increased Na+ ions in the soil mainly cause 
osmotic stress. Equilibrium in ion homeostasis is severely disturbed, which includes 
an increase in the Na+ levels, K+ efflux, K+ leakage, K+ deficiency in the cytosol, 
replacement of Ca2+ with Na+, and eventual impaired Na+/K+ ratio, nutritional 
disbalance, and disrupted enzyme activity [11, 12, 15]. Significantly reduced water 
absorption, decreased osmotic potential, closure of the stomata, inhibited CO2-
influx, and impaired downstream processes were reported as a result of osmotic 
stress in plants [22–24].

2.2.2 Oxidative stress and antioxidant metabolism

Elevated salinity-induced ionic and osmotic stresses are bound to cause oxidative 
stress, which is a physiological condition of elevated cellular generation of reactive 
oxygen species (ROS) and or diminished scavenging (antioxidant-mediated) of ROS 
leading to impaired cellular redox homeostasis. In turn, elevation in the generation 
of ROS and impaired ROS metabolism/scavenging has been widely reported in plants 
under soil salinization. The list of major ROS includes O2

•−, •OH, H2O2, and 1O2 are 
produced in different including chloroplast, mitochondria, apoplast, and peroxi-
some, under normal conditions of stress such as salinity. If not metabolized and/or 
scavenged, most elevated cellular ROS may lead to cytotoxicity and severe damage 
to biological molecules such as proteins, lipids, and nucleic acids. In order to avoid 
the harmful effects of oxidative stress, plants have triggered an antioxidant defense 
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system based on two types of machinery [12, 25]. Fortunately, plants are endowed 
with an antioxidant defense system comprising (enzymes and non-enzymes/
antioxidant metabolites), which in isolation and/or combination tend to scavenge/
metabolize most ROS and thereby avert elevated ROS-caused consequences [26, 27]. 
Major enzymatic antioxidants comprise superoxide dismutase (SOD), catalase (CAT), 
guaiacol peroxidase (GPX), glutathione sulfotransferase (GST), ascorbate peroxidase 
(APX), monodehydroascorbate reductase (MDHAR), dehydroascorbate reductase 
(DHAR) and glutathione reductase (GR). On the other hand, ascorbate (AsA), 
glutathione (GSH), carotenoids, tocopherols, and phenolics are among the major 
non-enzymatic antioxidants in the plant stress defense system [27–34].

Given the rising demands on crop yield for keeping up with the burgeoning 
human population, strategies for sustainably maintaining an optimum crop plant 
health under increasing soil salinization and climate change and the development of 
salt-tolerant crop varieties are being exhaustively explored.

3. Phytohormones and plant-salinity tolerance

Phytohormones stand second to none among the regulatory compounds and 
chemical messengers in terms of their importance in almost every aspect of plant 
life. Although phytohormones are small molecules, they are widely known to play 
key roles in plant growth, development, and various plant physiological processes. 
These also regulate internal and external stimuli, stress-involved signal transduction 
pathways, oxidative stress-scavenging, and stress tolerance in plants [35–37]. Plants 
under salinity stress usually tend to accumulate a range of osmolytes (osmoprotec-
tants/compatible solutes), namely proline, glycine betaine, polyamines, and sugars. 
Interestingly, the cellular levels of most of these osmolytes are significantly modu-
lated by varied phytohormones [38].

Employing the protocols, based mainly on the use of various phytohormones, may 
help sustainably improve optimum growth, metabolism, photosynthesis and produc-
tivity (yield) under salinity-affected soils, thereby minimizing increasing strain on 
global food security. Notably, the list of well-characterized stress response hormones 
includes abscisic acid (ABA), ethylene, salicylic acid (SA), and jasmonic acid (JA). 
In contrast, phytohormones classified as growth promotion hormones are auxin, 
gibberellin (GA), cytokinins (CKs), brassinosteroids (BRs), nitric oxide (NO), and 
strigolactones (SLs) [39, 40].

Apart from presenting a brief overview, the following sections attempt to 
enlighten the major roles (and the basic mechanisms involved) of ABA, auxins, BRs, 
CKs, ethylene, GAs, JA, NO, SA, and SLs in plant-salinity tolerance (Figure 2).

3.1 Abscisic acid

Chemically, a sesquiterpenoid, 15-C compound, abscisic acid (ABA) is a natu-
rally occurring and enigmatic stress phytohormone widely known to play key roles 
in plant growth and development. Important processes including leaf abscission, 
seed dormancy, embryo morphogenesis, stomatal opening and cell turgor mainte-
nance are known to varyingly involve ABA [37, 41–43]. ABA has also been argued as 
a modulator of plant’s adaptive stress responses via integrating various stress signals, 
controlling downstream responses, biosynthesizing dehydrins, osmolytes, and 
protective proteins, and regulating protein-encoding genes [43–45]. ABA-supply 
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helped pepper (Capsicum annuum) seeds to exhibit high germination percentage, 
radicle emergence, and cotyledon expansion of seeds under NaCl stress mainly as 
a result of low expression in seeds of ABA signaling components such as CaABI, 
CaPYL2, CaPYL4, CaSnRK2.3, and CaSnRK2.6 [46]. ABA-nitrogen coordination 
alleviated salinity-inhibited photosynthetic potential in mustard (Brassica juncea) 
by improving proline accumulation and antioxidant activity [47]. Major physi-
ological mechanisms underlying ABA-induced salinity tolerance in plants may also 
involve enhanced activity of antioxidant enzymes (CAT, APX, peroxidase, and 
POD) and the contents of antioxidant non-enzyme/metabolites (AsA and GSH) 
[48]. Additionally, significant reductions in Na+ content, increased contents of K+, 
Mg2+, and Ca2+; and that of hormones such as 1-aminocyclopropane carboxylic acid, 
trans-zeatin, N6-isopentenyladenosine, indole-3-acetic acid (IAA), and ABA were 
also observed in ABA-supplied plants under salinity stress [48]. Involvement of ABA 
signaling in reduction of transpiration flow, regulation of Na+ ion homeostasis and 
antioxidant enzyme activities was reported to induce salinity tolerance in wheat 
(Triticum aestivum) seedlings [49]. Earlier, ABA-mediated improved Indica rice 
(Oryza sativa)-tolerance to salinity stress involved the calmodulin signaling cascade 
and the ABA-mediated induction of OsP5CR gene expression in osmolyte (proline) 
accumulation [50].

3.2 Auxins

A chemical messenger involved in the light and gravity-stimulated shoot-to-root 
transport of a ‘growth stimulus’ was argued to be auxin, whose chemical nature was 
later identified as IAA [51, 52]. Chemically similar to the amino acid tryptophan, IAA 
is the representative and most studied auxin in plants [51–54]. Auxins are mainly 
involved in cell division, cell elongation, and cell differentiation [45]. However, 
auxins can also regulate plant abiotic stress responses, where its homeostasis, distri-
bution, and metabolism can be modulated by most abiotic stress factors [35, 45, 52]. 
Auxins can mediate the root growth plasticity in response to salinity stress [55, 56]. 
Earlier, a significant remodeling of root architecture was reported under high salinity, 
which was argued due to salinity-led altered auxin-accumulation and -redistribution 

Figure 2. 
Schematic representation of the typical structures of phytohormones discussed in the chapter.
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[57, 58]. Pre- or post-treatment of seeds with IAA significantly alleviated salinity 
impacts and improved seed germination and early seedling establishments of T. 
aestivum under salinity stress [59]. Hence, an optimum concentration and timely 
exogenous application of auxins would be a promising approach for countering the 
salinity stress impacts in crop plants [36].

3.3 Brassinosteroids

Considered ubiquitous in the plant kingdom, polyhydroxy steroidal phytohormones, 
namely brassinosteroids (BRs), promote growth, seed germination, rhizogenesis, and 
senescence in plants, as well as their stress-tolerance capacity. Notably, among so far 
identified 60 BRs-related compounds, the list of bioactive BRs includes only three: 
brassinolide (BL), 28-homobrassinolide (28-HomoBL), and 24-epibrassinolide (24-
EpiBL) [60–62]. Extensive reports are available on the role of BRs in salinity-impact 
control in different test plants [62–67].

In several salinity-exposed test plants, 28-homoBL detoxified the NaCl-caused 
stress by elevating the activities of antioxidative enzymes including (SOD, CAT, 
GR, APX, and GPX) [68, 69]. Seed priming with BL can improve seed germination 
and seedling growth by significantly increasing POD, SOD, and CAT activity under 
salt stress [70]. The supply of polyhydroxylated spirostanic brassinosteroid analog 
(BB-16) can also enhance the activity of CAT, SOD, and GR and thereby mitigate the 
salinity impacts in plants [71]. 24-EpiBL-mediated improved tolerance of different 
test plants to varying salinity levels involved a 24-EpiBL-mediated decrease in oxida-
tive stress via induction in the activity of ROS-metabolizing enzymatic antioxidants 
including APX, CAT, and POD [72–77]. Significant decreases in the cellular levels of 
electrolyte leakage, O2

•− production, MDA, H2O2, and improved growth, carbonic 
anhydrase activity, photosynthetic efficiency in epiBL-supplied salinity-treated test 
plants were corroborated with enhanced activity of SOD, POD, GPX, CAT and APX 
enzymes and the improved contents of AsA and GSH [78, 79]. Interestingly, BRs have 
been extensively reported to regulate plant-salinity tolerance via interacting with a 
number of plant hormones including auxins [80, 81], ethylene [63, 65], ABA [82–85], 
and NO [64, 79, 82, 86, 87]. Moreover, BR signaling components can be directly 
regulated by salt stress signals at both transcriptional and post-translational levels 
[84, 85, 88–90].

3.4 Cytokinins

Cytokinins (CKs) are the derivatives of adenine (such as zeatin, kinetin, and 
N6-benzyladenine, BA) or of phenylurea (such as diphenylurea and thidiazuron) [45, 
91]. Notably, the first naturally occurring CK was zeatin, which was identified and 
purified from immature maize (Zea mays) kernels [92]. Kinetin was the first CK dis-
covered as an adenine (aminopurine) derivative [92]. CKs mainly regulate the major 
plant growth and developmental processes [93, 94]. However, literature also sup-
ports the immense roles (and underlying mechanisms) of CKs in plant abiotic stress 
tolerance [95–97]. Notably, the genetic engineering of CKs-metabolism was argued 
as one of the prospective ways to improve agricultural traits of crop plants [98]. CK 
signaling-mediated promotion in salt tolerance in Z. mays was argued to involve 
CK-mediated modulation of shoot Cl− exclusion [99]. Soaking Z. mays seeds in zeatin-
type cytokinin biostimulators (namely cis-zeatin-type CKs, c-Z-Ck; trans-zeatin, 
t-Z-Ck isomers) was reported to enhance antioxidant system and photosynthetic 
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efficiency and thereby improve Z. mays salt tolerance [100]. Notable contradictory 
results yielded in several studies on the functional analyses of CK receptor mutants 
and the involvement of CK in ABA-mediated stress signaling in plants under osmotic/
salinity stress warrant further molecular-genetic clarifications regarding the role of 
CKs in plant osmotic/salinity stress tolerance [101–103].

3.5 Ethylene

Ethylene is an important signaling molecule and a gaseous phytohormone. Its 
coordination with downstream signaling components has been reported to help 
plants in varyingly tolerating salinity stress [104–106]. Induction of ethylene gen-
eration in salinity-exposed plants is indicative of its significance as a downstream 
signal and modulation of gene expression [104]. Ethylene-homeostasis and ethylene 
signaling have been argued as an important factor required for plant-salinity toler-
ance [107, 108]. The maintenance of cellular ethylene (via endogenous production-
induced accumulation and/or by exogenously supplied of ethylene precursor, 
1-aminocyclopropane-1-carboxylic acid) has been reported to enhance Na+ and K+ 
homeostasis and induce downstream signaling for ROS-homeostasis; and eventually 
to improve plant salt tolerance [109–111]. Earlier, ethylene-mediated improvement 
in Arabidopsis salt tolerance mainly involved enhanced retention of K+ in shoots and 
roots rather than decrease in tissue Na+ content [112]. Ethylene (or its biochemi-
cal precursor, 1-aminocyclopropane-1-carboxylic acid) supplies improved plant 
tolerance to high salinity [110, 113–115]. Ethylene can trigger plant salt tolerance by 
modulating polyamine catabolism enzymes associated with H2O2 production [116]. 
S-nitrosylation of ACO homolog 4 (1-aminocyclopropane-1-carboxylate oxidase 
homolog 4; ACOh4) improved ethylene synthesis and improved salt tolerance in 
salinity-exposed tomato plants [117]. The roles of S-adenosylmethionine (SAM, 
involved in ethylene biosynthesis) and its derivatives in plant salt tolerance have also 
been recently discussed [118].

Molecular studies have unveiled the ‘MdNAC047-ETHYLENE RESPONSE 
FACTOR (MdERF3)-ethylene-salt tolerance’ regulatory pathway in apple [108]. 
Apple MdERF4 was reported to negatively regulate salt tolerance by inhibiting 
MdERF3 transcription [119]. MdMYB46 enhanced salt (and osmotic) stress toler-
ance in apple by directly activating stress-responsive signals [120]. Additionally, 
plant responses to salt stress may also involve EIN3/EIL1-dependent genes and other 
ROS scavenger-coding genes [110]. The outcomes of crosstalk between miR319 and 
ethylene contribute to plant-salinity tolerance. To this end, overexpression of Osa-
MIR319b and targeting mimicry form of miR319 (MIM319) confirmed the role of 
miR319-mediated positive regulation of ethylene synthesis, and eventually improved 
salinity tolerance in switchgrass (Panicum virgatum) [121]. However, negative roles of 
ethylene have also been reported in salinity-exposed plants, where enhanced ethylene 
levels did not help plants in counteracting salinity stress impacts [122–124]. Thus, the 
reported few ambiguous roles of ethylene in plant-salinity stress responses require 
further explanations.

3.6 Gibberellins

Gibberellins (gibberellic acid, GA), a large family of tetracyclic di-terpenoid 
 compounds, are classical plant hormones denoted largely by ‘gibberellin numbers’ 
(GAn) in order of discovery, such as GA1, GA2, …, GAn. In general, GAs are involved 
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in growth and development [125, 126]. However, the literature is full on the involve-
ment of GA in plant tolerance to a number of abiotic stresses [96, 126, 127]. In 
salinity-exposed barley, exogenous GA3 increased the shoot and root length of 
germinated barley seeds; significantly reduced ion-leakage, osmolyte (proline) accu-
mulation; and thereby rescued the expression of the HvABI5, HvABA7, and HvKO1 by 
3, 10, and 33 fold, respectively [128]. Exogenously applied GA enhanced growth and 
salinity stress tolerance in Z. mays by modulating the morpho-physiological, bio-
chemical, and molecular attributes [129]. Moreover, GA3-supply improved pigment 
content, plant growth, and development, reduced Na+ concentration in shoots and 
roots, increased the water absorption and metabolic activities in seeds, uplifted the 
seed dormancy, modulated cell division, and cell elongation. In this way, GA3-supply 
increased the growth of root, shoot, and number of leaves; increased photosynthetic 
activities and the dry matter production; maintained a fine-tuning among AsA-GSH 
cycle components; improved the plant height, yield, and yield-related traits, Ca2+ 
and K+ concentrations, and transpiration rates; and decreased Na+ concentrations in 
different test plants under salinization [129–133].

As reported in plants under most abiotic stresses, a higher accumulation of DELLA 
proteins was reported in salinity-exposed plants, which in turn was argued to restrain 
growth and enhance stress tolerance through reducing GA signaling activity [134, 
135]. Seed priming with GA was reported to induce high salinity tolerance in Pisum 
sativum, where the applied GA modulated antioxidants, secondary metabolites, and 
upregulated antiporter genes [136]. Moreover, pre-treating/soaking of seeds with GAs 
was widely evidenced to improve increased α-amylase; salinity-caused nutritional 
disorders; decreased Na+ content; enhanced ion uptake, photosynthesis, and redox 
homeostasis; improved coordination among CAT, APX, and SOD, as an adaptive 
mechanism to salt stress [137–140].

3.7 Jasmonic acid

Important critical signaling molecule jasmonic acid (JA) is among the most 
abundant members of the jasmonate class of plant hormones. Derived from linolenic 
acid (as cyclopentanone) and lipids, JA is known to regulate plant growth, develop-
ment, and stress responses [45, 141]. Extensive reports are available on the role (and 
underlying mechanisms) of JA-mediated plant-salinity tolerance. Methyl jasmonic 
acid supply shifted the endogenous fatty acid levels and supported O. sativa growth 
in saline soil [142]. Transcriptomic analysis has revealed methyl jasmonate-mediated 
salt tolerance in alfalfa (Medicago sativa) as a result of antioxidant activity regulation 
and ion homeostasis [99]. JA-supply mediated mitigation of the inhibitory effect of 
salt stress in T. aestivum by increasing the endogenous levels of CK and IAA, reducing 
ABA contents, increasing α-tocopherol, phenolics, and flavonoids levels, and trigger-
ing SOD and APX activity [143]. In salinity-exposed Anchusa italica, methyl jasmo-
nate improved test plant-salinity tolerance by enhancing contents of photosynthetic 
pigment, soluble sugars, K+ and Ca2+, declining Na+ content, and eventually improv-
ing the major growth attributes [144]. Salinity stress-mediated induction in endog-
enous JA is also known in plants [145, 146]. Interaction outcomes of JA with ABA can 
also improve plant-salinity tolerance [141, 147]. JA-mediated saline stress tolerance in 
O. sativa involved autophagy and programmed cell death as critical pathways [148]. 
Jasmonate biosynthesis gene OsOPR7 was involved in the mitigation of salinity-
induced mitochondrial oxidative stress [149]. Conferment of a greater cell elonga-
tion under salt stress was achieved with mutations of JA-receptor CORONATINE 
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INSENSITIVE1 (COI1) and MYC2/3/4 along with the stabilized JASMONATE ZIM 
mutant jaz3-1 [150].

3.8 Nitric oxide

A highly versatile gaseous, free-radical, redox-signaling molecule, nitric oxide 
(NO), has been widely reported to perform diverse functions in plants [15, 151]. In a 
wide range of studies on salinity-exposed plants, exogenous supply of NO (or sodium 
nitroprusside, SNP; a NO donor) improved seed vigor, germination, and plant health 
and productivity through alleviating oxidative damage as a result of decreased levels 
of electrolyte leakage, MDA, and H2O2, improving antioxidant defense mechanism, 
decreasing methylglyoxal toxicity, and upregulating the glyoxalase system, adjusting 
the levels of osmolytes, and maintaining ionic balance [16, 152–154]. NO-supply can 
also reverse the glucose-mediated photosynthetic repression in plants under salinity 
exposure [154]. In NO (0.1 mM SNP)-mediated T. aestivum seed priming (for 20 h) 
helped improve germination rate, the weight of radical and coleoptile, and K+ ion and 
Na+ ion homeostasis [155, 156]. Exogenous application of NO (or its donor, SNP) can 
increase leaf area, plant dry mass, and the lengths of shoot and root in NaCl-stressed 
plants [157, 158]. Additionally, the maintenance of ion homeostasis (via enhanced K+ 
uptake and reduced Na+ uptake) and the modulation of the Na+/H+ antiporter enzyme 
were also reported in salinity-exposed and NO (or its donor, SNP)-supplemented test 
plants [159]. NO-mediated high salt tolerance in plants may also involve a NO-accrued 
increase in H+-ATPase activity and eventual reduced leakage-mediated maintenance 
of high cytosolic K+/Na+ ratio [156, 160]. NO-mediated improved defense against salt-
induced stress also involves NO’s interaction with signaling molecules [15]. In earlier 
studies, NO (or its donor, SNP)-supply mediated improvements in the photosynthetic 
capacity involved NO-mediated protection of photosynthetic pigments; maintenance 
of normal shape of thylakoids and increase in chloroplast size; enhancement in the 
quenching of additional energy and quantum-yield of photosystem II; increase in 
ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO) activity; induction in 
the influx and efflux of Ca2+; regulation of stomatal behavior and guard cells-ABA 
concentration; and efficient energy dissipation [158, 161–163].

The asA-GSH cycle is a central modulator of the plant stress responses and 
defense, ROS metabolism, and cellular redox balance [26, 164]. A plethora of reports 
supports the role of NO in the maintenance of the cellular redox balance via regula-
tion of AsA-GSH cycle components (enzymatic and non-enzymatic) in salinity-
impacted plants [123, 165, 166]. In different salinity-exposed plants, NO (or its donor, 
SNP)-supply resulted in significantly decreased cellular O2

•− generation, H2O2, MDA 
content, and electrolyte leakage via maintaining a fine-tuning among antioxidant 
enzymes (including SOD, CAT, APX a H2O2-scavenging enzyme, MDHAR, DHAR, 
GR, GST, GPX, and CAT) and non-enzymatic antioxidants (including GSH and AsA) 
[15, 16, 151, 167].

3.9 Salicylic acid

Salicylic acid (SA), a phenolic plant hormone, is widely known for its involvement 
in plant growth and development and modulation of plant stress responses. Exogenous 
SA supply has strengthened salinity stress-tolerance mechanisms in extensive stud-
ies [168, 169]. Reports are also available on a high bio-stimulatory capacity of SA 
for salinity tolerance involving positive regulation of the AsA-GSH cycle, elevated 
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accumulation of osmoprotectors, antioxidant enzyme activation, and increasing 
tolerance under ion toxicity and oxidative stress [34, 170–172]. In salinity-exposed 
Vigna radiata, the role of SA-induced accumulation of glycine betaine protected 
photosynthesis and growth against NaCl-accrued impacts in V. radiata as a result of the 
minimized accumulation of Na+ and Cl− ions and oxidative stress and maintained high 
GSH level and eventually reduced cellular redox environment [25]. In many instances, 
SA-mediated plant-salinity tolerance has SA-dose dependency [25, 40, 173, 174]. In 
salinity (100 mM NaCl)-exposed pepper (Capsicum annuum) plants, an exogenous 
supply of SA (0.5 mM) reduced leaf Na+ content and oxidative stress-related traits 
[171]. SA-supply mediated regulation of ROS-metabolism and AsA-GSH cycle has 
also been reported in plants under salinity stress [175]. In earlier studies, supplied 
SA-assisted mitigation of salinity stress impacts in plants involved characteristic 
changes in the expression pattern of GST-gene family members such as SlGSTT2, 
SlGSTT3, and SlGSTF4 [176]; enhanced transcript level of antioxidant genes; GPX1, 
GPX2, DHAR, GR, GST1, GST2, MDHAR, and GS [177], and GORK channel-mediated 
control of K+ loss [178].

3.10 Strigolactones (SLs)

Synthesized in several plant species, strigolactones (SLs) are multifunctional 
β-carotene derivative molecules and are considered as an essential plant hormone in 
regulating plant functions. SLs have been considered an emerging growth regula-
tor for developing resilience in plants [37, 41, 179]. In salinity-treated rapeseed 
(Brassica napus), the supplied SL increased plant growth, photosynthetic traits, 
and antioxidant enzyme activity [180]. Involvement of SL signal transduction and 
SL-biosynthetic mutants in more axillary growth3 (max3) and max4 was reported in 
SLs-mediated positive regulation of plant salt tolerance [181, 182]. In many instances, 
SL-mediated plant salt tolerance involved ABA accumulation [40, 183, 184]. In some 
studies on salinity-exposed plants, exogenous SLs improved ROS metabolism and 
decreased lipid peroxidation and cellular damage [185, 186]. The role of arbuscular 
mycorrhizal fungi and ABA in SL-assisted improvement in plant-salinity tolerance 
has also been reported [183, 184].

4. Conclusions and prospects

The salinity of soils is significantly limiting crop production in most arid and 
semi-arid regions of the world. Owing to their sensitivity to salinity stress, most 
agricultural crop plants exhibit soil salinization-accrued inhibition in growth, 
metabolism, development, and productivity (yield). Thus, salinity-caused serious 
impacts on crop health and productivity are challenging food security. Though very 
small molecules are produced in small quantities, phytohormones have versatile 
roles in plants as the major regulator of various signaling cascades interrelated with 
plant development, stress resilience, and coping mechanisms. Apart from present-
ing a brief overview, this chapter attempted to enlighten the major roles (and the 
basic mechanisms involved) of selected 10 phytohormones (ABA, auxins, BRs, CKs, 
ethylene, GAs, JA, NO, SA, and SLs) in plant-salinity tolerance. An optimum concen-
tration and timely exogenous application of these phytohormones would be a promis-
ing approach for countering the salinity stress impacts in crop plants. There are still 
challenges to understanding how ABA, auxins, BRs, CKs, ethylene, GAs, JA, NO, SA, 
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and SLs and associated close molecules can function at the molecular level and how 
the intimate mechanisms of interaction among these phytohormones and also with 
other emerging signaling molecules work. Additionally, a few contradictory results 
related to the involvement of CK in ABA-mediated stress signaling and the reported 
few ambiguous roles of ethylene in plant-salinity stress responses under osmotic/
salinity stress warrant further molecular-genetic clarifications.
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Chapter 6

Control of Plant Responses to Salt 
Stress: Significance of Auxin and 
Brassinosteroids
Rania Djemal, Moez Hanin and Chantal Ebel

Abstract

Salinity of soils represents a significant abiotic stress factor that not only reduces 
productivity of most crops but also poses a threat to the global food security. 
Understanding the mechanisms underpinning plant stress responses as a whole is 
essential for enhancing crop productivity in salt-affected soils. To improve crop 
production on salt-affected lands, it is crucial to have a comprehensive understand-
ing of the mechanisms underlying plant stress responses. Phytohormones are key 
players in these processes, regulating plant growth, development and germination. 
Among phytohormones, auxin and brassinosteroids (BRs) have been found to overlap 
to lessen salt stress in plants. In order to help plants balance growth and salt stress 
tolerance, auxin, BRs, and their interactions are currently known to play a number of 
important roles. This chapter gives a summary of these findings and discusses how 
molecular and genetic approaches can be used to engineer auxin, BRs, and thereby 
develop more salt-resistant cereal crops in the future.

Keywords: salinity, phytohormones, auxin, brassinosteroids, hormonal crosstalk

1. Introduction

Plants cannot avoid the multiple abiotic stresses to which they are constantly 
exposed because of their sessile nature. Stresses like salinity, drought, cold and heat 
greatly hinder the growth and productivity of plants. Among those, soil salinity 
significantly affects crop output and growth all over the world [1]. It is estimated that 
by 2050, roughly 20% of agricultural land will be unproductive due to soil saliniza-
tion, which will affect nearly 50% of agricultural land [2]. Salt stress occurs when 
there is too much Na+ in the soil solution, preventing plants from receiving water and 
nutrients from the soil. Na+ accumulation is harmful because it causes osmotic and 
ionic stresses that promote the formation of ROS, alter plant metabolism, and upset 
the balance of ions in the environment [3].

Based on their capacity to flourish in salty conditions, plants are divided into 
two main groups called glycophytes and halophytes. Since most cultivated plants 
are glycophytes, they cannot withstand salty environments with concentrations of 
more than 100 mM NaCl. In the case of cereals, rice (Oryza sativa) is classified as the 
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least tolerant species, followed by durum wheat (Triticum durum), common wheat 
(Triticum aestivum), maize (Zea mays) and barley (Hordeum vulgare) which is consid-
ered as the most tolerant species [4].

A proper hormonal balance is required in plants in order to limit the potential 
negative impacts of environmental variables. Most phytohormones are know to play a 
major role in controlling plant growth and development as well as stress responses [5–8]. 
Thanks to their extensive range of functions and complex interplay, auxin and brassino-
steroids (BRs) are considered as two of the phytohormones that hold the most promise 
for tailoring abiotic stress tolerance in crop plants [9, 10]. Many auxin-responsive genes 
have been demonstrated to be synergistically regulated by the interaction between BRs 
and auxin pathways [11]. Furthermore, through separate processes, auxin and BRs can 
stimulate root development and increase cell expansion [12]. This chapter attempts to 
offer new insights into our understanding of how auxin, BR and their interactions can 
support plants’ ability to balance growth and salt stress tolerance (Figure 1).

2. Auxins: major roles in plants under salinity stress

Many physiological and developmental processes, including the formation 
of lateral and adventitious roots, flowering, senescence, and morphogenesis, are 
regulated by auxins, primarily indole-3 acetic acid (IAA) [13]. Auxin is one of the 
most significant phytohormones involved in the regulation of lateral root growth, 
main root elongation, and halotropism, the special capacity of plants to avoid salty 
circumstances when they are under salt stress. Auxin-mediated lateral root formation 
and the cessation of their growth in response to excessive salt have been shown to 
be antagonistic [14]. The gradient, concentration, and spatiotemporal expression of 
receptor genes tightly govern auxin’s regulatory mechanisms [15]. The intense regula-
tion of this phytohormone at several levels, as well as its manufacture and signaling, 
led to a drop in endogenous auxin levels being identified under salt stress [16]. Three 
key auxin sources exist in plants, namely synthetic auxin, endogenous auxin and 
microbial auxin sources from the rhizosphere [17].

Figure 1. 
Scheme representing the major structure of auxin and brassinosteroids, and their connection with salt stress.
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Auxin signal transduction pathway has been broadly examined [18, 19] and TIR1 
encodes a nuclear auxin receptor belonging to the F-box protein [20] that interacts 
with a group of AUX/IAA (Auxin/Indole-3-Acetic Acid) proteins. Through their 
interaction with the transcriptional regulators of ARF (auxin response factors), AUX/
IAA operates as negative regulators by impeding transcriptional auxin output [21]. 
ARFs, with their 23 members, can therefore activate or repress target genes and medi-
ate the auxin responses, and they are destroyed when auxin binds to TIR1 [22].

Several kinds of efflux/influx carriers control the auxin transport in the plant root, 
resulting in the auxin gradient. The auxin-resistant 1/like aux1 (AUX/LAX) family 
of influx carriers mediates an active polar transport [23]. On the other hand, auxin 
efflux transporters include ABC transporter family [24], NRT1/PRT family of nitrate 
transporter 1/peptide transporter [25], and PIN-FORMED carriers [26, 27]. PINs con-
stitute a family of 7 proteins that are found in the plasma membrane and are thought 
to be involved in the control of auxin transport [17]. Salt stress lowers auxin levels, 
which in turn drops the expression of auxin transporters [16], linking auxin distribu-
tion and biosynthesis [28]. PIN abundance is primarily responsible for the disruption 
in auxin transport. The authors in [29] have discovered that the PIN2 auxin efflux 
carrier is the most specific to salt stress since it is seen to actively redistribute auxin 
in the root tip when exposed to a salt gradient. Auxin redistribution and directional 
bending of the root away from high salt levels are mediated by PIN2 internalization, 
which is stimulated by salt-induced phospholipase-D at the side of the root facing the 
higher salt concentration. Under salt stress, the downregulation of PIN1, PIN3 and 
PIN7 is also an important part of the asymmetric distribution of auxin, which affects 
root bending from the salt [15]. Furthermore, primary root size is abridged under salt 
stress alongside with a decrease in lateral root density due to decreased levels of PIN1, 
PIN3 and PIN7 [16].

Auxin carriers’ function can be regulated through post-translational changes, 
subcellular localization, and regulation of their expression in addition to the regula-
tion of their expression. In order to allow auxin redistribution and for the directional 
bending of the root away from the higher salt concentration, PIN2 and AUX1 alter 
their subcellular location in endosomes [29, 30]. AUX1 and PIN2 are required for the 
establishment of gravity-inducing asymmetric auxin response. Auxin transport in the 
elongation zone requires AUX1, but its transport back to the root tip is mostly medi-
ated by PIN2 [31]. According to the model of [32] that was predicted to occur during 
halotropism, auxin asymmetry is caused by an imbalance in the PIN2 and AUX1 
pathways in the root tip, with PIN2 decreasing on the side of the root that is exposed 
to salt and changing auxin levels on the opposite side. This asymmetry of auxin was 
amplified by the AUX1 auxin transporter. The AUX1 auxin transporter increased this 
auxin asymmetry.

What is trusty to mention is that PIN polarity and intracellular auxin polar fluxes 
are both required for PIN phosphorylation [33]. For instance, during phototropic 
and gravitropic reactions mediates PIN3 phosphorylation to establish an auxin gradi-
ent during phototropic and gravitropic responses [34]. The balanced actions of PID 
kinase and protein phosphatases do in fact regulate the status of phosphorylation 
in PINs. RCN1 (ROOTS CURL IN NPA 1) encodes a regulatory subunit of protein 
phosphatase 2A (PP2A). It has been reported that the mutant rcn1 shows an eleva-
tion in gravitropic root bending curvature [33–35]. Auxin biosynthesis is carried out 
by different reactions of the indole-3-acetaldoxime pathway mediated by enzymes 
like tryptophan aminotransferase (TAA)/YUCCA (YUC) [36]. The processes of 
IAA production, conjugation, and degradation determine the amounts of IAA in 
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cells. Firstly, the YUCCA (YUC) family of enzymes, which are present throughout 
the root system, controls IAA production [37]. Auxin redistribution caused by the 
movement of auxin production from columella cells to the root epidermis during salt 
stress is partially connected with a reduction in the growth of primary and lateral 
roots [38]. Interestingly, YUC gene expression is calibrated in response to salt stress 
[39]. In fact, transcriptomic data show that YUC5 is up-regulated immediately after 
salt exposure [40] demonstrating that this gene plays a major role in auxin-mediated 
salt stress response.

Secondly, IAA levels are impacted by both conjugation and degradation processes, 
as observed through the positive correlation between free IAA levels and the levels 
of IAA conjugates and catabolites in roots and shoots. The degradation of IAA is the 
primary factor responsible for its rapid turnover and is mainly catalyzed by DAO1 and 
2. A study has shown that DAO1/2 plays a crucial role in the root response to salt stress 
induced by lateral root density. Indole-3-butyric acid (IBA) contributes significantly 
to lateral root growth, root hair elongation, and adventitious root formation during 
root development. However, IBA can undergo oxidation and transform into IAA, 
which can negatively impact a plant’s ability to tolerate salinity [41]. The irreversible 
conjugation of aspartic acid to IAA tags it for oxidation as well as for catabolism and 
IAA-asp conjugates are known to be involved in IAA detoxification [42].

It has been established that abiotic stress, particularly salt, has an impact on these 
processes. The GH3 (Gretchen Hagen) family of enzymes can catalyze the addition 
of some groups and generate diverse auxin conjugate genes (i.e: ILR/IAR (IAA-
amido hydrolase) and ILL (ILR1 likes)). Salt stress tolerance is mediated in part by 
auxin homeostasis, which is controlled by a collection of GH3 enzymes through a 
negative feedback regulation. WES1 (a kind of GH3) gene regulation is essential for 
salt stress tolerance [43]. Indeed, GH3 gene family is a desirable option for salt stress 
breeding since it is extensively expressed in roots and is increased when exposed to 
salt stress [39].

3. Brassinosteroids: major roles in plants under salt stress

Brassinosteroids (BRs) are a group of plant steroid hormones, firstly isolated 
from Brassica pollen. There are about 60 compounds [11, 44, 45] of which the most 
bioactive BRs are brassinolide, 24-epibrassinolide, and 28-homobrassinolide. The 
identification of BR signaling components through molecular and genetic studies has 
provided a significant breakthrough in biotechnological modification for enhancing 
crop yield and stress tolerance in the context of global climate change. This pathway is 
considered as the most crucial target for these modifications [46–49]. Recent research 
has confirmed the significant role of BR in the regulation of various physiological 
processes in plants, such as the regulation of metabolic reactions in response to differ-
ent biotic and abiotic conditions. This includes responses to pathogen-triggered reac-
tions, as well as the management of salt and drought stress, scavenging of Reactive 
Oxygen Species (ROS), and reactions to herbicides and pesticides [49]. In addition to 
its regulatory role in plant physiology, BR also plays a crucial role in morphogenetic 
processes during plant growth and development. However, this regulation is complex 
and involves a sophisticated interplay between the components of the BR signaling 
pathway and the signal transduction pathways of other phytohormones [50].

The perception of BRs begins with the binding of the hormone to a transmem-
brane polypeptide BRI1 (Brassinosteroid-Insensitive 1) as well as its co-receptor BAK1 
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(BRASSINOSTEROID INSENSITIVE 1-associated receptor kinase 1) both of which 
belong to Leucine-Rich repeat Receptor-like kinases (LRR-RLK 1) family [51]. After 
the perception of BR by BRI1, the signal is transduced by several events of revers-
ible phosphorylation leading to the activation of a BRASSINAZOLE RESISTANT 1 
(BZR1), and BZR2, also known as BRI1-EMS SUPPRESSOR1 (BES1) transcription 
factors [52]. After being perceived by BRI1 and BAK1, unphosphorylated BZR1 and 
BES1 move into the nucleus and regulate the expression of their target genes [53–56]. 
This pathway is highly complex and involves the interplay of numerous proteins, 
including PP2A, which regulates both BRI1 and BES1 in the pathway. Furthermore, 
recent studies have highlighted the contribution of a type 1 protein phosphatase 
(TdPP1) in the dephosphorylation of BES1 and its subsequent activation upon BR 
treatment. These findings have shed new light on the intricacies of the BR signaling 
pathway and its potential for further biotechnological advancements in crop yield and 
stress tolerance.

Decades of research have explored the relationship between BR and plant stress 
response. One study [57] reported that treating barley with BR improved salt toler-
ance, potentially through the regulation of water loss via reduced stomatal conduc-
tance and density [58]. In many species, BR application through the root-growing 
media has been shown to promote seed germination under salt stress. In Brassica 
napus, the inhibitory effect of salt stress was reduced by the addition of BRs to the 
germination medium [59]. Another study [60] has demonstrated that pre-soaking 
rice seeds with BRs and NaCl alleviates the inhibitory effect of salt on seed germina-
tion and seedling growth associated with increased levels of nucleic acids and soluble 
proteins in the kernel of rice.

Maize plants treated with BRs have been shown to alleviate oxidative stress in salt, 
leading to improved seedling growth and reduced lipid peroxidation, likely through 
the induction of antioxidant enzyme activities such as CAT, SOD and POD [61]. 
Similarly, in wheat, the addition of exogenous BRs has been shown to enhance plant 
growth under saline conditions [62]. In Arabidopsis, endogenous BR is positively 
involved in the plant response to salt stress as confirmed by the hypersensitivity of 
BR-deficient mutant det2-1 and BR-insensitive mutant bin2-1 to salt stress during 
seedling growth and seed germination. This hypersensitivity is correlated with the 
inhibited induction of stress-related genes, namely P5CS1, COR78 and proline accu-
mulation under salt stress conditions [63]. Furthermore, the addition of exogenous 
BR has been shown to improve NaCl-induced proline accumulation and eliminate the 
inhibition of root elongation in WT plants [63]. These findings provide insight into 
the potential of BR-based biotechnological interventions for enhancing plant stress 
response and improving crop yield under adverse conditions.

4.  Auxin-brassinosteroids crosstalk: an important approach for plant salt 
stress tolerance

The interplay between auxin and BRs is known to regulate various aspects of 
plant development and growth, not just at the individual level but also in cross-talk 
[64]. Despite being a well-investigated concept for over a decade, it is not yet fully 
understood, particularly in crops. Studies have shown that the root level auxin and 
BR exhibit opposed actions, with an optimal expression of BZR1 depending on auxin 
biosynthesis [65]. BR catabolism and BR-mediated signaling lead to the specific spa-
tiotemporal activation of auxin-related genes in the elongation zone, while repressing 
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them in the quiescent center [64]. Indeed, BZR1 directly interacts with ARF proteins 
to target multiple auxin-related genes, including those involved in transport and sig-
naling, such as AUX/IAA, PINs and TIR/AFB. Therefore, ARFs genes are composed of 
a carboxy-terminal dimerization domain that facilitates protein-protein interactions, 
not only within the AUX/IAA family but also between ARF genes. [66]. In addition, 
it has been established that BR signaling connects with SOB3 (SUPPRESSOR OF 
PHYTOCHROME B4-3) to control cell elongation and hypocotyl growth through the 
up-regulation of SAUR19 (SMALL AUXIN UP RNA19) expression [67].

BR plays a crucial role in the transport of auxin by affecting the cellular localiza-
tion of auxin efflux and influx carriers such as PIN3, PIN4 and AUX1/LAXs [12–74]. 
Specifically, BR controls accumulation of intracellular auxin flow PIN2 from the root 
tip towards the shoot by recycling it back to the vasculature via the lateral root cap 
and epidermis. The accumulation of PIN2 and PIN4 is regulated by BR in a post-
transcriptional manner, and BR has a similar effect on PIN21 and PIN4 accumulation 
in collumella [74]. During plant gravitropism, BR intensifies the accumulation of 
the PIN2 gene in the root meristem zone and affects the allocation of auxin from the 
root tip towards the elongation zones, resulting in a difference in IAA levels in the 
upper and lower sides of roots. It has been demonstrated that during this process, 
BR activates ROP2 which plays a vital role in modulating the functional localisation 
of PIN2 through the regulation of F-actins. In contrast, BRX (brevis radix) which 
regulates cell proliferation and elongation in the roots and shoots is vastly brought by 
auxin and repressed by BRs [11]. Interestingly, the BR-biosynthetic genes, DWF4 and 
CPD, have been shown to be activated BRX, highlighting the functional relationship 
between auxin signaling and BR biosynthesis [75]. The connection between auxin 
and BR is also evident when roots are treated with exogenous auxin, which increases 
DWF4 expression, leading to an increase in BR biosynthesis. However, when BR is 
synthesized, DWF4 is retro-inhibited by BR itself [76]. Several studies have suggested 
that the effects of BR are also influenced by auxin, either by enhancing sensitivity to 
this hormone or by altering its levels [77, 78]. According to a study by [79], GH3 genes 
in soybean and tomato were not promptly activated during BR-induced cell expansion 
but were activated by BR after cell elongation had begun.

Auxin and BR have a synergistic relationship that is evident in their combined 
effects on root development. One example of this interaction is demonstrated 
through the interplay between BIN2 and ARF2 repressors. [76]. BIN2 was found to 
phosphorylate ARF2, which inhibits its interaction with the AUX/IAA repressor 
and enhances auxin response [80]. ARF2 is also a target of BZR1 and its expression 
is decreased by BR treatment [54]. Phosphorylation by BIN2 can reach additional 
ARFs (ARF7 and ARF19) to induce the transcriptional activity of their target genes 
LATERAL ORGAN BOUNDARIES-DOMAIN16 (LBD16) and LBD29 acting on lateral 
root organogenesis [81]. In Arabidopsis, many regulators genes are known to control 
seed size and endosperm development like SHB1 (SHORT HYPOCOTYL UNDER 
BLUE 1), IKU1 (HAIKU 1), IKU2 (HAIKU 2), and MINI3 (MINISEED 3) through 
their interaction in BR-signaling [82]. These proteins are involved in the regulation 
of BZR1 under the control of the BR-BRI1-BIN2 phosphorylation cascade. Therefore, 
BR can inhibit the expression of APETALA 2 (AP2), the floral homeotic gene, and 
AUXIN RESPONSE FACTOR 2 (ARF2), the key negative regulators of seed size and 
weight [83]. Moreover, the exogenous application of BR induced the expression of 
auxin-responsive genes implicated in root development of which we can cite IAA7, 
IAA17 and IAA14. However, BR signaling mutant and biosynthetic mutant det2 and 
bri1 had significantly decreased gene expression of AXR3/IAA17 as well as several 
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Aux/IAA genes, such as AXR2/IAA7, SLR/IAA14, and IAA28. This finding suggests 
that BR signaling pathways and auxin signaling pathways are integrated during root 
development [84]. The interaction between BR and auxin is also involved in regulat-
ing plant stress responses. In cucumber plants subjected to different stress conditions, 
including salt, cold, and PEG, the expression of many YUCCA genes is reduced. 
However, yucca mutants exhibit higher levels of transcripts of BR-related genes such 
as BRI1 [85].

Despite the importance of BRs and auxin in regulating salt stress response and 
root growth, the specific molecular mechanisms involved in this process are still 
unclear. It has been observed that, under salt stress conditions, transcription factors 
associated with the BR pathway can affect auxin homeostasis by modulating the 
expression of genes involved in auxin biosynthesis, conjugation, and degradation. 
(Figure 2; Table 1). On the other hand, BZR1/BES1 dephosphorylation causes the 
rapid induction of genes encoding the auxin biosynthetic enzymes like YUC7/3/8/5 
under salt stress. Thus, auxin and BRs signaling participate in regulating a large 
spectrum of root developmental processes by the formation of an auxin gradient, 
allowing plant seedlings to cope with salinity. This movement of local auxin concen-
tration was regulated by the expression of CYP79B2, ABCB family, PIN, YUC, GH3 
and PAT1 (PHOSPHORIBOSYL ANTHRANILATE TRANSFERASE) especially under 
abiotic stress by heavy metal [117]. Gene expression studies have revealed that genes 
involved in tryptophan-dependent IAA biosynthesis pathway like YUC4, NIT1; NIT2, 
and IAA degradation like DAO were increased by salt stress [118]. Transcriptomic 
data indicated that some IAA biosynthesis genes such as AAO1 (ARABIDOPSIS 
ALDEHYDE OXIDASE1); CYP79B2,3 (CYTOCHROME P450 FAMILY 79B2,3) and 
AMI1 (INDOLE-3-ACETAMIDE) display similar expression pattern under salt stress 
and control conditions. Nonetheless, the expression of DAO (DIOXYGENASE FOR 

Figure 2. 
A schematic model highlighting the potential molecular-genetic mechanisms involved in the auxin-brassinosteroids 
crosstalk under salt stress. Black solid arrows show regulation, blue solid arrows salt stress tolerance via IAA and 
BR signaling pathway. Red solid arrows show crosstalk between IAA and BR signaling pathway.
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Genes involved in the 
crosstalk BR-auxin

Gene 
accession 
number

Description Ref.

YUC (YUCCA) AT4G32540 Catalyzes the conversion of IPA (indole-3-pyruvic 
acid) to IAA

[86]

NIT1 (NITRILASE1) AT3G44310 Participates in the conversion of IAN (indole-3-
acetonitrile) to IAA

[86]

NIT2(NITRILASE2) AT3G44300 Participates in the conversion of IAN (indole-3-
acetonitrile) to IAA

[86]

TAA1 (TRYPTOPHAN 
AMINOTRANSFERASE)

AT1G70560 Encodes an aminotransferase that converts Trp 
(Tryptophane) to IPA (, indole-3-pyruvic acid)

[87, 
88]

SAUR (SMALL AUXIN 
UPREGULATED RNA)

AT1G11803 Encode Small Auxin Up RNAs, that regulate leaf 
growth through controlling cell expansion or 
division, contributing to auxin-regulated leaf 
growth and development.

[89, 
90]

AXR1 (AUXIN 
RESISTANT1)

AT1G05180 Encode a protein related to the ubiquitin-activating 
enzyme, and its function in the ubiquitin 
conjugation pathway

[91]

GH3 (GRETCHEN 
HAGEN3)

AT1G48660 Encodes an auxin-conjugating enzyme; and 
contributes to the auxin-mediated modulation of 
plant growth in response to environmental stresses.

[92]

PIN1 (PIN-FORMED 1) AT1G73590 Encodes an auxin efflux carrier involved in 
shoot and root development. It is involved in the 
maintenance of embryonic auxin gradients.

[16, 
93]

PIN2 (PIN-FORMED 2) AT5G57090 PIN2 functions as an auxin efflux facilitator 
mediating proximal shootward auxin transport in 
the Arabidopsis root

[94]

PIN3 (PIN-FORMED 3) AT1G70940 PIN3 is an auxin efflux carrier which is expressed 
in the cortical cells situated in front of the 
LRP(Lateral root primordium) and it is induced by 
auxin in this tissue.

[16, 
95]

PIN4 (PIN-FORMED 4) AT2G01420 PIN4 is involved in the regulation of auxin 
homeostasis and patterning through sink-mediated 
auxin distrubition in root tips.

[16, 
96]

PIN5 (PIN-FORMED 5) AT5G16530 PIN5 regulates intracellular auxin homeostasis and 
metabolism.

[16, 
96]

PIN6 (PIN-FORMED 6) AT1G77110 PIN6 is an important component of auxin transport 
and auxin homeostasis and contributes to auxin-
dependant growth and development processes such 
as root and shoot.

[16, 
[97]

PIN7 (PIN-FORMED 7) AT1G23080 PIN7 involved in the redistribution of auxin from 
the maximum in the collumella initials to the 
epidermis and lateral root cap. Gravity stimulation 
of roots induces rapid polarization of PIN7 towards 
the lateral plasmamembrane.

[16, 
98]

SAUR32 (SMALL AUXIN 
UPREGULATED RNA 
32)

AT2G46690 SAUR32 is implicated in the reduction of hypocotyl 
growth and abolished apical hook formation in the 
dark.

[39, 
99]
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Genes involved in the 
crosstalk BR-auxin

Gene 
accession 
number

Description Ref.

SAUR19 (SMALL AUXIN 
UPREGULATED RNA 
19)

AT5G18010 SAUR19 is considered as a positive effector of cell 
expansion. The regulation of this gene is achived 
through the modulation of auxin transport.

[39, 
100]

DAO1(DIOXYGENASE 
FOR AUXIN 
OXIDATION 1)

AT1G14130 DAO1 catalyzes the formation of oxIAA and 
regulate auxin homeostasis and plant growth. 
DAO1 plays a crucial role in plant morphogenesis.

[101]

DAO2 (DIOXYGENASE 
FOR AUXIN 
OXIDATION 2)

AT1G14120 DAO2 catalyzes the oxidation of IAA into oxIAA. 
DAO2 is expressed in root tip.

[101]

ARF7 (AUXIN 
RESPONSE FACTOR 7)

AT5G20730 ARF7 is considered as a transcriptional activators of 
auxin-response genes. ARF7 Regulates Lateral Root 
Formation via Direct Activation of LBD/ASL Genes 
in Arabidopsis

[102]

ARF19 (AUXIN 
RESPONSE FACTOR 19)

AT1G19220 ARF19 Regulate Lateral Root Formation via Direct 
Activation of LBD/ASL Genes in Arabidopsis.

[102]

ARF2 (AUXIN 
RESPONSE FACTOR 2)

AT5G62000 The main function of ARF2 is in the auxin-
mediated control of Arabidopsis leaf longivety.

[103]

ARF9 (AUXIN 
RESPONSE FACTOR 9)

AT4G23980 ARF9 reveals en inhibitory effect on auxin-
responsive root hair growth.

[104, 
105]

AXR2/IAA7 (AUXIN 
RESISTANT2/INDOLE-
3-ACETIC ACID 7)

AT3G23050 AXR2/IAA7 is one of the core components of the 
auxin signaling pathway and it is involved in stem 
development.

[106, 
107]

AXR3/IAA17 (AUXIN 
RESISTANT3/INDOLE-
3-ACETIC ACID 17)

AT1G04250 The involvement of AXR3/IAA17 gene expression in 
brassinosteroid (BR)-regulated root development. 
It is involved in the reduction of root elongation and 
cause and increased adventitious root.

[16, 
84]

IAA14 (INDOLE-3-
ACETIC ACID 14)

AT4G14550 IAA14 is a transcriptional repressor of auxin 
signaling.

[108, 
109]

AUX1/LAX1 (AUXIN 
RESISTANT 1/LIKE 
AUX1)

AT5G01240 AUX1/LAX is an auxin influx carriers, AUX1/LAX 
genes are implicated in the regulation of key plant 
processing including root, lateral root development, 
root gravitropism, root hair development and leaf 
morphogenesis.

[110, 
111]

ABCB (ATP-BINDING 
CASETTESUBFAMILY 
B)

AT1G02520 ABCB participates in polar movement of auxin by 
exclusion from and prevention of uptake at the 
plasma membrane.

[110, 
111]

PILS1 (PIN-LIKES1) AT1G20925 PILS proteins are putative auxin carriers that 
regulate the auxin transport from the cytosol into 
the lumen of the ER and also it mediate intracellular 
auxin accumulation

[112]

DWF4 (DWARF4) AT3G50660 DWF4 is involved in BR Biosynthesis [113]

CPD (l-(2’-
CARBOXYPHENYL)-3-
PHENYLPROPANE-1,3-
DIONE)

AT5G05690 CPD is a BR-specific biosynthesis genes [114]
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AUXIN DEGRADATION), which is involved in auxin degradation, did not change 
significantly in plants grown in the presence of NaCl [118]. Both BR and auxin are 
recognized as key regulators that exert gradual effects on a range of growth processes, 
including cell division and cell elongation, particularly under abiotic stress conditions 
[65]. Recent research has revealed that ARF and BZR collaborate to promote hypo-
cotyl elongation [119]. Similarly, BRs activate the expression of SAUR19 via BZR1 
and there is evidence of interaction between ARF6, BZR1 and SAUR genes [67]. More 
recently, it has been demonstrated that these genes are implicated in enhancing plant 
tolerance to abiotic stress, particularly drought stress [120].

5.  Auxin-Brassinosteroids pathways: molecular and genetic perspectives 
for improved salt tolerance in cereal crops

Hormone signaling and metabolism pathways are widely regarded as promising 
targets for improving abiotic stress tolerance in plants, particularly in cereal crops 
[5]. As a result, maintaining the balance of phytohormones is critical for promot-
ing optimal growth and development in plants [121]. Auxin and brassinosteroid 
are among the most commonly investigated phytohormones for improving abiotic 
stress tolerance in crops. These hormones are known to play a crucial role in mitigat-
ing salt stress, and they exhibit a diverse range of functions in this regard [122]. 
Consequently, several key enzymes involved in auxin and brassinosteroid signaling 
pathways have been genetically engineered to enhance abiotic stress tolerance in 
plants [121]. However, limited information is available on the mechanisms underly-
ing the crosstalk between brassinosteroids and auxin in cereal crops. Nonetheless, 
transferring knowledge from model plant species such as Arabidopsis to cereal 
crops like wheat and barley is advantageous, as the signaling mechanisms in plants 
are evolutionarily conserved across [49]. Regarding Br signaling [123], discovered a 
negative correlation between the brassinosteroid pathway and abiotic stress tolerance 
in Brachypodium distachyon. In particular, when the mutant form of the BRI1 gene 
(bri1) was present, the plant exhibited an improvement in abiotic stress tolerance, 

Genes involved in the 
crosstalk BR-auxin

Gene 
accession 
number

Description Ref.

BZR1/BES1 
(BRASSINAZOLE-
RESISTANT 1/BRI1-
EMS-SUPPRESSOR)

AT1G75080 BES1 and BZR1 can directly or indirectly regulate 
the expression of thousands of BR-responsive genes 
and ultimately affect plant growth, development, 
and stress adaptation

[115]

BIN2 
(BRASSINOSTEROID 
INSENSITIVE2)

AT4G18710 BIN2 encodes a negative regulator of BR-signaling 
in plant growth.

[67]

SOB3 (SUPPRESSOR OF 
PHYB)

AT1G76500 SOB3 was present in BR-signaling and it is 
implicated in the transcription of genes envolved in 
cell elongation and hypocotyl growth.

[67]

BSU1 (BRI1 
SUPPRESSOR 1)

AT1G08420 BSU1 dephosphorylates and inactivates 
downstream BRASSINOSTEROID INSENSITIVE2

[116]

Table 1. 
The most important genes involved in the crosstalk between BRs and auxin.
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particularly under drought stress conditions. Furthermore, in rice BZR1, a dependent 
BR-gene, functions as a positive regulator of the BR signaling. The RNAi-mediated 
silencing of the OsBZR1 gene expression results in the BR insensitivity, semi-dwarf-
ism and erect phenotype [124].

In rice, Hwang et al. [125] have demonstrated that a complex composed of 
BR-OsBRI1-OsBAK1 inactivates the OsGSK2 which, in turn, inactivates the BR 
signaling output regulators, namely OsBZR1, LIC (TILLER ANGLE INCREASED 
CONTROLLER), OsGRF4 (Growth-Regulating Factor), and CYC-U2 (cyclin 
U-type) in rice. De-phosphorylated OsBZR1 regulates the target components (CYC-
U4;1, LIC, ILI (lilliputian1), and DLT (LOW-TILLERING)) involved in primary 
BR response in rice. Another BR-signaling component, SERK2, was identified in 
rice cultivars. The generation of mutant alleles of SERK2 by CRISPR/Cas9 editing 
showed a higher sensitivity to salt stress with an increase of grain size. In contrast, 
the overexpression of SERK2 enhances resistance of plants to salt stress without 
affecting plant architecture [126].

Therefore, plants subjected to abiotic stress especially salinity and exogenous BR 
exhibit two main patterns of gene regulation: (i) BR rescue expression of develop-
mental proteins that are suppressed under salt stress and (ii) BR induce higher levels 
of protective proteins than salt stress alone. Transcriptomic analyses reveal that salt 
stress causes the downregulation of many genes critical to cell wall synthesis, photo-
synthesis carbon assimilatory process, starch transport and accumulation, as well as 
many metabolic pathways [127]. Contrariwise, BR up-regulated genes are associated 
with plant growth and development processes, targeting genes encoding cell elonga-
tion and cell wall modification enzymes, auxin responsive factors, and TFs, among 
others, indicating the mechanisms by which BR act to alleviate abiotic stress espe-
cially salt stress [47]. A recent study identified a specific interaction between BR and 
auxin pathways RLA1/SMOS1 (REDUCED LEAF ANGLE 1/SMALL ORGAN SIZE 
1), a transcriptional regulator of BR signaling pathway, which form a complex with 
OsBZR1 and activates the BR signal transduction [125]. In rice, it has been shown 
that the RLA1/SMOS1 gene can be activated by auxin, indicating a potential crosstalk 
between the auxin and brassinosteroid pathways [128]. In addition to the previously 
mentioned RLA1/SMOS1 genes, LPA1 (Loose Plant Architecture1) has also been 
found to play a role in regulating plant architecture and auxin homeostasis in rice 
[129]. Two BR-mediated pathways are two BR-mediated pathways that interact with 
auxin to regulate the leaf inclination in rice: the BR biosynthesis-dependent pathway 
and the OsBRI1-mediated pathway. LPA1 has been shown to inhibit auxin signaling by 
interacting with C-22-hydroxylated and 6-deoxo BRs, independently of the OsBRI1-
mediated pathway. However, there is no evidence of a direct interaction between 
OsBRI1 and LPA1 proteins [130].

6. Conclusions and prospects

Recently, advanced research has focused on unraveling the genetic and molecular 
mechanisms of BR and auxin pathways in plants responses to salt stress. BR plays a 
crucial role in promoting responses to salt stress, by activating a family of transcrip-
tion factors BZR1/BES1 which can directly or indirectly regulate the expression of 
BR-responsive genes. It can ultimately affect not only development and growth of 
plants but also auxin biosynthesis and signaling. The interplay between auxin and 
BR pathways has been shown to be crucial in multiple plant development processes 
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under salt stress including hypocotyl elongation, root development, halotropism and 
gravitropism. Future thorough studies are required to fully understand the interde-
pendency between auxin and BR in improving salt stress tolerance before implement-
ing new approaches to engineer stress resilient crops.
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Chapter 7

Achieving Salinity-Tolerance in 
Cereal Crops: Major Insights into 
Genomics-Assisted Breeding 
(GAB)
Ram Baran Singh and Rajni Devi

Abstract

Cereal crops including rice, wheat, corn, sorghum, pearl millet and small millet, 
are grown for food, feed and fuel in crop-livestock based agricultural systems around 
the world. Soil salinity occupies an important place among the soil problems that 
threaten the sustainability of agriculture in a wide area around the world. Salinity 
intensity is predicted to exacerbate further due to global warming and climate change, 
requiring greater attention to crop breeding to increase resilience to salinity-induced 
oxidative stress. Knowledge of physiological responses to varying degrees of oxidative 
stress has helped predict crop agronomic traits under saline ecosystems and their use 
in crop breeding programs. Recent developments in high-throughput phenotyp-
ing technologies have made it possible and accelerated the screening of vast crop 
genetic resources for traits that promote salinity tolerance. Many stress-tolerant plant 
genetic resources have been developed using conventional crop breeding, further 
simplified by modern molecular approaches. Considerable efforts have been made to 
develop genomic resources which used to examine genetic diversity, linkage map-
ping (QTLs), marker-trait association (MTA), and genomic selection (GS) in crop 
species. Currently, high-throughput genotyping (HTPG) platforms are available at 
an economical cost, offering tremendous opportunities to introduce marker-assisted 
selection (MAS) in traditional crop breeding programs targeting salinity. Next 
generation sequencing (NGS) technology, microenvironment modeling and a whole-
genome sequence database have contributed to a better understanding of germplasm 
resources, plant genomes, gene networks and metabolic pathways, and developing 
genome-wide SNP markers. The use of developed genetic and genomic resources in 
plant breeding has paved a way to develop high yielding, nutrient-rich and abiotic 
stress tolerant crops. Present chapter provides an overview of how the strategic usage 
of genetic resources, genomic tools, stress biology, and breeding approaches can 
further enhance the breeding potential and producing salinity-tolerant crop varieties/
lines.

Keywords: environmental stress, stress tolerance mechanisms, traditional and modern 
breeding, plant genetic and genomic resources marker-assisted selection (MAS), 
genomic prediction (GP)
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1. Introduction

Food is one of the basic needs of every organism including human being to survive 
hence its importance cannot be exaggerated. Beyond the need to quench appetite, 
food is extremely essential for optimal functioning of the entire body physiology and 
metabolism. All requirements meet out by a balanced diet that comprise essential 
macro and micro nutrients available in several types of food ingredients (i.e., car-
bohydrates, proteins, lipids, mineral and vitamins, and dietary fibers) consumed as 
daily meal [1]. Among all the necessary food ingredients, carbohydrates are the key 
ingredients occurring in balanced diets as a primary source of energy required to 
perform routine workout and other physical actions. Most of the carbohydrates are 
supplied by cereal grains of the grassy crops [2]. Cereals which include; rice, wheat, 
corn, sorghum, pearl millet and small millets have been grown since time immemo-
rial for food, fodder and fuel in crop-livestock based agricultural systems around the 
world [3]. Most of the cereals have predominantly been considered as a staple foods 
in every agro-ecology and promoted as a healthy food in body weight management, 
however each cereal contribute in different ways. Plant based foods in various forms 
are an essential components in human diets which contain essential ingredients. 
For instance, millets are high-quality alternative to major cereals (rice, wheat, and 
maize) owing to their greater minerals and proteins contents. In addition, statistical 
studies have shown that half of the total percentage of calories consumed by human 
population comes from cereals which are the most traded agricultural commodity in 
international markets [4].

Global cereal growing area is projected to increase by 14 million hectares between 
2020 and 2030 and harvested area over developed countries projected to grow by 4 
million hectares, in Russia, Ukraine and Australia, as well as in developing countries 
using about 10 million hectares, mainly in Asian and Latin American countries. Arable 
land area under wheat and corn is expected to be raised by ~3% and 4%, however 
other areas under coarse grains and rice expected to remain unchanged. As land 
expansion is constrained by limited arable land accessibility compared to the previous 
decade, resulting restrictions placed on the conversion of forests or pastures to crop-
land, and continued urbanization, worldwide production growth is predictable to be 
driven mostly by intensification. Yield growth due to improved cultivation technology 
and methods, particularly in developing countries, is predicted to support prospect 
cereal production. Thus, the upward trend in cereal production observed in recent 
decades is indicative of the progress made in the agricultural sector around the world 
(Figure 1). Global yields are expected to increase between the base period and 2030 
by approx 9% for wheat and other coarse grains, 10% for corn and 12% for rice. World 
wheat production is anticipated to hike by 87 million tons to 840 million tons by 2030, 
a moderate pace in relative terms compared to the past decade. India is the world’s 
third-largest wheat producer, expected to provide the largest share of additional wheat 
supplies, boosting production by 18 million tonnes by 2030 and expanding acreage 
in response to a national policy to increase self-sufficiency in wheat. Nevertheless, 
consumption of the cereal grains is greater than the production; hence a higher cereal 
production with improved nutritional values will need to meet out increasing demands 
due the burgeoning population. Global cereal production predicted to be lesser than 
consumption requirements in future due to several environmental stresses in the wake 
of climate change that may lead to drawdown in cereal stock globally.

Among all the cereal, rice (Oryza sativa) is major staple food grain belongs to 
family Poaceae worldwide and has extensive economic importance. Rice provides feed 
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to more than 50% of world’s population predominantly in Asia where the population 
is expected to rise from 4.3 to 5.2 billion by 2050. Wheat (Triticum aestivum L.) is 
the second most important staple cereal crop grown all over the world contributing 
substantially to the world’s food and nutritional security world [5]. About 20–30% 
daily calorie intake [6] and 55% of carbohydrates are provided by wheat worldwide 
[7]. Wheat bread has high vitamins B, thiamine, and B2-riboflavin content with other 
several minor nutrients [8]. Worldwide estimated annual production of wheat is 
about 768.90 million metric tons whereas; India’s contribution is about 107.6 million 
metric tons [9]. Maize (Zea mays) is a cereal grain belongs to family Poaceae, culti-
vated throughout the world. The maize production globally in the year 2020–2021 
was 1.2 billion tonnes led by India with 30.2 million metric tonnes [9]. Maize is a 
staple food plays an important role in food and nutritional security worldwide. 
Sorghum (Sorghum bicolar) is a cereal crop used for grain, fiber and fodder. Sorghum 
is cultivated in warmer climates worldwide and nutritional profile includes several 
minerals like phosphorous, iron zinc and copper it is also a good source of b-complex 
and vitamins. It estimated that the world sorghum production in year 2021–2022 was 
60.32 million tons whereas; India’s contribution in total production was 4.7 million 
tons. Pearl millet (Pennisetum glaucum L.) has been widely grown in Sub-Saharan 
Africa, South Asia and Indian subcontinent. Archeological proof and modern genome 
sequence analysis showed that pearl millet originated and domesticated about 4000 
to 5000 years ago in West Africa [10]. The global millet production in the year 2020–
2021 was 30.5 million metric tonnes led by India with 41% (12.5) million metric tons 
[11]. Pearl millet is one the most important eco-friendly field crop in conventional 
farming system, plays an important role in food and nutritional security [3].

Figure 1. 
Bar diagram illustrating the year wise production and consumption of cereal grains globally.
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However, multiple types of environmental stresses (abiotic and biotic) are affect-
ing holistic growth and plant health which ultimately leads to low crop productivity 
globally. Among the abiotic stresses, soil salinity or salt stress is one the most brutal 
environmental stresses adversely affecting sustainable crop yield and productivity 
globally. Hence, a comprehensive research on abiotic stresses in cereals has been expe-
rienced to cope with such a crucial salinity problem and related breakthroughs have 
been conducted and proved to be as one of the key activities to obtain higher genetic 
gains in terms of adaptability in changing climatic scenarios. Salinity adversely 
impacts on plant growth and development by exerting ion cytotoxicity, osmotic 
shock, nutrient imbalance, and oxidative stress [12]. The influence of soil salinity 
leads to impaired plant physiology, biochemistry and metabolism, hormonal imbal-
ance, and regulatory pathways at cellular or entire plant structure. Plants response 
to the access salt stress comprised of several physiological and molecular approaches 
operates in cells in a coordinated fashion to cope with ion toxicity and hyperosmolar-
ity [13]. A plenty of conventional as well as advanced molecular approaches have been 
developed and employed to breed the salinity tolerant varieties of the different cereal 
crops [14].

2. Abiotic stresses

Multiple abiotic (including; drought, heat, salinity, flood, harmful radiation, 
heavy metals, gaseous pollutants) and biotic stresses that are attacks of different 
microbial pathogens (e.g., fungi, bacteria, viruses, viroids, oomycetes, nematodes, 
and phtyotoplasma) causing adverse effects on morphology, physiology and metabo-
lism leads to impaired plant growth and yield potential. Abiotic stress is progressively 
predominant in the wake of climate change and global warming affecting overall 
plants growth at different developmental stages such as germination, vegetative, and 
reproductive phase [15]. Total yield of crop is immensely affected by various factors 
like climatic fluctuations, insect incidents, agronomic factors, and nutrient avail-
ability in the soil. Stress is the any adverse environmental condition that hampers 
optimal growth and development of the plants [16]. Crop productivity and adapt-
ability is affected by mainly physiological heat, drought, salinity and cold oxidative 
stresses. According to statistical estimates, approximately 20% of agricultural land 
is under salt stress, which negatively affects plant physiology and, ultimately, yield 
and nutritional value. The role of identified germplasm has been emphasized for 
drought breeding as the measured performance under drought stress is largely a result 
of adaptation to stress conditions. Hybridization of adapted landraces with selected 
elite genetic material has been testified to amalgamate adaptation and productivity. 
Abiotic stress is governed by quantitative trait hence genes linked to these traits have 
been identified and used to select desirable alleles responsible for stress tolerance 
in plant. Abiotic stress reduce water availability to plant roots by increasing water 
soluble salts in soil and plants suffer from increased osmotic pressure outside the 
root. Physiological changes include lowering of leaf osmotic potential, water potential 
and relative water content, creation of nutritional imbalance, enhancing relative 
stress injury or one or more combination of these factors. Plants operate a number of 
molecular, cellular and physiological modifications to overcome abiotic stresses [13]. 
Morphological and biochemical changes include changes in root and shoot length, 
number of leaves, secondary metabolite (glycine betaine, proline, malondialdehyde 
(MDA), abscisic acid) accumulation in plant, source and sink ratio.
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Plants have developed various mechanisms in order to overcome these threats of 
biotic and abiotic stresses. They sense the external stress environment, get stimu-
lated and then generate appropriate cellular responses. They perform this by stimuli 
received from the sensors located on the cell surface or cytoplasm and transmitted 
to transcriptional machinery situated in nucleus through various signal transduction 
pathways. This leads to differential transcriptional changes making plant tolerant 
against stress. Signaling pathways act as a connecting link and play an important role 
between sensing stress environment and generating an appropriate biochemical and 
physiological response.

2.1 Salinity stress

Soil salinity or salt stress refers to concentrations of salts in soils that affect physi-
ological, biochemical process, growth and productivity of crops [17]. Salinity is one 
of the most important challenges which induce various physiological, molecular and 
cellular responses in plants [12]. Salt stress leads to loss of production by aggrega-
tion of soluble salts in the soil of root zone (18) which finally cause about 10 mha 
annual losses of arable land. A large number of sodium ions (Na+), carbonate and 
bicarbonate anions present in exchange sites affecting pH ranges [18]. Approximately 
900 million hectares of agricultural land are affected by salinity globally, with India 
contributing 7 million hectares [19]. Salt stress affects approx 32 million hectares out 
of 1500 million hectares of dry agriculture land and 45 million hectares of irrigated 
land [20]. Therefore, yield reduction because of the increase in salt stress will have a 
disproportionately large effect.

Based on the salinity stress, three types of the soils are found in different geo-
graphical areas [21], which includes; (i) Saline soils which contains high level of 
water-soluble salt and electro-conductivity (EC) exceeded up to 4ds/m. By defini-
tion, saline soil has EC ≥ of 4 dSm−1 (equal to approximately 40 mM NaCl), whereas 
soils are considered strongly saline if the EC ≥ of 15 dSm−1. (ii) Sodic soils contain 
high contents of exchangeable sodium on the cation-exchange sites and usually have 
pH values ranges from 7.0 to 8.5. There are high accumulation of Na+ which cause soil 
collides to disperse cations (Ca+2 and Mg+2) insufficiently. Distributed collides clog 
the soil’s pore and reduce the ability to transport water and air. Sodic soils have the 
tendency to extreme swelling and shrinking during moist and dry conditions respec-
tively. (iii) Saline-sodic soil which is known for high producing soil at the arid and 
semi-arid area. This soil shows dual nature that associates with high EC (>4 dSm−1) 
and low pH (below 8.5), hence both excess salts and Na+ affects plant growth under in 
saline-sodic soil conditions. Under salinity, plant growth is affected by two-phase salt 
stress.

2.1.1 Phases of salt stress

2.1.1.1 Osmotic phase

In osmotic phase, the excess soil salt concentration reduced water potential in 
root zone causing water scarcity results in impaired plant growth. Growth reduction 
in osmotic phase rely only on the outer surface of salt concentration not in inside 
the plant tissues. A primary cause of reduced growth is that plant has to expense 
major portion of energy to acquire water from salty soil for routine metabolic process 
(Figure 2). Due to osmotic stress low water potential occurs in salty soil for plant 
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uptake even if the volumetric soil water content is higher as field capacity. Osmotic 
stress initially causes numerous physiological changes, like membranes disruption, 
nutrient imbalance, decreased photosynthetic activity, and reduction of the stomatal 
aperture [12].

2.1.1.2 Ion phase

Reduction of plant growth in the ionic phase is mainly due to internal tissue injury 
caused due to high accumulation of toxic Na+. In addition, salt stress leads to reduced 
plant growth due to higher intake of certain ions (Na+ and Cl−) which is known as ion 
toxicity [22]. Accumulation of Na+ and Cl− in higher concentration delays the growth 
and negatively affects the metabolic processes in plants. The Na+ ions inhibits K+ ion 
uptake in plants and disturbs stomatal regulation which is the reason for water loss 
and necrosis. The Cl− ions stimulates chloride toxicity due to defective production of 
chlorophyll.

2.1.2 Mechanism of salt tolerance in plants

Tolerance to salt stress varies on species and variety and it also varies at growth 
stages of plants. A wide spectrum of responses against salt stress shown by plant gives 
warranty of a broad range of adaptations at the entire plant level [23]. Many crops 
tolerate negative effect of salinity and could survive with their routine function and 
metabolisms. Salt tolerance is associated with accumulation of compatible osmolytes 
and exclusion of Na+ while entering into the plant or tissue tolerance to high Na+ [24]. 

Figure 2. 
Diagram displaying plant responses and mechanism of salt tolerance showing ion exclusion, osmotic tolerance and 
tissue tolerance in crops.
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To grow and reproduce in high salt stress conditions plants had developed several 
mechanisms (Figure 2) these mechanisms can be categorized into three steps [25]; 
(i) ions exclusion, it regulates Na+ and Cl− uptake. it prevent the accumulation of 
toxic ions into leaves (ii) osmotic stress tolerance, limits the growth of stems which is 
controlled by long-distance signals and is activated prior shoot Na+ accumulation; and 
(iii) tissue tolerance, tolerance power of tissues against accumulated Na+ or Cl−. When 
Na+ or Cl− ions get succeeded to enter inside the plant tissue it grouped in leaf vacuole 
to prevent it from salt injury of thylakoid membrane.

2.1.2.1 Ion exclusion

Intercellular compartmentalization of Na+ ion is a main tolerance mechanism, 
which provides the ability to leaves to bear with high Na+ concentration (Figure 3). 
Salt stress imbalance the ion ratio by altering the pathway of sodium intake in 
place of potassium acquisition. There are four mechanisms for Na+ exclusion [26]; 
(i) Selective permeability of ions in cortex and stele by root cells, (ii) Stocking of 
xylem in root by xylem parenchyma cells, (iii) Elimination of salt from the stem 
by xylem parenchyma cells and, (iv) phloem stacking. Salt entering through root 
system can be excluded, or inside the plant system salt can be barred from entering 
sensitive organs. Most of the plant species grown under salt stress, Na+ ion competes 
with Cl− to reach a concentration of toxic level. Therefore, the main focus of the 
researcher is on Na+ exclusion and transport within plant. Na+ exclusion by roots 
regulates toxicity level of Na+ within leaf blade; however, fails to do that induce Na+ 
toxicity after a short or long period, and cause death of older leaves. Exclusion of 
Na+ at root level occurs as a result of ion selectivity. A mechanism that operates for 
uptake of Na+ and K+ ions reported earlier by Schachtman and Schroeder [27]. Salt 
tolerance in many species is associated with a high concentration of K+ in young 
expanding leaf tissues. So it clearly shows the possibility of association of Na+/K+ 

Figure 3. 
Diagrammatic representation of all the abiotic stress tolerance mechanisms operated in plants.
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with salt tolerance. The control of Na+ uptake and better maintenance of the K+/
Na+ ratio can be considered as key cellular mechanism to maintain osmotic potential 
for optimum cell activities, which contributes provides better adaptation capacity in 
plant under stress conditions [28, 29].

2.1.2.2 Tolerance to osmotic stress

Osmotic tolerance is reducing the osmotic potential due to solute accumulation in 
response to water stress, plays key role in plant adaptation to dehydration by main-
taining turgor pressure, relative water content, and high stomatal conductance [30]. 
The osmotic effect is measured by growth rate and stomatal conductance of plants. 
Proline is a widely distributed osmolyte which protects the plant cells against salt 
stress. Proline acts as osmolyte that protects subcellular structure and biomolecules 
and chelate metal ions under osmotic stress [31]. In drought conditions, the delayed 
stomatal closure caused mainly by higher osmotic adjustment led to elevated assimila-
tion rate and assimilates production [32]. In addition, increase in polyphenol content, 
glycine betaine and antioxidant enzymes activities have been reported associated with 
stress tolerance in plants providing protection against reactive oxygen species (ROS) 
[33]. All the possible mechanisms of salt tolerance operate at cellular levels in plants 
are depicted in Figure 3.

2.1.2.3 Tissue tolerance

Third mechanism, as tissue tolerance is increases the shelf-life of older leaves, 
where it distributes Na+ and Cl− at intercellular level to remove toxic levels of ions 
from cytoplasm and leaf mesophyll cells and to avoid detrimental effect on cellular 
process [25]. It synthesizes compatible solutes and controls transport and biochemical 
processes in cytoplasm and thus has dual function as osmoprotectant and osmotic 
adjustment (lowering of osmotic potential) [34]. These compatible solutes regulate 
osmotic tolerance in plants through different pathways such as it protects enzyme to 
get denature, stabilize plasma membrane and regulate macromolecules by osmotic 
adjustment [35].

3. Breeding approaches for salinity tolerance

Plants adapted specific mechanisms to tolerate saline conditions and activate 
various genes for salt tolerance to counter osmotic and oxidative stresses induced by 
salinity. Genetic evolution of salt tolerance is quite complex, while improvement has 
made less progress than anticipation over the past few decades. The explosive genera-
tion of information and technology related to genetics and genomics over the past 
decades pledge to deliver innovative and advanced resources for the potential produc-
tion of tolerant genotypes. Although considerable progress in defining the primary 
mechanisms of salt tolerance, key hurdles are yet to be resolved in the translation and 
combination of the resulting molecular information into the plant breeding activities. 
Availability of the wide range genetic resources in cereals along with the implemen-
tation of advanced mechanisms like ion exclusion, osmatic tolerance, and tissue 
tolerance have been continuously improving screening procedures for salt tolerance 
genotypes. It could be enhanced via using traditional breeding or molecular breeding 
techniques such pyramiding, introgression by employing the genes or alleles which 



151

Achieving Salinity-Tolerance in Cereal Crops: Major Insights into Genomics-Assisted Breeding…
DOI: http://dx.doi.org/10.5772/intechopen.112570

are already reported to have the potential of salt tolerance in the crop plants. Thus, 
considering these advantages, several breeders have been employed the techniques in 
cereal crop for salt tolerance enhancement.

3.1 Traditional cereal breeding for salinity tolerance

Plant breeding is decisive manipulation of plant species to produce desired plant 
accessions that are better suited for cultivation, produce higher yields, and stress 
resistance. Breeders selected edible plants with certain desirable traits and over time 
these valuable traits accumulated. Initial period of plant breeding spans from begin-
ning of agriculture until the first hybridization investigation carried out by Kölreuter 
[36]. With the discovery of the laws of heredity, in turn from 19th to 20th century, 
importance of hybridization in plant breeding became widely recognized. Therefore, 
understanding the environmental stress effects becomes vital for different cereal 
crop improvement programs which have depended mainly on the genetic variations 
present in the genome through conventional breeding. The development of elite salt-
tolerant varieties of grain is considered the most cost-effective and environmentally 
safe method for further effective use of saline-alkali soils, it is important to maintain 
and preserve the genetic resources of agricultural crops.

Conventional breeding strategies are effective for improving tolerance to salinity, 
though success rate is low using traditional breeding methods. The mechanism of 
plant tolerance depends on physiological and genetic responses and involves screen-
ing genotypes that confer salt tolerance. Conventional breeding of crops play an 
important role in screening of genotypes for salinity tolerance and implicates crop 
improvement using selection, hybridization, polyploidy, and introgression proceed-
ings. We can add simple trait with the help of backcross method to make an elite 
variety/cultivar and development of such an elite variety act like a backbone to per-
form conventional breeding processes. For instance, to develop a hybrid variety of the 
cross-pollinated crops numerous progressive methods are used like, recurrent selec-
tion, production of inbred lines, screening of the superior inbred lines and finally 
superior two inbred lines based on specific combining ability value [37]. Convention 
breeding has pre-requisite of the natural genetic variation existed for the desired trait. 
In cereals wheat is known for its diversity for the ion exchange mechanism of Na+ and 
K+/Na+ ratio that exits in the form of landraces, progenitors [38], and other species 
having halophytic relationship in the family triticeae [39].

Targeted breeding for salt tolerance is done under coordinated wheat and barley 
program in India. However, there is a need to develop and exploit new sources of 
salt tolerant germplasm. Kharchia 65 is widely exploited genotype in India for the 
development of wheat varieties for salt tolerance and utilized as a donor parent for 
many wheat improvement programs globally [40]. However, it is not enough to 
consistently sustain the salt toxicity problem in all types of saline soils. The HD 2009 
cultivar is considered as a susceptible parent to salinity that was released in 1975 for 
cultivation in North Western Plains of India grown under irrigated and timely sown 
conditions. In the recent past, wheat germplasm was screened for the identification 
of salt tolerant genotypes and only a few genotypes were identified in screening that 
imparts a significant level of tolerance against salt toxicity. Many wheat varieties were 
developed by employing identified tolerant genotypes and successfully cultivated 
throughout the world (Table 1). While, first salt tolerant variety of rice was basmati 
CSR 30 (Yamini) derived from the cross BR4-10/Pakistan Bas1, the donor BR4-10 
from costal saline areas in state of Maharashtra, India.
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3.2 Molecular breeding approaches for salinity tolerance

To understand the inheritance and genomics, molecular breeding started by 
artificial crossing of parental lines. In modern breeding, several alleles are mixed 
together from different germplasm, and useful wild alleles are added to elite variety. 
In consort with the advances in high-throughput genotyping technology have enabled 
direct observation of alleles at loci. This permits understanding of allele’s effects on 
particular phenotypes. Furthermore, it allows phenotypes prediction on the basis of 
genotypes with a genomic selection scheme. Finally, understanding the architecture 
of genome will help frame a precise breeding approach to deal with changes. On 
the other hand, polymorphic genetic factors numbers is too high in the genome to 
clarify their individual effects, particularly for quantitative traits. This confine power 
of genome-wide association studies to discover main quantitative trait loci. Genes 
and their molecular mechanisms for salt tolerance in cultivated crops should help 
breeders speed up genetic improvement of crop using marker-assisted selection 
(MAS) and genetic engineering [45]. Discovery of molecular markers is one of the 
most significant achievements of the biotechnology. They are extensively utilized to 
explore the DNA polymorphisms in the plant system and extremely useful for plant 

Variety/
line

Parents Year Developed by Area of 
suitability

Reference

KH 65 Kharchia local/EG953 1970 Indian farmers 
through 

selection on 
sodicsaline Soil

Salinity soil 
of Durgapur, 

Rajasthan, 
India

[41]

Sakha 8 CNO67//SN64/
KLRE/3/8156

1976 Agricultural 
Research 

Centre, Giza, 
Egypt

All saline 
soils

[42]

KRL1-4 WL711/Kharchia 65 1990 Central Soil 
Salinity 

Research 
Institute, 

Karnal, India

Saline/ 
sodic soils 

of Northern 
India

[43]

KRL 19 PBW255/KRL 1-4 2000 Central Soil 
Salinity 

Research 
Institute, 

Karnal, India

Saline/
sodic soils 

of Northern 
India

[43]

KRL 210 PBW65/2*PASTOR 2010 Central Soil 
Salinity 

Research 
Institute, 

Karnal, India

Sodic soil 
of Northern 

India

[44]

KRL 213 CNDO/R143//ENTE/
MEXI_2/3/Aegilops 
squarrosa TAUS) /4/

WEAVER/5/2*KAUZ

2010 Central Soil 
Salinity 

Research 
Institute, 

Karnal, India

Sodic soil 
of Northern 

India

[44]

Table 1. 
Brief description about the development of salt tolerant wheat variety for using conventional breeding.
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researchers and breeders to identify a particular trait linked with molecular markers 
at early stages of plants without doing phenotyping screening experiment [46]. To 
develop an elite line for salinity tolerance, identification of new QTLs is a key point. 
Salt tolerance is governed by more than one gene and is controlled by different QTL 
(quantitative trait loci) which are largely influenced by the environmental conditions. 
Thomson et al. [47] identified the “saltol” QTL that is involve into controls the Na+/
K+ ratio at the seedling stage in shoot using a conventional breeding approach in 
rice. According to Hasan et al. [48] one method of effective conventional breeding is 
marker-assisted backcrossing used to transfer alleles at target loci. Hence, the imple-
mentation of conventional breeding approaches shows limitations to handle the QTL 
character like salt tolerance in wheat crop improvement programs. Molecular mark-
ers are not influenced by the environmental conditions and they have been widely 
used for the QTL analyses in various mapping populations [49]. Molecular breeding 
approaches have different steps to go for the final level and track-down a single gene 
or QTL having linkage with the desired trait.

Some main QTLs and genes in crop plants associated with salinity tolerance 
are salt overly sensitive (SOS) at seedling, vegetative and reproductive stages which 
are hypersensitive to high external Na+, Li+, or K+ concentrations. These mutants are 
mutated at three loci SOS1, SOS2, and SOS3 [50]. The SOS1 encodes a plasma mem-
brane Na+/H+ antiporter, SOS2 activates the SOS1 and encodes a serine/threonine 
protein kinase, and finally, SOS3 gene encodes calcium-binding protein [51]. Single 
gene over expression could improve the tolerance to salinity of transgenic plants for 
example; A. thaliana SOS1 and the vacuolar AtNHX1 gene can considerably boost the 
salt tolerance of transgenic plants (Table 2). Moreover, at high salinity rice tolerance 
can improve using ABA-dependent regulatory pathways and high drought using 
OsbZIP71 gene introducing the in transgenic plants. As per Su et al. [66], plant toler-
ance for salinity can improve by increasing the enzymes antioxidant activities and 
metabolism level of other mechanisms. The enzyme activity has also been confirmed 
in various transgenic plants by transferring bacterial genes. Plant resistance to oxida-
tive stress improved through gene expression including; GAT, GR, SOD, and APX 
genes. The QTLs linked with grain yield were identified on chromosomes 1A, 1B, 2D, 
3B, 4A, 4D, 6A, 6D, 7A and 7D tightly linked with different SSR marker in wheat for 
salt tolerance. The QTLs for TGW were identified on chromosomes 2B, 2D, 3B 7A and 
7D. The QTL for tiller number (TN) and number of earhead (NE) identified on 4B, 
4D and 1A, 2A, 2D, 4D, 5B 7A respectively tightly linked with SSR marker in wheat 
for salt tolerance (Table 3).

3.3 Genome-wide studies (GWAS) for salt tolerance

Genome wide analysis studies (GWAS) approach for tolerance to abiotic stress has 
popular in last couple of years [67, 83]. GWAS is frequently being used to find and 
describe genetic basis of agronomic traits, which are generally influenced by numer-
ous small genes [84]. GWAS identify single nucleotide polymorphism (SNP) varia-
tions and functional effects that best way to develop elite variety for salinity [85]. 
GWAS used to selection for natural variety population for genotyping on the basis of 
phenotypic variation. To find out the association among genetic loci and phenotypic 
variations in natural populations genotype, linkage disequilibrium (LD) analysis uses 
and it provide an important alternative to linkage mapping. In different abiotic and 
biotic stress conditions to discover the targeted gene using GWAS approach has led to 
identify the polymorphisms and identify the genetic loci which are accountable for 
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Crop Gene family Locus name/
Gene

Function/
Cellular 
response

Linked 
marker to 

gene

Reference

Transporters

Wheat 
(Triticum
aestivum L.)

HKT family Nax1(HKT7, 
TmHKT1;4)-

2AL 
chromosome

Involved in 
remove of Na+ 
from xylem in 
roots and leaf 

sheath

Gwm312 [52, 53]

Nax2 (HKT8, 
TmHKT1;5)-

5AL 
chromosome

removes 
Na+ from the 
xylem in the 

roots and 
enhancing K+ 
loading into 
the xylem

gwm291, 
gwm410, 
gpw2181

[54]

Kna1 (HKT8, 
TaHKT1;5)-4DL 

chromosome

Removes 
Na+ from 
the leaves. 

Controls the 
selectivity 
of Na+ and 

K+ transport 
from root to 

shoot and 
maintains 

high K+/Na+ 
ratio

Xwg199, 
Xabc305, 
Xbcd402, 

Xpsr567 and 
Xpsr375

[55, 56]

HKT1 Na+-K+-
symporter, 
Salt stress

[57]

Rice
(Oryza 
sativa)

Na+-K+-
symporter

HKT1 Salt stress [58]

Maize
(Zea mays 
L.)

Na+-H+-
dependent K+ 

transporter

ZmHKT1 Salt stress [59]

Antioxidants

Wheat Catalase CAT Drought stress [60]

Rice Ascorbate 
peroxidase

APX Drought, Salt 
and Cold

[61]

Superoxide 
dismutase

SOD Abiotic stress [62]

Osmolytes

Wheat Proline P5CS Drought [63]

Rice Glycine 
betaine

BADH Heavy metal 
stress

[64]

Maize Glycine 
betaine

bet A Abiotic stress [65]

Table 2. 
Brief description about the genes underlying salt tolerance in cereal crops.
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Traits Chromosome Markers name Markers type Population Reference

Na+ 2A Jagger_c4026_328 SNP Genotype [67]

2A Wmc272/Barc349 SSR [68]

2B cfd73.1 SSR RIL [69]

2B wPt-4647/wmc147 SSR [68]

3A wsnp_Ex_rep_
c106152_90334299

SNP Genotype [67]

wpt-666,438 DArt RIL [70]

3B gwm493 SSR RIL [69]

wpt-8303 DArt RIL [71]

4B gwm368 SSR RIL [72]

5A gwm205 SSR RIL [71]

5B RAC875_c28831_558 SNP Genotype [67]

5D gwm174 SSR RIL [72]

6B wsnp_Ex_
c45713_51429315

SNP Genotype [67]

7A barc121 SSR RIL [69]

gwm282 SSR RIL [71]

wmc0017 SSR DH [73]

K+ 1D RAC875_c14137_994 SNP Genotype [67]

barc169 SSR RIL [69]

2A wpt-1142, wpt-4199 DArt RILs [71]

wpt-4559, wpt-3378 DArt RILs [70]

barc1155 SSR RILs [69]

X1103701.44AG SNP DH [73]

2D gwm132 SSR RIL [72]

gwm261 SSR RIL [74]

3B wpt-0302, wpt-0895 DArt RILs [71]

barc251 SSR RIL [69]

3D gwm191 SSR RIL [72]

4B barc193 SSR RIL [69]

5A IAAV8258 SNP Genotype [67]

Vrn-A1 SNP DH [73]

barc151 SSR RIL [69]

5D RAC875_rep_
c70595_321

SNP Genotype [67]

gwm174 SSR RIL [72]

6B Kukri_c49331_77 SNP Genotype [67]

7D Excalibur_c13094_523 SNP Genotype [67]
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Traits Chromosome Markers name Markers type Population Reference

TN 4B gwm6 SSR Genotype [68]

4D cfd84 SSR RIL [74]

NE 1A gwm71, wmc59 SSR DH [75]

2A gwm71 SSR DH [75]

2D cfd53 SSR DH [75]

4D cfd84 SSR RILs [74]

5B gwm 499 SSR RILs [72]

7A gwm635 SSR DH [76]

DTH 2A wmc177(Drought 
stress)

SSR RIL [77]

2D wmc112 SSR RIL [73]

7D XC29-P13(Drought 
stress)

SNP RIL [78]

DTA 7D X7D-acc/cat-
10(Drought stress)

SNP RIL [78]

2D wmc112 SSR RIL [74]

TGW 2B gwm55 SSR DH [75]

2D wPt-8330, wPt-666,857 DArt RILs [71]

cfd53 SSR DH [75]

gwm 296 and wmc 601 SSR DH [53, 76]

3B gwm383 SSR DH [53, 76, 79]

gwm 247 SSR RIL [80]

7A gwm282 SSR DH [76, 80]

7D barc 172 SSR DH [79, 81]

GY 1A gwm 357 SSR RIL [80]

1B gwm11 SSR DH [81]

1D gwm642 SSR RIL [72]

2D gwm311 SSR DH [81]

wmc41 SSR RIL [82]

gwm261 SSR RIL [82]

wPt-4413 DArt RIL [80]

wmc601 SSR RIL [74]

3B gwm566,Gwm247 SSR RILs [72, 80]

gwm 247 SSR RIL [80]

3D gwm314, gwm645 SSR DH, RILs [72, 81]

4A wpt-4620 DArt RIL, 
Germplasm

[80]

4D Gwm194 SSR DH [81]

6A XP02m22-3, gwm169 RFLP, SSR DH [75]

6D gwm469 SSR DH [75]

7A gwm282 SSR RIL [79, 80, 82]

7D gwm437 SSR RIL [74]

Table 3. 
Brief description about the identified QTLs linked to salt stress tolerance in wheat.
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phenotypic variances [57, 86]. High salinity increased osmotic pressure into the soil 
and cause drought condition dropping, water absorption by the seed to the soil result-
ing, delayed seed germination [87]. Using different sequencing platform development 
of SNP marker is a modern technology for crop improvement. More than thousands 
SNPs are available has directed to the use of GWAS method in cereal crops to dissever 
traits. Association mapping based on candidate gene (CG) have targeted grain yield 
and yield related traits and physiological traits [88]. Edae et al. [89] identified three 
candidate (i.e. DREB1A, ERA1 and 1-FEH) genes in wheat with multiple agronomic 
and physiological traits using SNPs association and CG-association mapping. 
Moreover marker trait association (MTAs) for heat tolerance in wheat at seedling 
stage first reported by Maulana et al. [90] and found QTL on chromosomes 3B and 
4B. Schmidt et al. [91] identified QTL for heat and drought tolerance in spring wheat 
using GWAS. Qaseem et al. [92] reported stable association on 5A and 7D chromo-
some for drought tolerance. Furthermore, significant association of yield traits for 
drought and heat tolerance was identified on 6A chromosome [91]. Qaseem et al. [92] 
find out three haplotypes on 1A, 3B and 6B chromosomes for salt tolerance index in 
307 wheat accessions by affymetrix wheat 660 K SNP array. The QTLs for yield and 
other associated traits identified on 4A, 5A, 5B, 6B and 7A chromosome for salt toler-
ance [93].

4. Conclusion and future perspectives

In the wake of global warming and climate change, abiotic stresses like salinity 
is a major constrain to agriculture and allied sector which affects sustainable food 
and nutrition security. During last decades considerable efforts have been made to 
decipher mechanism of stress resistance and metabolic processes against various 
environmental factors affecting plant growth and yield potential (Figure 3). The 
degree of salt stress and plant growth stage are mainly responsible for foreseeing 
how plants defend and respond to prevailing stress conditions. In terms of drought, 
stomata close progressively along with a parallel reduction in water-use efficiency 
and net photosynthetic activity. Under drought conditions, lower stomatal conductiv-
ity and moisture use-efficiency leads to the impaired photosynthetic potential and 
overall growth in plants. In addition to several aspects, changes of plant pigments 
were found to be closely related to salinity tolerance in crops. In plants, self-defense 
mechanism operated at cellular level in leaf is triggered frequently to protect entire 
solar energy trapping system existing in the form of photosynthetic machinery from 
permanent damage. Removal of reactive-oxygen species through multiple enzymatic 
and non-enzymatic antioxidant defense pathways, cellular transportation and mem-
brane stability, expression of underlying genes networks, and biosynthesis of array of 
defensins are key mechanisms of salinity tolerance.

Several plant genetic and genomic resources have been generated to address the 
abiotic stresses by different scientific groups under independent and coordinated 
research programs globally. With the use of conventional plant breeding approaches, 
multiple crop varieties, elite cultivars, promising lines and germplasm collections 
and gene bank accessions have been developed and preserved for cereal crop species. 
To support the traditional phenotypic selection-based breeding, advanced high-
throughput phenotypic tools have also been devised and being utilized in pheno-
typing of various phenotypic traits manifested under stress conditions. Similarly, 
with advancement and availability of the next-generation sequencing technology at 
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affordable cost, has paved the way to develop high-throughput genotyping platforms 
that used in whole-genome sequencing. The NGS-based genomic tools including SNP 
markers, genome maps, genome-wide QTLs and MTAs and gene networks underlying 
abiotic stress resistance have been deciphered and implemented in crop improvement 
programs to achieve higher genetic gains. Despite of technological advancements 
and resource mobility, usually a significant gap in terms of mutual cooperation and 
liaising needed in lab to land technology transfer have been witnessed at both insti-
tutional and scientific levels. Moreover, the potential of untapped alleles occurring 
in wild genetic stocks and genomic advancement are yet to be realized adequately in 
plant breeding.
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