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Preface

Plants face several types of environmental stresses in their natural habitat and due 
to their sessile nature, they cannot move to favorable environmental conditions to 
avoid these stresses. These environmental stresses can be biotic (insects, pathogens) 
or abiotic (salinity, drought, flooding, extreme temperatures), both of which can 
retard plant growth and development. Plants have an intrinsic mechanism to regulate 
these stresses by synthesizing natural products through different metabolic pathways. 
These natural products can be primary or secondary metabolites and their synthesis is 
strictly bound to genetic and epigenetic controlled pathways. Further transportation 
and regulation of these products within plants depends on the differential responses 
of biotic and abiotic stresses (Isah 2019). Abiotic stresses are considered the most 
devastating; they are responsible for reducing major crop yields by about 50% world-
wide (Saini et al. 2018). Salinity, drought, and flooding are among the main abiotic 
stresses. The extent of crop yield reduction due to these stresses largely depends on 
the developmental stage of the plant and the duration and intensity of stress that the 
plant is undergoing. Furthermore, in nature, abiotic stresses occur in combination, 
as they have an interrelated role in different biochemical pathways and impinged 
cellular, metabolic, and physiological activities of plants. To enhance plants’ survival 
and production efficiency, scientists have developed different approaches to increase 
the tolerance and resistance capacity of plants under abiotic stresses. Recent advances 
in using different biotechnological tools and techniques lead to the identification of 
genes and manipulation of any specific characters in plants. Protein and metabolite 
profiling using techniques of biotechnology helps in understanding the complex 
physiological mechanisms of plants. Thus, knowledge of drought-tolerant mecha-
nisms and their relation to different plant traits helps in the identification of quantita-
tive trait loci and genes that are linked with other traits. Through the use of genetic 
engineering approaches, scientists have intensively investigated the expression of 
stress-responsive genes in plants under abiotic stress that have a potential role in plant 
defense signaling pathways. In addition, exogenous applications of different chemi-
cals and biostimulants are being used to induce stress tolerance in plants and improve 
plant growth and development by enhancing different physiological attributes of 
plants. These exogenous products include phytohormones, humic substances, basic 
nutrients, plant or algal extracts, microorganisms, and so on that have the potential 
to enhance abiotic stress tolerance capacity in plants and maintain sustainable plant 
production in climate-resilient agriculture. 

This book includes ten chapters dealing with various aspects of plant stress responses 
and tolerance. These chapters discuss various physiological and molecular plant 
mechanisms.

We would like to give special thanks to the authors for their outstanding and timely 
work in producing such excellent chapters. We are also thankful to Author Service 



Manager Zrinka Tomicic at IntechOpen for her assistance throughout the preparation 
and publication of this book. We believe this book is useful for undergraduate and 
graduate students, teachers, and researchers in the field of plant physiology and crop 
science.

Dr. Mirza Hasanuzzaman
Professor,
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Chapter 1

The Biochemical Mechanisms of 
Salt Tolerance in Plants
Julio Armando Massange-Sánchez,  
Carla Vanessa Sánchez-Hernández, 
Rosalba Mireya Hernández-Herrera  
and Paola Andrea Palmeros-Suárez

Abstract

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

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

1. Introduction

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

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

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

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

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

2. Antioxidant defense mechanisms

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

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

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

2.1 Enzymatic antioxidants

2.1.1 Superoxide dismutase

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

2.1.2 Catalase

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

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

2.1.3 Enzymes involved in the AsA-GSH cycle

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

2.2.1 Ascorbic acid

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

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

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

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

2.2.2 Glutathione

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

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

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

2.2.3 Flavonoids

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

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

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

2.2.4 Tocopherols

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

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

2.2.5 Carotenoids

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

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

3. Osmolytes that maintain cell turgor

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

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

Type of study Species Reference

Amino acids

Proline Exogenous 
application

Solanum lycopersicum, Glycine 
max, Pisum sativum

[102–104]

GABA Natural 
accumulation

Nicotiana tabacum and Sorghum 
bicolor

[105, 106]

Polyamines

Putrescine Natural 
accumulation

Cajanus cajan [107]

Spermidine Exogenous 
application

Oryza sativa [108]

Spermine Natural 
accumulation

O. sativa [109]

Betaines

Glycine betaine Exogenous 
application

O. sativa, Glicine max, and 
Phaseolus vulgaris

[110–112]

Sugars

Glucose and fructose Natural 
accumulation

Vitis vinifera and Lepidium 
crassifolium

[113, 114]

Trehalose Transgenic 
expression

O. sativa [115]

Raffinose Transgenic 
expression

Arabidopsis thaliana [116]

Polyols

Mannitol Transgenic 
expression

N. tabacum [117]

Myo-inositol and pinitol Transgenic 
expression

N. tabacum [118, 119]

GABA = Gamma amino butyric acid

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

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

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

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

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

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

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

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

3.2 Polyamines

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

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

3.3 Betaines

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

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

3.4 Sugars

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

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

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

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

3.5 Polyols

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

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

4. Conclusions and perspectives

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

Another response to salinity in plants is the induction of osmolyte biosynthesis 
to stave off water loss and the accumulation of toxic ions. The production and 
accumulation of osmolytes inside the cell is essential for the protection and survival 
of plants under salt stress and other forms of environmental stress, although their 
production is taxonomically restricted. It has been shown that the exogenous applica-
tion of osmolytes, such as aminoacids, betaines, or sugars, and the overexpression 
of osmolyte genes constitute viable options to improve plant resistance to salinity. 
Thus, the use and application of osmolytes in agricultural settings should continue 
to expand. Current studies have shown that when taken together, metabolic and 
physiological plant responses can provide valuable information of the possible 
mechanisms required for plants to adapt to stress. Thus, modulating one component 
of the antioxidative defense system or a particular metabolite might be insufficient 
to confer resistance to the entire plant. To generate salt-tolerant species, it is essential 
to use modified plants that incorporate more than one component, such as the use of 
multiple antioxidants or metabolites or a combination of both. In this way, further 
progress in genomics, proteomics, and metabolomics, together with improvements 
in biotechnological tools, will allow for the underlying mechanisms of salt-tolerant 
species to be fully elucidated and understood.
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Chapter 2

Salt and Water Stress Responses 
in Plants
Mirela Irina Cordea and Orsolya Borsai

Abstract

Climate change-driven ecological disturbances have a great impact on freshwater 
availability which hampers agricultural production. Currently, drought and salinity 
are the two major abiotic stress factors responsible for the reduction of crop yields 
worldwide. Increasing soil salt concentration decreases plant water uptake leading 
to an apparent water limitation and later to the accumulation of toxic ions in various 
plant organs which negatively affect plant growth. Plants are autotrophic organisms 
that function with simple inorganic molecules, but the underlying pathways of defense 
mechanisms are much more complex and harder to unravel. However, the most prom-
ising strategy to achieve sustainable agriculture and to meet the future global food 
demand, is the enhancement of crop stress tolerance through traditional breeding 
techniques and genetic engineering. Therefore, it is very important to better understand 
the tolerance mechanisms of the plants, including signaling pathways, biochemical and 
physiological responses. Although, these mechanisms are based on a well-defined set of 
basic responses, they can vary among different plant species.

Keywords: abiotic stress, salinity, drought, response mechanisms, tolerance

1. Introduction

Salinity and drought are the two major constraints that affect plant growth and 
crop production alongside other stress conditions such as extreme temperature, 
heavy metals, flooding etc. thus reducing agricultural productivity worldwide. Both 
the cellular and molecular responses of plants to these environmental stresses have 
already been investigated, however understanding these mechanisms by which plants 
can perceive stress signals and transmit them to cellular machinery to activate adap-
tive responses is a very important chain-link of plant physiology. Besides, extending 
knowledge about stress signal transduction becomes vital for breeding programs and 
genetic engineering to improve stress tolerance in crops.

Due to climate change, it is predicted that drought and salinity will became more 
severe in the upcoming years which could lead to a significant reduction of plant 
growth and yield of several economically important species. It has been estimated 
that worldwide food demand will increase by 70% until the end of 2050 [1] due to a 
population growth of 2.3 billion people. In this context, developing crop plants with 
high yield and better tolerance to harsh environmental conditions becomes an urgent 
need to meet future food demand for next generations.
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In general, plant responses to salinity and drought may vary in morphological, 
physiological and biochemical aspects and processes. Most of the effects induced 
by salinity and drought are negative, however to some extent they can have posi-
tive effects as well [2]. It has been reported that salinity at certain concentrations 
enhanced plant fecundity due to an increase in reproduction, but it has also been 
observed that this enhancement was highly dependent on genotype and plant devel-
opmental stage [3]. Soil water salinity can also have a positive effect on fine particles 
helping them to bind together into aggregates, thus improving soil aeration, root 
penetration and root growth [4]. Nevertheless, salinity cannot be increased in favor of 
soil structure without considering the potential impacts on plant health.

Salt-stress resistance represents the ability of a plant to prevent, reduce or over-
come the possible damaging effects caused directly or indirectly by the presence of 
excessive soluble salts (accumulation of toxic ions) in its root zone. A 50% reduction 
in yield can be considered a measure of salt stress.

Drought stress occurs after a relatively long period with no rains, inducing mois-
ture stress in the soil detrimental to crop growth, especially in rainfed agriculture. 
The severity of drought is strongly related to the timing (growth stage of the plants) 
and intensity (duration of no rain period). Other factors such as soil characteristics 
and agricultural practices can interfere with crop yields.

Previous reports suggest that a positive transgenerational impact on seedling vigor 
of Brassica napus has been observed due to drought stress [5]. This phenomenon was 
explained as a result of the heterotic effects, altered reservoir of seed storage metabo-
lites, and inter-generational stress memory formed by stress-induced changes in the 
epigenome of the seedling. Compared to salt stress, drought stress has more severe 
effects on plants and economy [6] but plant responses are closely related and their 
defense mechanisms even overlap.

The ability of a crop variety to perform better over other varieties under drought 
conditions is known as drought resistance which is linked to achieved yields and 
potential yields achievable in a given environment in the absence of drought condi-
tions. Drought resistance is highly environment specific and yield stability might be 
influenced by crop management practices, and/or physiological mechanisms and 
might not necessarily be associated with the drought resistance ability of a genotype. 
In a drought resistant variety, plant growth and development are well-matched to 
specific drought environment(s) [7].

When sensing salinity or drought stresses, plants have the capability to combine a 
range of responses in order to avoid stress injuries and complete their life cycle. By the 
activation of various defense mechanisms plants can store reserves in their organs and 
use them later for yield production or, they can tolerate stress conditions without tis-
sue dehydration [8]. Plant-associated organisms play an important role in improving 
the adaptation strategies of plants to environmental stresses. In this context, micro-
organisms, for example, can rescue plants from the deleterious effects of drought and 
salinity through their activity, such as nutrient solubilization, IST and production of 
phytohormones (IAA, Cytokinin, ABA or GA), EPS and ACC deaminase. The inocu-
lation of plants with arbuscular mycorrhizal fungus can also increase plants’ tolerance 
to short term salinity exposures [9, 10].

With all these fundamentals being provided to understand the underlying defense 
mechanisms of plants against stress conditions, further studies are still needed to 
reveal key mechanisms which govern salinity and drought tolerance responses in 
plants and which can lead us towards better direction in crop improvement, in order 
to obtain potential candidates for future saline agriculture.
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2. Mechanism of salt stress and plant response

Stress factors, such as osmotic, ion toxicity, nutrient imbalance or soil pH alter the 
expression of several morphological, physiological and biochemical characteristics of 
plants. As the stress increases, plant growth is further restricted. Under severe stress 
conditions plants may die prematurely after germination or transplanting or can 
survive longer shriveling [11, 12].

Seed germination is often hindered and/or delayed when environmental stresses 
occur. Seedlings often fail to survive since in this stage of growth plants are the most 
vulnerable [13]. Plant growth is stunted affecting most of the vegetative characters, such 
as leaf number, size, shoot number, plant height etc. [14, 15]. Regarding the reproductive 
traits of the plants, salt stress can often induce an early flowering and abortion of flower 
buds [16, 17]. Furthermore, a significant overall reduction in yield can be observed in 
most of the plant species subjected to salt stress. Achieved yields are usually much lower 
than potential yields under normal growing conditions [18–20].

Plant growth in saline soils is usually affected because of the osmotic effect in the 
soil solution. High salt concentration increases the potential forces that hold water in 
the soil and makes it more difficult for plant roots to extract soil moisture. During dry 
periods, salt in soil solutions may be so concentrated as to kill plants by sucking water 
from them (exosmosis) [21]. Moreover, salt in the soil solution forces a plant to exert 
more energy to absorb water and to exclude salt from metabolically active sites. As 
salinity increases, plant growth is further restricted. A saline soil should be kept wet 
to dilute the salt concentration so as to cause the least salt hindrance to the growing 
plants. Also, plant growth in sodic/alkaline soils is affected due to high ESP through-
out the profile, very low infiltration and hydraulic conductivity rates [22]. The 
exchangeable complex of alkaline soils is largely occupied by sodium ions which cause 
dispersion of soil due to the breakdown of aggregates forming a dense surface crust 
which greatly hinders seedling emergence due to low permeability of the soil to water 
and air. Poor drainage in such soils is due to a high water table which further restricts 
plant’s ability to absorb water and nutrients in required amounts [23]. High pH results 
in reduced availability of some essential plant nutrients [24]. Accumulation of certain 
elements in plant parts at toxic levels may result in plant injury or reduced growth and 
even death in extreme cases. The most common toxic elements are sodium, molyb-
denum and boron. Selenium may also occur in toxic concentrations. Plant growth in 
degraded alkaline or solodic soils is largely due to poor drainage.

Crop species and varieties greatly vary regarding their response to salt stress 
(Figures 1 and 2). Many naturally occurring plants in salt-affected soils (halophytes) 
have certain specific structures and adaptation strategies, for example salt glands 
and salt hairs on their leaves [25, 26]. Detailed studies on salt glands in salt-tolerant 
plants, such as the halophyte kallar grass, Leptochloa fusca, showed the presence of 
enlarged cells protruding above the epidermis of both abaxial and adaxial surfaces of 
leaves and also on the exposed side of the leaf sheath [27]. These glands are associated 
with salt deposition (Na > K > Ca > Mg) on leaf surfaces. Acanthus ilicifolius and other 
crop species have salt glands on the adaxial leaf surface and studies have shown each 
gland to be surrounded by six collecting cells (salt-collecting cells) [28]. One of the 
most salt-tolerant plants, the halophytic wild rice, Porteresia coarctata has unicellular 
salt hairs on the adaxial surface of the leaves. Analysis of its leaf washing showed that 
Na and Cl were predominantly excreted, followed by K, Mg and Ca [29]. In other 
species such as Puccinellia tenuifolia the phenomenon of salt excretion has also been 
observed [30]. Moreover, some crop species have sunken stomata associated with the 
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Figure 1. 
The effect of salinity on salt-sensitive plants.

Figure 2. 
The effect of salinity on salt-tolerant plants.
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occurrence of high density of trichomes arising from the epidermis, as an adaptive 
mechanism to minimize water loss under stressful habitats [31].

Plants subjected to salt stress face the problem of reduced availability of water 
and response to changes in the processes related to maintenance of a favorable water 
balance [32, 33]. According to previous reports, the increase in salinity resulted in a 
decrease in transpiration in mustard [34], quinoa [35], wheat and pearl millet [36, 
37], whereas leaf diffusive resistance (LDR) and leaf temperature increased. Higher 
LDR coupled with low transpiration might contribute to moisture conservation in 
plants under salt stress conditions [38].

Excessive salt in the root zone not only reduces the availability of water to plants, 
but their excessive absorption of salt increases the risk of ion toxicity and interference 
in the uptake of other essential nutrients [39]. Several reports indicate that increasing 
salinity and sodicity (Na content) decreases K ion concentration [40–42]. The antago-
nistic effect of both cations is well established. Tolerant varieties  
show a tendency to take up less Na while maintaining their K status.

Furthermore, plants growing at sublethal levels of salt stress may often appear 
greener due to increase in chlorophyll [43, 44]. Accumulation of certain amino acids, 
sugars and other osmotically active organic substances in response to salt stress are 
indications of altered nitrogen and carbohydrate metabolism. In this regard, it has 
been observed, for example, that two-week-old wheat plants doubled their amino 
acid content after 24 hours when subjected to electrolyte concentration (EC) of 22. 
Amino acids are very important components of plants, exhibiting various roles. 
Under abiotic stress conditions they can act as osmolytes, regulate the ion transport in 
the plant or regulate the stomatal opening and closure [45]. Besides, they can con-
tribute to diverse enzyme synthesis improving plant abiotic stress tolerance through 
gene expression [46]. Among amino acids, glutamine (Glu), phenylalanine (Phe) and 
proline (Pro) proved to have significant roles in response to salt stress condition such 
as signaling precursors (Glu), building blocks of plant structure (Phe) and beneficial 
solutes (Pro). In this regard, previous research results show a considerable increase in 
glutamine, phenylamine and especially in proline content as a response to salt stress 
improving plant tolerance or indicating its sensitivity [39]. In general, the highest 
proline accumulation occurs in lamina followed by leaf sheath, stems or shoots and 
roots as observed in several plant species such as Phaseolus sp., Portulaca sp., Triticum 
sp., Solanum lycopersicum etc. (Table 1) [57–61]. Moderately tolerant barley varieties 
accumulated more proline than sensitive ones [62].

In wheat, water-soluble proteins increased in leaves in response to salinity [63]. 
Another example, such as rhodes grass, Chloris gayana, could be given for the increase 
of trichloroacetic acid and NaOH soluble proteins in response to salinity [64]. 
Enzymes are also influenced by change in plant water status as well as ionic imbal-
ance [65, 66]. Decrease in (a) amylase activity with increase in salinity was observed 
in wheat and chickpea leaves after short term exposure to salt stress while activity of 
invertase and other enzymes of carbohydrate metabolism significantly increased [67, 
68]. Nitrate reductase activity may also decrease with increase in stress level in many 
species [69, 70]. Tolerant varieties of pearl millet showed a tendency to maintain their 
nitrate-reductase activity [71]. Polyphenol oxidase activity has been reported to be 
higher in sensitive varieties of wheat, barley and rice [72–74].

Due to their occasional or constants exposure to harsh, unfavorable environmen-
tal conditions, plants developed a series of detoxification mechanisms to be able to 
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maintain their growth and alleviate potential damages caused by ‘reactive oxygen 
species’ (ROS) - at cellular level [75].

Oxidative damage in plants often occurs as a secondary effect of different harmful 
environmental conditions such as drought, salinity, cold, heat, or heavy metals in the 
soil. Under these conditions, the level of ROS can largely increase overwhelming plant 
defense systems, and thus inducing multiple deleterious effects at the cellular level. 
These effects are the result of the oxidation of membrane lipids, amino acid residues 
in proteins and the bases in DNA. In general, plants respond to an increase in ROS 
by activating enzymatic or non-enzymatic antioxidant processes to overcome ROS 
accumulation. Among them, malondialdehyde (MDA), a lipid peroxidation product 
is considered a reliable oxidative stress marker not only in plants but in animals 
also, which is generated by the oxidation of membrane lipids [76]. Several scientific 
reports show an increase of MDA levels in response to abiotic stresses in various plant 
species: rice, Calendula, Miscanthus, basil, Solanum and many others [77–81].

Moreover, phenolic compounds are known to have multiple roles in plants; some 
of them being part of the structural component of cell walls, while others are involved 
in growth regulation and developmental processes or the activation of defense 
mechanisms against biotic and abiotic stresses. Several reports also describe the 
mediatizing effects of antioxidant properties of many phenolic compounds on plant 
responses to salinity and drought showing an increase in their content under high 
salinity and water deficit conditions [82, 83].

Flavonoids, the most complex subclass of phenolic compounds are also involved 
in a wide-range of environmental interactions. The biosynthesis of flavonoids in 
plants is upregulated not only by UV-radiation but also in response to diverse biotic 

Plant species Amino acids Increase of amino acids Salt concentration (NaCl) References

Triticum aestivum Glutamine 1.33-fold
2.02-fold

150 mM
300 mM

[47]

Anacardium occidentale Glutamine 1.37-fold 100 mM [48]

Oryza sativa L. cv. 
Kinuhikari

Glutamine 1.5-fold 150 mM [49]

Helianthus annuus L. cv. 
SH222

Glutamine 6.2-fold 126 mM [50]

Jatropha curcas L. Phenylalanine 1.12-fold 150 mM [51]

Salvia sp. Phenylalanine 12–18-fold 100 mM [52]

Solanum nigrum Phenylalanine 23-fold 150 mM [53]

Zea mays L. Phenylalanine 2.26-fold 150 mM [54]

T. aestivum Proline 2.26-fold
19.29-fold

150 mM
300 mM

[62]

Solanum tuberosum L. Proline 3.4-fold 250 mM [54]

Hordeum vulgare Proline 20–31-fold 300 mM [55]

A. occidentale Proline 22-fold 100 mM [48]

Solanum lycopersicum L. Proline 3-fold 60 mM [61]

Portulaca halimoides Proline 5.66-fold 400 mM [59]

Phaseolus vulgaris L. Proline 2.6-fold 150 mM [56]

Table 1. 
Prominent amino acids and their changes in responses to salt stress.
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and abiotic stresses, from the depletion of mineral nutrients to salinity, cold or 
drought [84]. Previous studies suggest that flavonoid contents increase in plants 
when subjected to abiotic stress conditions and the accumulation of these com-
pounds is tightly coupled with the intensity of the applied stress [85–87].

Ascorbic acid (Vitamin C) is one of the most powerful, water-soluble antioxidants 
as a scavenger ROS produced by most eukaryotic organisms. It occurs in all plant tis-
sues, but mostly in the chloroplast, in mature leaves where these are fully developed 
and the chlorophyll levels are also the highest. It is considered the most important 
ROS detoxifying compound due to its ability to donate electrons in a number of 
enzymatic and non-enzymatic reactions [88].

Beside the above-mentioned compounds, α-tocopherols (vitamin E) are another 
family of antioxidants that can be found in all parts of the plants. They are the most 
biologically active and predominant antioxidants in the chloroplast membranes, and 
are mainly responsible for its protection against oxidative damages [89].

Antioxidant enzymes such as superoxide dismutase (SOD), several peroxidases 
(POD), catalase (CAT) and glutathione reductase (GR) play a crucial role as ROS scaven-
gers in defense mechanisms against abiotic stresses. They are responsible for the main-
tenance of the proper redox equilibrium in plant cells [90]. Enzymatic activities have 
been studied in different plant species including both crop species and ornamental plants 
[91–93]. The results revealed that water stress, in general, led to a continuous increase of 
several antioxidant enzyme activities. In maize, for example, significant enhancements in 
the activities of several antioxidant enzymes (superoxide dismutase-SOD, catalase-CAT, 
ascorbate peroxidase-APX, and glutathione reductase-GR) occurred after 12 h of treat-
ment showing an increase of 21%, 52% and 33% and 38% as compared to the control. It 
was also noticed that after 24 h of water stress treatment, the activities of the antioxidant 
enzymes showed a tendency to decrease when compared to the 12 h treatment [94].

3. Mechanism of drought resistance

Over the centuries plants have been exposed to different environmental conditions 
and applied diverse adaptation strategies to be able to cope with these challenges. Water 
deficit in plants occurs when the transpiration rate exceeds water uptake. Such water 
deficit is usual in most plants as a component of some developmental processes [95], 
but cellular water deficit can cause harmful changes in cell volume and membrane 
shape, disruption of water potential, decreased turgor pressure, or disruption of 
membranes. A total loss of free water will result in dehydration and plant loss. Plant 
responses to water deficit (Figure 3) primarily depend on the species and genotype, 
but also on the length and quantity of water loss, and the age and developmental stage 
of the plants. Among the complex plant mechanisms and regulatory networks for 
drought, osmotic adjustment plays an important role in water deficit avoidance, by 
lowering the water potential of the cells to support water uptake and maintain turgor. 
At molecular level, the accumulation of mRNA during water deficit may indicate gene 
induction, but in order to obtain a fully functional gene product, other additional 
mechanisms such as translational regulation and posttranslational modification may be 
required. In general, plants respond to water deficit by employing some basic mecha-
nisms to avoid water loss, protect the cellular machinery and repair damage [96, 97].

Susceptibility to drought can occur during the early vegetative seedling stage, 
during the period of panicle development prior to flowering, or/and during the post 
flowering stage of grain development [97]. Susceptibility during post-flowering 



Plant Stress Physiology - Perspectives in Agriculture

32

stage is characterized by reduced seed size and grain yield, pre-mature plant and leaf 
senescence and increased stalk lodging [98]. Terminal post flowering drought results 
in an abbreviated period of grain development and therefore reduces seed size [97, 
99]. Genotypes with a high rate and reduced duration of grain filling may be more 
tolerant under terminal post flowering conditions [100].

Identification of critical stages of crop growth, those at which a crop is more 
severely affected by drought and more particularly its response to stress, if any, is 
important to be known to be able to understand the mechanism of drought resistance. 
This knowledge could further help to develop appropriate methodology for develop-
ing drought-resistant varieties. The usual mechanisms are as follows:

1. Drought escape: is a strategy applied by plants in early maturing crops/crop 
varieties to complete the critical stages of crop growth before severe deficit 
occurs, focusing more on flowering and reproduction instead of developing new 
shoots and increasing leaf area [101]. Early growth vigor may enable a variety to 
establish a good plant stand rather quickly while the moisture supply is suitable. 
Thus, crops or crop varieties applying this strategy can escape the adverse effects 
of drought and perform relatively better. Many indeterminate crops respond to 
reirrigation by resuming their growth and still perform better [102].

2. Avoidance: Drought avoidance is an alternate mechanism by which plants can 
maintain positive tissue water relations even under limited soil moisture condi-
tions. Mechanisms of drought avoidance typically involve water conservation 
at the whole plant level. Avoidance is accomplished by decreasing water loss 
from the shoot or by more efficiently extracting moisture from the soil [103]. 
Many crop varieties/crops with deep as well as dense root system may be able to 
maintain minimal water uptake from soil to avoid internal stress, at least during 
the initial stages [104]. High varietal resistance to water loss has also been ob-
served in a few cases, for example, in wheat, rice the amount of epicuticular wax 
deposition is reportedly associated with water loss [105, 106]. Previous findings 
suggest that different species such as Catharanthus roseus, Sorghum sp. and Oryza 
sativa reduced transpiration rate by as much as 44 to 82% due to water stress 
[107–109].

Figure 3. 
Schematic representation of water stress effects and plant adaptation.
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3. Tolerance: Drought tolerance is defined in a number of ways, namely, the per-
formance per se, the stability of performance under drought and last but not 
least specific physiological or morphological traits that are believed to be associ-
ated with the expression of drought tolerance. The mechanisms responsible for 
drought tolerance are functioning at tissue or cellular level [99]. When the tissue 
desiccates, these mechanisms are activated to stabilize and protect the cellular 
and metabolic integrity of the plant. Crop varieties may differ in their ability to 
thrive under drought conditions. This has been demonstrated through various 
test regarding physio-morphological and biochemical traits including desicca-
tion survival, heat tolerance, osmolytes, ion homeostasis etc. [110–115].

4. Recovery: Drought stress conditions may vary in duration, but when rainfall 
does commence the ability of a genotype (or crop variety) to recover quickly 
and resume active growth is an important character. In rice, recovery capacity 
from drought is strongly related with characters such as vegetative growth vigor, 
high tillering ability, shallow root system and rather long growth duration [116]. 
Similar characters have been observed in different annual and perennial species, 
in wheat, sugarcane etc. [117–119]

3.1  Assessment of drought resistance and plant traits associated with drought 
resistance

Drought resistance of an annual crop plant can at present be assessed for agro-
nomic purposes only on the basis of yield [120]. Few of the many screening tests 
proposed have been adopted by breeders.

Several plant traits, such as dehydration avoidance and dehydration tolerance 
have been found to be positively associated with yield under stress across genotypes 
of wheat and barley [121]. Leaf rolling, root system, pubescence of aerial organs, 
reflectance of incoming solar radiation, increased heat dissipation through decreased 
boundary layer resistance at the organ level (narrow leaves, awns), etc., are the 
main traits that contribute to dehydration avoidance. In nature, a better balance is 
associated with a higher proportion of energy dissipated as latent heat and hence a 
lower canopy temperature. Dehydration tolerance related to cellular and subcellular 
processes can be readily assessed by measurements of membrane stability with the 
electrolyte leakage test [122]. It is difficult, however, to relate this type of test to plant 
production. Nevertheless, visual scores on morphological traits, such as leaf roll-
ing, root habit, etc., and/or observations recorded through other methods, if any, in 
relation to the above-mentioned characters should invariably be used as an indirect 
measurement of drought resistance for practicing selection in a breeding programme.

In sorghum, the ‘stay-green’ character is reportedly associated with post-flowering 
drought tolerance. Stay-green is characterized as resistance to premature leaf and 
stalk death induced by post-flowering drought. Resistance to premature leaf and stalk 
death is thought to increase the potential period of grain development and thereby 
stabilizing the expression of seed weight [123]. Sorghum lines with high levels of stay-
green have been identified and are being used in some breeding programs [124–126].

3.2 Genetics of plant traits associated with drought resistance

A variety of adaptive plant characteristics related to environmental stress have been 
investigated and were shown to exhibit genetic variation. The variability of traits extends 
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to the physiological, morphological and chemical characteristics of the plants. These 
three groups of traits are the most representative and useful markers for stress tolerance 
identification. Drought stress can cause many changes in the physiological traits, affect-
ing the capability of plants to maintain high level of leaf-water potential under water 
deficit conditions, the osmotic adjustment and last but not least the capability of plants 
to recover after short or long-term rehydration. The regulation of photosynthesis, by sto-
matal closure and the stability of cellular membranes and its maintenance are crucial for 
plants to tolerate stress conditions. Osmolytes, such as Pro, glycine betaine and soluble 
sugars also play an important role in osmotic adjustment under various stress conditions, 
where accumulation may greatly vary among species. Morphological or phenotypic 
characters are considered important in the adaptation of plant to stress conditions, their 
responses being reflected and becoming quantifiable through root growth and density, 
leaf number size and canopy area, leaf orientation, stem or shoot length and number, 
flower development (number and fertility, seedling survival or any other trait specific 
for every species (leaf succulence, pubescence etc.) [127–133].

‘Stay-green’ or the capacity of green color retaining for longer time of the leaves 
after flowering is a desirable attribute for crop production. Sorghum genetic studies 
of ‘stay-green’ have generally indicated a complex pattern of inheritance. It has been 
reported that both dominant and recessive expression were strongly influenced by the 
environment. Previous reports reveled the inheritance of stay-green in a set of recom-
binant inbred lines of sorghum [134]. Due to a quantitative trait loci (QTL) mapping 
in sorghum for the extension of photosynthetic period 13 regions of the genome were 
identified and associated with the stay-green phenotype of post-flowering drought 
adaptation [135]. Two QTLs were successfully identified as the ones influencing yield 
and ‘stay-green’ capacity under post-flowering drought conditions. The same loci 
were also linked to yield under successful irrigation conditions indicating the pleio-
tropic nature of these tolerance loci on yield under favorable environmental condi-
tions [136]. Similarly, the QTL mapping results suggested many other loci that were 
linked to the rate and duration of yield development [137]. The findings also revealed 
that high yield and short grain development were associated with instability of yield 
performance under water paucity [138].

It may be noted that associations between markers and QTL were somewhat 
variable across testing environments. This highlights the importance of multi-envi-
ronment testing when evaluating drought tolerance.

Similar studies have been carried out in maze, where 15 green-leaf-area related 
QTLs were detected thus identifying the most important genomic region responsi-
ble for maintaining green leaf area at the final developmental stage of maize [139].

However, the current screening and breeding techniques allow to explore the genetic 
basis for various plants and identify diverse traits which help the plants to perform under 
stress conditions, high yield performance, good quality and stress resistance remains the 
eternal flame for crop breeders. These desirable crop production traits and their trans-
mission from one genotype to another will remain attractive and unexplored [140].

In this regard, selection for drought and salt resistance will therefore continue to 
be primarily based on yield assessment under stress conditions [141].

4. Selection and breeding for salt and drought resistant varieties

Salt tolerance thresholds are usually set based on the relative crop yield at defined 
stress levels of salt stress. Besides, the biological traits of the plant are also of a great 
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importance in the selection process since, these characters are the summary of genetic 
and environmental effects upon plant growth as a result of physiological processes, 
effects which confer salinity tolerance. Therefore, two primary selection criteria can 
be established for plant selections follow:

1. Seed germination capacity and seedling survival: Seed germination and seedling 
development, are the very early stages of plant development which are critical. 
Therefore, plants that can cope with salt stress conditions in these stages of their 
life cycle should be the prime requisite in the selection process for salt toler-
ance. Various crops and genotypes that even fail to establish themselves under 
defined stress conditions cannot be expected to do any better at a later stage of 
their growth.

2. Yield: Varieties highly tolerant to salinity are those that exhibit minimum  
reduction in relative economic yield with per unit increase in stress. The slope of 
regression of yield against stress gives a fairly reliable estimate of salt tolerance 
of a crop/genotype. This is by far the best index for identification and screening 
of salt-tolerant genotypes.

A number of other plant attributes, namely Na and K content in shoots/leaves, 
Na/K ratio, pH of the cell sap, proline content and enzyme response may also have 
some potential use. The only limitation to their practical use so far however, is, 
that the differential genotypic response observed in various crops cannot always be 
explained on the basis of these data. For this reason, the use of physiological charac-
ters is highly recommended to obtain more reliable information and select potential 
candidates for future saline agriculture.

The first step that should be taken to develop drought and salt resistant varieties is 
to identify drought-resistance QTLs, which are essential to set valuable candidates for 
crop breeding. Regarding the selection criteria, there are several promising traits to be 
targeted in breeding programmes as follows:

1. Root architecture – which plays an important role in drought avoidance of crops. 
Transcriptomic differences between deep and shallow rooting systems strongly 
influences the ATP synthesis. Such traits can significantly improve abiotic stress 
resistance in crops by introducing or manipulating a single gene;

2. ABA-synthesis which can improve drought resistance even at seedling stage in 
different crops;

3. Direct-deep-seeding tolerance of different species which could significantly con-
tribute to water saving and drought resistance, for example in rice production;

4. Yield capacity under stress conditions;

5. Exploitation or domestication of wild relatives (halophytes) of crop plants. In-
terspecific hybridization has an important role in the improvement of crop plant 
performance under abiotic stress conditions.

In the evaluation process for plant tolerance to salt and drought stress, it is 
important to take into consideration all the three groups of traits (physiological, 
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morphological and chemical characters) and evaluate plant responses as a whole. Due 
to great genetic variation of the plants, in some cases it is not enough to solely analyze 
the physiological, chemical or morphological profile since they are interconnected.

5. Conclusions

Recently, several research have been carried out to depict the complex underlying 
mechanisms (physiological, morphological and chemical) that control abiotic stress 
responses in crop plants. However, the exact genes, and their activation, which control 
plant defense mechanisms are still unclear. Tolerance against abiotic stresses in dif-
ferent crop plants has been improved by the application of transgenic technology of 
reactive oxygen species components, but future research studies are still needed to 
determine and increase yield performance and quality under harsh environmental 
conditions. Genetic improvement of crops needs to identify further genetic variations 
that allow plants to increase their tolerance against the upcoming abiotic stress levels 
than the ones we are facing today. It has to employ new tools to analyze the genetic, 
physiological and molecular basis of stress tolerance and to identify genes associ-
ated with improved resistance and integrate them into practical breeding to develop 
“smart” crop varieties which require lower input and provide high yield.
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Abstract

Soybean is one of the major oil crops with multiple uses which is gaining popular-
ity worldwide. Apart from the edible oil, this crop provides various food materials 
for humans as well as feeds and fodder for animals. Although soybean is suitable for a 
wide range of soils and climates, it is sensitive to different abiotic stress such as salinity, 
drought, metal/metalloid toxicity, and extreme temperatures. Among them, soil salin-
ity is one of the major threats to soybean production and the higher yield of soybean is 
often limited by salt stress. Salt stress negatively affects soybean seedling establishment, 
growth, physiology, metabolism, and the ultimate yield and quality of crops. At cellular 
level, salt stress results in the excess generation of reactive oxygen species and creates 
oxidative stress. However, these responses are greatly varied among the genotypes. 
Therefore, finding the precise plant responses and appropriate adaptive features is very 
important to develop salt tolerant soybean varieties. In this connection, researchers 
have reported many physiological, molecular, and agronomic approaches in enhancing 
salt tolerance in soybean. However, these endeavors are still in the primary stage and 
need to be fine-tuned. In this chapter, we summarized the recent reports on the soybean 
responses to salt stress and the different mechanisms to confer stress tolerance.

Keywords: abiotic stress, antioxidant defense, climate change, Glycine max, NaCl, 
osmotic stress, oxidative stress, reactive oxygen species, sustainable agriculture

1. Introduction

Soybean (Glycine max L.) is considered to be one of the major oilseed crops as well 
as an economically important leguminous crop as it supplies more than 25% of the 
global protein requirement for food and feed [1, 2]. Not only the food and feed values 
but also the root nodules of soybean enhance soil fertility through nitrogen (N) fixa-
tion. It also has other uses like forage crops, emergency crops, and even as a source of 
bioenergy [3]. A crop with such superior qualities needs to gain more attention than 
it has currently. Soybean production has been increasing over years, but the rate is 
not as much as other major cultivated crops like maize, wheat, and rice. The possible 
reasons are lack of suitable varieties, different environmental constraints, etc.

Environmental stresses including salinity, drought, waterlogging, toxic metals, 
extreme temperatures, etc. are nowadays the center of concern by the environmentalist 
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and plant scientists worldwide as these are badly affecting food production. Salt stress 
is undoubtedly one of the worst conditions for plant growth as it creates both osmotic 
and ionic stress. Soybean is known to be partially sensitive to salt which may result in 
up to 40% yield loss depending upon salinity level. The presence of excess salt in the 
growing medium of soybean negatively affects the quality and quantity of seed, growth, 
and nodulation process [4]. Synthesis of protein, uptake and transportation of water 
and nutrient, translocation of assimilates, cytosolic and mitochondrial reactions, and 
several other metabolic pathways are adversely affected by salt stress [5]. Dehydration 
of cell and toxic ion accumulation occur when the rhizobia-legume symbiosis process is 
hampered in particular [4]. Higher magnitude of salt stress may even cause plant death 
[6]. In addition to these, salt stress impairs the photosynthesis process that ultimately 
results in oxidative stress by the excess production of reactive oxygen species (ROS). 
Ionic imbalances disrupt the normal metabolic processes and subsequently aggravate 
ROS generation making the situation worse for plants [5, 7, 8]. The antioxidant defense 
system is a vital strategy for the alleviation of oxidative stress in plants. It consists of dif-
ferent enzymatic and non-enzymatic components which act as saviors at their optimum 
levels. Besides, the use of salt-tolerant varieties, seed priming, use of exogenous protec-
tants, beneficial microbes, or proper modulation of agronomic managements are other 
potential strategies to enhance salt stress tolerance in different crops including soybean.

In the present situation of the world where hunger and malnutrition exist, people 
are badly in need of proper nutrition to ensure a healthy future. In that case, soybean 
being a crop of versatile nutritional values and wide adaptability should be focused 
on the agriculture sector worldwide. But, due to some existing challenges the per unit 
yield of soybean is not increasing, although its global production has been increased 
remarkably over years. The underlying reason is the lack of proper knowledge about 
the identification of yield traits that could facilitate the per unit yield of soybean. 
Unlike cereal crops, soybean architecture is more complex, which makes the task by 
the breeders difficult to optimize the plant accessions. For example, simply increas-
ing plant height will not give a higher yield due to lodging, and dwarf varieties will 
also reduce yield due to fewer internodes. Hence, Liu et al. [2] suggested that lodging 
resistant long plants with shorter internodes might be helpful in this regard. They 
also suggested that minimization of pod abscission is also required to ensure a better 
yield. So, it is clarified that high-yielding soybean variety development is not a piece 
of cake. But it can be made possible by an in-depth understanding of soybean plant 
architecture and yield characteristics. Moreover, environmental adversities like 
salinity are making these tasks more challenging as it hampers soybean growth and 
productivity by inhibiting germination and other vital physiological processes [3]. 
However, soybean is known to be a moderately salt-sensitive crop, and therefore, 
to ensure the potential production of soybean we need to minimize the salt stress-
induced damages in soybean. To execute that, extensive studies on soybean responses 
to the different magnitude of salt stress and possible adaptive mechanisms are neces-
sary. In this chapter, we have summarized the up-to-date findings focused on the 
responses of soybean to salt stress and exploring the tolerance mechanisms.

2. Soybean: a crop of multiple uses

Soybean is a crop of versatile uses with wide adaptability. Apart from the soybean 
oil, the whole soybean including pod and seed have multifarious uses like human food, 
animal feed, and in improving soil fertility through N-fixation (Figure 1). Soybean oil 
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and protein contents are 21 and 40%, respectively including carbohydrate and ash con-
tents of at 34 and 5%, respectively [9]. As a vegetable, early maturing soybean variety 
with green and immature pods is more feasible for fresh or frozen consumption [10]. 
Food products made from soybean e.g., soya milk, soya flour, tofu, boiled soybean, soya 
meat, etc. are gaining popularity day by day for their nutritional values. Soybean germ 
oil, produced as a byproduct at the time of protein preparation is able to reduce plasma 
cholesterol and so can be used in the treatment of hypercholesterolemia [11]. Having 
high concentrations of β-carotene, vitamin C, high calories and essential amino acid 
soybean also can be efficiently used in anti-hypertensive, antimicrobial, antioxidant, 
anti-diabetic, and anticancer activities that are very important for human health [12, 
13]. Moreover, soybean is now being used in the preparation of meat analog, which has 
similarities with meat but is more beneficial in lowering lipid and blood pressure while 
increasing low-density lipoprotein (LDL), cholesterol oxidation, and digestibility [14].

A rich amount of protein content with optimum amino acid profile, low amount 
of crude fiber, high phosphorus (P) content, and high level of digestibility is notice-
able at soybean meal that makes it a desirable feed for livestock [15]. Whole plants, 
raw seeds, or processed products of soybean can be used efficiently in cattle feeds if 
proper ration components can be chosen considering the rate of N and energy release 
during rumen fermentation processes [16]. Additionally, soybean oil, due to its rich 
fatty acid profile, can be a convenient and affordable aquafeed in the aquaculture 
industry around the world [17, 18].

Soybean is a well-fitted crop in a wide range of climates and soils. It is easily culti-
vated as an intercrop, facilitates in proper utilization of available resources, and soil 
fertility improvement through biological N-fixation. When crop rotation was done 
comprising corn and soybean, minimum nutrient and water loss with higher yield 
and net income was recorded compared to conventional farming [19, 20].

Nowadays, this soybean solid waste is being widely used for different purposes, 
especially in bioenergy. If soybean waste is managed through proper hydrothermal treat-
ment, can be efficiently used in industries as an eco-friendly way for its good nutritional, 

Figure 1. 
Versatile uses of soybean products [adapted from Hasanuzzaman et al. [3] with permission from Elsevier].
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thermal, and fuel properties [21]. Soybean meal when used with bark, can be a raw 
material to prepare an affordable, formaldehyde-free, and environmentally sound wood 
adhesive for plywood production, which has a better performance in giving high water 
resistance, mechanical strength, and thermal stability [22, 23]. However, soybean could 
be a potential renewable energy source for different industrial purposes.

3. Soybean response to salt stress

3.1 Seed germination and emergence

Uniform seed germination and rapid seedling growth are prerequisites for better 
crop establishment [24, 25]. Salinity hampers the germination process either by delay-
ing or reducing the germination rate [26]. Simaei et al. [27] observed that at lower 
concentrations of salt stress (0.05 and 0.1%) soybean seed germination was delayed 
whereas, at high salt dose germination rate was reduced. Shu et al. [28] reported that 
germination of soybean seed was delayed under 150 mM NaCl stress. Additionally, post 
germinative growth of soybean seedlings was adversely affected due to salinity. Salt 
stress downregulates gibberellic acid (GA) and upregulates abscisic acid (ABA) bio-
production that ultimately reduces the GA/ABA ratio and thus delays seed germination 
in soybean [28]. Soybean seedling growth completely stopped when the leaf sodium 
(Na+) reached 6.1 mg g−1 fresh weight (FW). It was also observed that compared to the 
control, seedling growth reduced by 14% at 160 mM NaCl whereas, at 330 mM NaCl 
stress soybean seedling growth got completely stopped [29]. Delayed seed germination 
processes in three cultivars of soybean in terms of germination rate, radicle length, and 
FW of germinated seeds were observed by Shu et al. [28]. During the seed germina-
tion process, changes in cell oxidative status were reported under salt stress. Xu et al. 
[30] conducted an experiment with two cultivars of soybean viz., Lee68, and N2899 
to evaluate the response of soybean seeds to salt stress during germination. Seeds were 
soaked in 100 mM NaCl until radical initiation and reported that without impacting 
final germination, salt only delayed mean germination time (MGT) by 0.3 and 1.0 d 
in Lee68 and N2899, respectively. Abulfaraj and Jalal [31] experimented with three 
cultivars (Crawford, G-111, and Clark) of soybean viz., under 200 and 400 mM NaCl 
stress and observed that the final germination percentage (FGP) was reduced in all 
three cultivars irrespective of stress levels. However, it was prominent that the higher 
the stress, the lower was the FGP. At 400 mM salt stress the highest reduction of FGP 
(60%) was observed in cultivar Clark, whereas Crawford and G-111 showed 29 and 
22% reduction, respectively. However, the MGT was increased with increasing salinity 
level where Crawford exhibited the best performance by lowering MGT values than 
other cultivars under both salinity stress and normal condition [31]. Essa [32] observed 
a remarkable reduction of germination percentage under different doses of salt stress in 
three soybean cultivars. They found that, when salinity level increased from 0.5 to 8.5 
dS m−1, it reduced germination by 54 and 63% for Lee and Coiquitt cultivars, respec-
tively. Hashem et al. [33] observed that in two soybean cultivars, seed germination was 
also reduced with increasing salt doses. At 200 and 300 mM NaCl, germination reduced 
by 4 and 11%, respectively for the salt-tolerant variety Clark, whereas 11 and 20% were 
documented in salt-sensitive variety Kint, respectively. Khan et al. [34] experimented 
with different doses of NaCl treatments ranges (50–300 mM) and revealed that above 
200 mM salt concentration, the maximum seed did not germinate whereas, most of the 
seeds germinated under the 50 and 100 mM NaCl treatments.
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3.2 Growth

One of the obvious effects of salt stress in soybean is the reduction of plant 
growth, which is reported in many plant studies [28, 35, 36]. As salt stress inhibits 
water and nutrient uptake and translocation, it is obvious that this hampers the nor-
mal cell growth and development and hence, growth is retarded. Otie et al. [37] found 
that plant height, number of leaves, leaf area index (LAI) and the specific leaf area 
(SLA) of soybean plants were declined in a dose-dependent manner when they were 
grown under salinity (32.40, 60.60 and 86.30 mM NaCl). Salt stress also resulted in a 
lower dry weight (DW) of the leaf and stem [37]. The higher salinity declined the cell 
elongation and division that may lead to the inhibition of growth-related metabolic 
and physiological processes and eventually restricted the allocation of biomass [38].

Salt stress also hampers the plant’s anatomy and impairs the normal growth of 
plants. As salt stress allows the entry of high Na+ into plants roots, this reduces the 
elongation rate and disturbs root architecture [35, 36, 39]. It is evident that plants 
sometimes thicken the epidermis and endodermis root cells as a preventive measure 
of Na+ influx. But under severe salt stress, this phenomenon may lead to cell expan-
sion and cell wall integrity [40, 41]. Silva et al. [36] observed that Na+ stress differ-
ently affected root anatomy. Interestingly, lower (50 and 100 mM Na+) salt stress 
improved the root epidermis and endodermis thickness, cortex thickness, vascular 
cylinder diameter, and metaxylem diameter at different root depths, while higher 
(150 and 200 mM Na+) salt stress reduced these parameters. Root epidermis and 
endodermis thickness were decreased by 44 and 56% under 200 mM Na+, compared 
to the control treatment, while root cortex thickness and vascular cylinder diameter 
were decreased by 8–17%, respectively [36]. Salt-induced decline of plant growth 
exclusively depends on the salinity levels and the duration of exposure. At the initial 
stage, salt-induced decline in seedling growth is associated with the seedling vigor 
and seed germination rate which is due to lower synthesis of particular phytohor-
mones such as GA.

Amirjani [42] recorded some reduction of plant height and FW of soybean plants 
under salinity stress. A reduction of plant height of 30, 47, and 76% and FW of 32, 
54, and 76% were found by increasing salinity levels to 50, 100, and 200 mM, respec-
tively. Weisany et al. [43] observed that salinity stress caused a number of morpholog-
ical and physiological changes in soybean plants. Salt stress caused a decrease in shoot 
length, root FW and DW, and shoot FW and DW. Lee et al. [44] found a marked 
decline (27%) in shoot length when soybean plants were exposed to 80 mM NaCl. The 
soybean FW and DW were also significantly decreased with NaCl application which 
was 16 and 40%, respectively lower than control. In our experiment, we found that 
soybean plants exposed to 300 and 450 mM NaCl stress showed 35 and 55%, respec-
tively reduction in plant height. Moreover, shoot FW and DW were declined by 43 
and 41%, respectively at 150 mM NaCl stress [45].

3.3 Photosynthesis

It is well-established that yield reduction under salinity stress is due to the reduced 
production of photo-assimilate, slower transportation of photosynthetic components, 
and transformation in cytosolic metabolism [46]. Under salinity stress, the concentra-
tion of Na+ ion absorption gets increased in plant tissues. As a result, uptake of other 
essential nutrients required for different biosynthesis processes gets decreased [47, 48]. 
Excessive salt accumulation in the cell causes necrosis and reduces the photosynthesis 
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rate that ultimately diminishes plant growth [49]. In soybean, excess uptake of Na+ 
under saline conditions decreases potassium (K+) uptake which is a vital regulator of 
stomatal opening and closing during photosynthesis. Furthermore, prolonged salt stress 
results in chlorosis and reduced content of different photosynthetic pigments in soybean 
[27, 50]. Various experiments conducted with different cultivars of soybean reported 
that plant photosynthetic parameters significantly varied with the duration and doses 
of salt stress (Table 1). The experiment conducted by Zaki et al. [58] found that total 
chlorophyll (chl), carotenoid contents, and chl fluorescence were decreased in 150 mM 
NaCl stress compared to control. Hashem et al. [33] experimented with two soybean 
cultivars (Clark and Kint) under 200 mM NaCl stress and observed considerable reduc-
tions in chl a, chl b, total chl, and carotenoids by 33, 35, 35, and 50% for Clark and 71, 
76, 74, and 81% for Kint, respectively. Here it is evident that in tolerant cultivar the rate 
of photosynthetic reduction was lower compared to sensitive one. Significant reduction 
in all photosynthetic traits such as net photosynthetic rate, stomatal conductance, and 
internal CO2 concentration was observed in soybean plants when exposed to 100 mM 

Name of 
cultivars

Dose and duration of 
salt stress

Stress responses Reference

Clark and 
Kint

200 mM NaCl, 60 d Reduction of chl a, b, total chl and carotenoids 
contents by 33, 35, 35, and 50% for Clark and 71, 
76, 74, and 81% for Kint cultivar, respectively

[33]

Giza 111 75 and 150 mM NaCl, 
14 d

Reduction of chl a, b, a + b, and carotenoids by 
13, 22, 16, and 7%, respectively at 75 mM salt 
stress and by 27, 23, 26, and 27%, respectively at 
150 mM salt stress

[51]

C08 150 mM NaCl, 2d Reduction of photosynthetic rate and stomatal 
conductance

[52]

Giza 22 100 mM NaCl, 25 d Reduction of chl and carotenoid contents by 46 
and 40%, respectively.
Reduction of photosynthetic rate, intercellular 
CO2 concentration, and stomatal conductance 
by 42, 26, and 22%, respectively

[53]

Giza 111 3 and 6 g L−1, saline 
water (dissolving sea salt 
with tapwater), 30 d

Dose-dependent reduction of chl a, chl b, and 
carotenoid contents

[54]

M7 4, 7, and 10 dS m−1, 60 d Reduction of leaf chl, carotenoids, and 
anthocyanins contents
Reduction of Fv/Fm at above 4 dS m−1 salinity

[55]

Crawford, 
Giza 111, 
Clark

200 and 400 mM NaCl, 
69 d

Reduction of chl a content by 69, 79, and 85% in 
Crawford, Giza 111, and Clark, respectively, and 
chl b content by 61 and 71% in Crawford and 
Clark, respectively

[31]

Giza 22 7.46 dS m−1 saline soil, 
60 d

Reduction of total chl and carotenoid contents [56]

M7 5 and 10 dS m−1, 30 d Reduction of chl a, chl b, chl a/b, and total chl 
contents
Reduction of RuBisCO activity with increasing 
salt concentration

[57]

Table 1. 
Alteration of photosynthesis and associated parameters of soybean under salt stress.
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NaCl stress. Considering the duration, under 6 h of salt stress, net photosynthesis was 
reduced by 47% whereas, 81% reduction was observed at 48 h stress. Furthermore, 
at 24 h and 48 h stress durations, intercellular CO2 concentration was decreased by 2 
and 11%, respectively at the same dose of salinity stress [59]. In a similar experiment, 
Soliman et al. [53] observed that after 25 d of salt (100 mM NaCl) condition, stomatal 
conductance, chl and carotenoids contents, photosynthetic rate, and intercellular CO2 
concentration were reduced by 22, 46, 40, 42, and 26%, respectively. Yan et al. [60] 
experimented with a halophytic soybean (Glycine soja) to explore the salt adaptability 
in terms of photosystem coordination under 300 mM NaCl for 9 days (d). The result 
showed that under stress conditions, photosystem II (PSII) electron transport rate, 
stomatal conductance, and photosynthetic rate were reduced in both G. soja and G. max; 
however, the highest reduction was reported in G. max. Oppositely, PSII excitation pres-
sure was increased by 72 and 50% in G. max and G. soja, respectively on day 9. During 
photosynthesis, chl plays a vital role in photon harvest in the PSII and PSI that belongs 
to the chloroplast. Under stress conditions, the production of different ROS is subjected 
to the destruction of many cellular organelles along with chloroplast. As a result, other 
photosynthetic activities are significantly hampered under salt stress [61]. Ning et al. 
[62] observed that under the same level of salt stress, sensitive cultivars showed higher 
photosynthesis inhibition compared to tolerant ones. It is assumed that due to the higher 
accumulation of P, K+, and magnesium (Mg2+) in the leaf, tolerant cultivar restored 
higher photosynthetic rates. When the Giza 111 cultivar of soybean was exposed to dif-
ferent levels of salt stress for 14 d, it resulted in a significant reduction of the photosyn-
thetic pigments. Compared to control chl a, chl b, chl (a + b), and carotenoids contents 
were decreased by 27, 23, 26, and 27%, respectively [51]. Leaf size and area are two vital 
factors that regulate the amount of light captured for photosynthesis. Under salt stress, 
leaf area is reduced significantly and directly affects the production of photosynthetic 
pigments by reducing the amount of calcium (Ca2+) and iron (Fe) ions in leaves respon-
sible for the chl biosynthesis [63, 64]. All these results reported in soybean under salinity 
stress are the consequences of osmotic stress, which triggers the higher accumulation of 
Na+ in leaf restricting the supply of K+ and thus inhibits photosynthesis, which eventu-
ally reduced the stomatal conductance. In addition, this excessive ion toxicity reduces chl 
content, damages chloroplast structure, and leads to nonstomatal inhibition of photo-
synthesis [62]. Guo et al. [65] also suggested that high Na+ notably reduces the K+, Ca2+, 
Mg2+, and other cations in the leaf which are vital for the photosynthesis in the plant.

3.4 Water relation

One of the major effects of soil salinity is the osmotic stress in plants. Under salt 
stress, the water uptake is hampered due to the lack of energy and also the imbalance 
between solute concentration in the soil solution and plant cells. As a result, plant cells 
lose their turgidity which results in osmotic stress. Katerji et al. [66] reported that 
water consumption declined gradually as the salinity increased. As a result, the water 
content of the leaves was reduced and with it the turgor. Stomatal closure and eventually 
transpiration and photosynthesis were reduced resulting in growth retardation. The leaf 
relative water content (RWC), xylem exudation, leaf water potential were evidently 
declined in soybean plants subjected to 75 mM NaCl [34]. This decline in RWC indi-
cates a loss of turgor which is associated with impaired water availability required for 
cell growth and development [67]. Shoot water content and leaf water potential were 
decreased by salinity [68]. Ferdous et al. [69] conducted an experiment with soybean 
under salt stress and found that RWC was decreasing with increasing salinity levels. 
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The control treatment showed 89% RWC and it reduced to 73% at 100 mM salinity 
level. Two soybean genotypes viz. Shohag and AGS 313 were tested against salinity 
(50 and 100 mM NaCl) for different durations (15, 30, 45, 60, and 80 d) and it was 
observed that salt stress caused a reduction in RWC, water retention capacity, leaf water 
potential, and exudation rate in a concentration and duration-dependent manner [70]. 
The decline in exudation rate indicated the lower flow of water into plants which is 
associated with lower water potential and eventually RWC. However, the moderately 
tolerant genotype i.e., AGS 313 showed relatively higher RWC, water retention capacity, 
leaf water potential, and ER compared to the cultivar Shohag. One of the obvious effects 
of salt stress in soybean is the reduction of osmotic potential. A dose-dependent decline 
of osmotic potential was observed in soybean plants upon 28-d exposure to salt (60 and 
120 mM NaCl), with more negative values in the treatment with 120 mM NaCl [71].

3.5 Yield and quality

Exposure of plants to salt conditions causes morphological, physiological, and 
biochemical alterations in the plant, which ultimately pose negative impacts on plant 
reproductive attributes and subsequent yield [72]. The primary effect of salt stress 
is a shortage of water, which is a crucial element for soybean flowering and podding. 
Upon exposure to salt stress, soybean growth attributes (shoot length, stem diameter, 
number of branches, flower number, pod number, and seed weight) were recorded to 
decrease with a higher accumulation of Na+ in leaves (Table 2). These changes could 
be the reason behind the manifestation of reduced yield and oil content of soybean 
[55, 84]. Additionally, the osmotic effect of salt stress influences the augmentation 
of growth retardation, obliteration of growth promoter, imbalanced ions, water 

Name of cultivars Stress level and 
duration

Effects on yield and quality References

Peking 250 mM NaCl The number of flowers and pods was 
decreased by 64 and 69%, respectively
Pod length and weight were reduced by 
10 and 20%, respectively.
Reduction of seed yield by 55%

[73]

Giza 111 104.44 mM Sea 
salt, 30 d

Pod number and weight were decreased 
by 31 and 60%, respectively
Seeds number and weight were reduced 
by 41 and 72%, respectively

[54]

Williams 9 dS m−1, 75 d Reduction of grain, protein, and oil yield 
plant−1 by 39, 38, and 39%, respectively

[74]

JS-335 100 mM NaCl, 
45 d

The number of pods plant−1 and harvest 
index were greatly reduced by about 51 
and 18%, respectively

[75]

JS-335 50 mM NaCl, 
45 d

The number of pods plant−1, seeds, and 
seed weight were decreased by about 29, 
18, and 17%, respectively

[76]

M7 10 dS m−1, 70 d Pods and seeds plant−1 were reduced by 
28 and 30%, respectively

[55]

M7 10 dS m−1, 109 d Seed yield reduction by 44%
Soluble sugar and protein contents were 
increased by 389 and 108%, respectively

[77]
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uptake, and inhibition of photosynthetic activities that eventually alter the growth 
traits responsible for yield, yield attributes, oil and protein content of seed [56, 85]. 
Soybean productivity depends on the root performance under different soil condi-
tions. As salt-induced condition disturbs the nodule formation, impeding the activity 

Name of cultivars Stress level and 
duration

Effects on yield and quality References

Sohag 50 mM NaCl Pods plant−1 and seeds pod−1 were reduced 
by 52 and 10%, respectively
Reduction of seeds and yield plant−1 by 54 
and 51%, respectively
100-seed weight was decreased by 16%

[46]

Hwangkeumkong 140 mM NaCl, 
40 d

Pods plant−1 and pod DW were reduced 
by 40 and 78%, respectively
100-seed weight and yield were decreased 
by 55 and 80%, respectively

[78]

Giza 22 7.46 dS m−1, 70 d The number of pods plant−1, 100-seed 
weight, and seed yield were reduced by 
about 59, 57, and 55%, respectively
Reduction of protein and oil contents by 
30 and 41%, respectively

[56]

Giza 111 150 mM NaCl, 
39 d

Pod number plant−1 and 100-seed 
weight were decreased by 40 and 45%, 
respectively
Seed protein and oil contents were 
decreased by 24 and 29%, respectively
Increased soluble sugar content by 17%

[58]

Pungsannamul 300 mM NaCl, 
21 d

Increment of total protein content by 
about 57%

[79]

Giza 35 80 mM NaCl, 
5 weeks

Soluble protein and sugar content were 
reduced by 26 and 24%, respectively

[80]

Giza 22 9.4 dS m−1, 
8 weeks

Pod number plant−1 and 100-seed 
weight were decreased by 28 and 34%, 
respectively
Seed weight plant−1 and yield were 
reduced by 27 and 27%, respectively
Reduction of protein and oil content at 19 
and 11%, respectively

[81]

No. 62 12 dS m−1 Pods plant−1 was reduced by 54%
Protein and oil content were decreased by 
24 and 10%, respectively

[82]

Galarsum, BD 2331, 
and BARI Soybean 6

50 and 75 mM 
NaCl, 35 d

The number of pods plant−1 was 
reduced with the lowest in BD2331 (38% 
compared to control) at 75 mM NaCl
The number of filled pods plant−1 was 
lowest in BARI Soybean 6 (18% compared 
to control)

[83]

Tachiyutaka8428h 86.3 mM, 2 weeks Days to 50% podding required 39% more 
time than control plants
The number of pods plant−1 reduced by 
16.5% compared to the control plants

[37]

Table 2. 
Changes in yield and quality attributes of soybean under salt stress.
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of root, yield reduction is quite obvious here [23]. Salt stress minimizes the grain 
size along with the duration of protein and oil accumulation, in turn, decreasing oil 
and protein content [74, 82]. Decreased protein content also can be occurred due to 
the interruption of N metabolism and nitrate absorption within the plant, which is a 
common phenomenon under salt stress [86]. Under severe salt stress (80 mM NaCl) 
both the soluble sugar and soluble protein that are helpful in maintaining osmotic 
adjustment are recorded to decrease [80]. But the changes in sugar content under 
salt-induced conditions may vary according to soybean varieties. Tolerant variety may 
show increased sugar concentrations under salt stress to maintain turgor within plant 
species [87].

However, yield attributes e.g., branch number, pod number, number of seeds, etc. 
performed variably in different genotypes [46]. In addition, the duration of salt expo-
sure also can influence the level of productivity loss. Pre-flowering stage of soybean is 
recorded to be more susceptive to salt stress as it reduces the capacity of soybean to uptake 
water and nutrient by accumulating a higher concentration of Na+ in the root [78].

3.6 Oxidative stress in soybean under salinity

Salt stress-induced stomatal closure leads to the reduction of the availability of 
CO2 in leaves which reduces carbon fixation. Hence, the chloroplasts get exposed to 
higher excitation energy resulting in overproduction of ROS that includes superoxide 
(O2

•–), hydrogen peroxide (H2O2), hydroxyl radical (OH•), and singlet oxygen (1O2), 
etc. Besides, either osmotic or ionic stress resulting from salt exposure ultimately 
provokes the levels of ROS leading to cellular damages through the oxidation of 
lipids, proteins, and nucleic acids. The plant itself possesses some ROS scavenging 
mechanisms, such as an antioxidant defense system, and when there is an imbalance 
between the level of ROS production and the antioxidant defense system, the plant 
fails to cope with the oxidative stress (Figure 2) [72].

Figure 2. 
Generalized outline of salt-induced oxidative stress and its consequences in soybean plants [adapted from 
Hasanuzzaman et al. [88].
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Recent reports demonstrated the salt stress-induced oxidative damages in soybean 
plants (Table 3) and a notable number of those have also included possible mitigation 
strategies. For example, soybean seedlings grown on a pot containing 100 mM NaCl 
accumulated 38% higher H2O2 and caused 25% higher lipid peroxidation compared 
to the seedlings grown with no NaCl [91]. Exposure to salinity (6 dS m−1) can also 
raise electrolyte leakage (EL) by 69% along with 75% and 56% increase in H2O2 and 
malondialdehyde (MDA) contents, respectively in soybean plants [92]. A similar 
increment of these oxidative stress markers in a dose-dependent manner of NaCl (75 
and 100 mM) was also reported by Alharby  
et al. [5]. Reduction in membrane stability index (MSI) denotes the loss of cell mem-
brane integrity and 21% lower MSI in soybean plants was recorded upon exposure to 
100 mM NaCl stress [93]. They also observed 2.74 and 3.94-fold higher ROS (O2

•− and 
H2O2, respectively) production and 2.28-fold higher lipid peroxidation in soybean. 
In another experiment with two cultivars of soybean differing in their salt tolerance 
levels (tolerant, Nannong 99-6 and sensitive, Lee 68), it was depicted that the oxida-
tive or cellular damages are usually higher in the salt-sensitive one upon exposure to 
salinity [94]. Klein et al. [95] assessed the contents of H2O2 and MDA in root nodules 
of soybean exposed to 70 mM NaCl for 12 d and noted almost 98 and 75% enhance-
ment of H2O2 and MDA, respectively.

Being one of the catastrophic abiotic stresses, salt stress induces oxidative stress in 
many possible ways including disrupted stomatal conductance, intruded photosynthe-
sis, and altered activities of different enzymes [96]. The above-mentioned increase of 
lipid peroxidation, ROS production, EL, or reduction of MSI accounts for salt-induced 
oxidative damages in soybean plants. The bright side is that there are a number of miti-
gation strategies or adaptive mechanisms available for plants that facilitate the recovery 
or protection of plant cells from the cellular damages caused by excess salt.

4. Enhancing salt tolerance and adaptative mechanisms in soybean

4.1 Using salt tolerant genotypes

With the advancement of modern science and inventions in breeding technol-
ogy; scientists, breeders, and agriculturists are working relentlessly to develop more 

Name of cultivars Salinity levels Level of oxidative stress Reference

Taegwang 100 mM NaCl, 2 d Levels of both lipid peroxidation and H2O2 
content were higher

[89]

Giza 35 80 mM NaCl, 
5 weeks

2.7-fold increase of MDA and 3.7-fold 
increase of H2O2 contents were recorded

[80]

Giza 111 150 mM NaCl, 40 d EL was two times higher and MSI was 25% 
lower

[58]

Giza 22 7.46 dS m−1, 70 d A notable increase in MDA and H2O2 contents 
was recorded

[56]

FD92 and Z1303 150 mM NaCl, 20 d MDA and H2O2 contents were 62 and 122% 
higher, respectively

[90]

Table 3. 
Oxidative stress responses of soybean to salt stress.
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tolerant varieties in different crops through genomic approaches and inbreeding 
technologies. Approaches towards genetic modification of soybean genotypes in order 
to increase their performances under salt-affected soil are of great importance. To 
identify salt-tolerant genotypes through a successful breeding program, the genetic 
diversity present in different soybean germplasm needs to be evaluated through a 
proper screening process that will help in understanding the mechanisms of salt 
tolerance in diverse genotypes [97]. United States Department of Agriculture (USDA) 
has compiled the salt tolerance level of more than 550 genotypes till today. Among 
these, 151 were declared as tolerant and 413 as susceptible genotypes [98]. The most 
effective way to uphold soybean yield under salinity stress is genetic improvement 
of the existing soybean varieties. To do so, in the beginning, requires the identifica-
tion of genetic traits in soybean germplasm that are responsible for the successful 
improvement of crop tolerance. Later on, these genetic resources need to transfer to 
the subsequent cultivars. However, the CRISPR/Cas9 Genome-Editing System, phe-
notyping technology, genomic selection technology for molecular breeding are the few 
most advanced technologies to impart and enhance salt tolerance in soybean through 
varietal development [99, 100]. However, in different studies, soybean genotypes have 
been largely used to illuminate the morpho-physiological and biochemical responses 
under salt stress at different levels and durations (Table 4).

Plant tolerance to salt stress mostly depends on the capacity to regulate Na+ or 
chloride (Cl−) transportation to different parts of the plant from soil. Generally, 
tolerant soybean genotypes accumulate less amount of Cl− in their leaf thus they can 
produce more photosynthates whereas the salt-sensitive lines accumulate more Cl− in 
their leaves that reduces the net chl concentration in the plant [108, 114, 115]. Khan 
et al. [67] worked with 41 soybean genotypes under 100 and 150 mM NaCl stress 
where 7 genotypes performed as salt-tolerant under 150 mM NaCl, 21 genotypes 
performed as moderately tolerant under 100 mM NaCl, and rest was susceptible 
genotypes. Zhang et al. [101] worked on 257 genotypes with SSR markers to estimate 
epistatic association mapping for salt tolerance at the germination stage where 83 
quantitative trait loci were detected. In addition, an experiment conducted by Luo 
et al. [116] with two wild soybean genotypes BB52 and N23232 collected from coastal 
and inland showed significant salt tolerance. In the greenhouse condition, an experi-
ment was conducted hydroponically where 123 soybean accessions were found as 
salt-tolerant [117]. Salt stress highly restricts plant growth through imbalanced water 
status and disturbed ion uptake mechanisms. These phenomena were more focused 
in an experiment conducted by Shereen and Ansari [118] with four soybean cultivars 
viz. AGS-160, Loppa, Egyptian, ICAL-132 where ICAL-132 showed more tolerance 
in terms of the above-mentioned parameters. Cao et al. [102] experimented on 51 
Indonesian accessions with 100 mM NaCl salt stress to speculate the salt tolerance 
rate, chl content (SPAD value). Among which 6 genotypes viz. Tambora, Sinyonya 
(late), Java 7, Sinyonya (early), Seputih Raman, and Ringgit (JP 30217) performed 
best as salt-tolerant genotypes. Hamayun et al. [119] conducted a screening of 69 
cultivars of soybean under 100 mM salt stress for 2 weeks. The cultivars were placed 
in three groups (highly susceptible, susceptible, and tolerant) considering their 
performances under selected parameters. Salt stress remarkably affected root and 
shoot length and weight, photosynthesis, chl contents, transpiration rate, and nodule 
weight in most of the cultivars. Among 69 cultivars only 10 were finally considered 
as tolerant, 3 were susceptible, and the rest 56 were highly susceptible according to 
their overall performances. Four soybean cultivars were tested for salt tolerance under 
80, 120, and 160 mM NaCl for 2 weeks. The tolerance level was estimated by leaf 
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scorch score on a 1–9 scale (1 = no chlorosis; 9 = necrosis). The prominent differ-
ences between tolerant and sensitive cultivars were obtained at 120 mM NaCl in soil. 
Through this process, Williams and Clark were found as the most sensitive cultivars 
where the most tolerant were HBK R5525 and AG5905. In addition, leaf and root Na+ 
and Cl− concentrations were analyzed where it was observed that in the leaf of sensi-
tive genotypes accumulated higher Na+ than the tolerant one. At root, the opposite 
results were reported [108]. The presence of a higher amount of soluble protein in a 
plant is a good sign of plant physiological state. Under salt stress, it triggers the plant 
signaling to express tolerant gene by protein upregulation and enhanced enzymatic 

Accession name Salt tolerance level Tolerance traits References

GmNcl1, GmNHX1 150 mM NaCl, 7 d Photosynthetic rates, concentration of leaf 
K+, Mg2+, and P

[62]

Fengzitianandou, 
Baiqiu 1

100 mM NaCl, 7 d Main root length, FW and DW of root, 
seedlings biomass, hypocotyls length

[101]

Java 7, Seputih Raman, 
Ringgit (JP 30217), 
Tambora, Sinyonya

100 mM NaCl, 35 d Salt tolerance rate, leaf chl content (SPAD 
value), shoot DW

[102]

GmSALT3 200 mM NaCl, 18 d Root and stem Na+ content [103]

PI 675847 A 200 mM NaCl Leaf scorch scores, cell membrane 
stability, photosynthesis and biomass 
accumulation

[104]

SA 88, CX-415 150 mM NaCl, 23 d Plant height, fresh and dry biomass of the 
shoot, relative leakage ratio, K+/Na+ ratio, 
proline (Pro) content

[105]

S04–05/150–114 90 mM NaCl, 8 h Secondary structure contents of the 
protein isolates (α-helix, β-sheet, turn, 
and irregular conformations)

[106]

Clark 200 mM NaCl, 60 d Nodule formation, leghemoglobin 
content, nitrogenase activity, auxin 
synthesis, MDA, and H2O2 content

[33]

En-b0–1, NILs72-T 150 mM NaCl, 21 d Plant DW, nodulation, leaf greenness, and 
N uptake

[107]

HBK R5525 120 mM NaCl, 14 d Leaf scorch score, leaf and root Na+ and 
Cl− concentrations

[108]

NILs72 120 mM NaCl, 28 d Plant DW, photosynthetic rate, stomatal 
conductance, Na+ and Cl− content (leaf, 
stem, petiole, roots)

[109]

Pusa-9712, PS-1572 180 mM NaCl, 7 d Seed germination, root and shoot length [110]

GC840 160 mM NaCl, 15 d Root and shoot length, FW and DW [111]

F3 60 mM NaCl, 72 h Level of gene and mRNA expression [112]

Lee 150 mM NaCl, 45 d Seed germination, shoot and root DW, 
and leaf mineral contents

[32]

BB52 300 mM NaCl, 7 d Water potential, RWC, Pro and glycine 
betaine (GB) content, changes of ion 
content in young and mature seedings

[113]

Table 4. 
Some of the salt-tolerant soybean genotypes as reported by researchers.



Plant Stress Physiology - Perspectives in Agriculture

60

activities [120]. Saad-Allah [121] conducted an experiment with six varieties of 
soybean (Crawford, G21, G22, G35, G82, and G83) under different levels of sea salt 
(8, and 16 dS m−1) and found that the least salt-affected cultivar was G82 in terms of 
the highest protein content. In addition to the genotype screening method, superior 
characteristic gene can be identified and isolated through exploring natural allelic 
variation. In this way, the isolated superior gene can be inserted into the targeted bet-
ter yield performing cultivars to develop salt stress tolerance. This gene-based allele-
specific multiple markers genotyping could be a prospective approach in developing 
more salt-tolerant varieties in the future [122].

4.2 Seed priming for salt tolerance in soybean

Priming, in the early stage of germination, can stimulate the metabolic processes 
that result in an enhanced germination rate with uniform emergence, which is very 
helpful for seeds to withstand different stresses particularly abiotic stress (Figure 3). 
Various types of priming (hydropriming, osmo-priming, nutrient priming, chemical 
priming, bio-priming, etc.) with different agents like water, inorganic compounds, hor-
mones, and nutrients are mostly used to improve the performance of plant morphology, 
physiology, leaf gas exchange, transpiration, photosynthesis and antioxidant activities 
[123, 124].

During the priming process, seeds are treated to enhance enzyme activity, 
decrease the imbibition period, increase metabolic reparation and improve germi-
nation-promoting metabolites. Additionally, primed seeds showed better osmotic 
adjustment by activating a cellular defense system that increases tolerance levels 
against abiotic stressors [125].

The advantageous effect of priming is also prominent in soybean, like many other 
plants. For instance, when pretreated (100 mg L−1 GA for 12 h) soybean seeds were 
sown, germination (88%), root and shoot length (16%), dry matter content of seed-
ling (30%), vigor index (22%) and field emergence (8%) were increased compared 
to control. The number of pods plant−1, seed pod−1, and seed yield of pretreated seed 
also seen to perform better by giving a higher value at 47, 19, and 26%, respectively 
than untreated soybean seed [126]. A positive interaction between genotypes and 
priming was seen in the first pod length of soybean. Whereas, using proper priming 
procedure that specially adapted to cultivar, resulted in better first pod length of 

Figure 3. 
Seed responses raised from primed seed lead to salt stress tolerance.
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soybean which is desirable for the breeder [127]. Priming with polyethylene glycol 
(PEG) for 12 h with controlled low osmotic potential (−1.2) generated a higher final 
germination percentage while lowering MGT and electrical conductivity at soybean 
seedling compared to unprimed seed [128].

To mitigate the devastating effect of salinity in soybean, priming can be a promis-
ing measure. For example, soybean seed primed with benzyladenine resulted in 
higher leaf area, stomatal density, RWC at 11, 51, and 46%, respectively, and in turn 
improved plant growth and morphology even under high salt stress (250 mM NaCl) 
compared to a non-primed seed. Moreover, the number of flowers and pods, which 
are considered as principal attributes of soybean yield, were recorded to increase by 
71 and 64%, respectively in primed seed under salt stress in comparison to non-
primed salt-stressed soybean. The same trend of improvement was also recorded in 
biochemical and physiological parameters, especially increased antioxidant activity 
(92%) of priming seed was noticeable [73]. Besides, improving the early growth 
characteristics (germination percentage, seedling shoot, and root lengths) priming 
can enhance the tolerance of soybean seedlings through uplifting the activities of 
𝛼𝛼-amylase, protease, and nitrate reductase along with the higher O2

•−, H2O2, and 
nitric oxide (NO) contents [75]. When 5% saponin was used as a biopriming agent 
in soybean under salinity, shoot characteristics were seen to develop with increasing 
length, FW, and DW by about 15, 17, and 12%, respectively over the NaCl stressed 
plant (without saponin). Saponin minimized the salt-induced damages not only by 
ameliorating the declination of chl and carotenoid contents by about 31 and 14%, 
respectively, but also improving the MSI (6%) through decreasing H2O2 and lipid 
peroxidation by about 25 and 28%, respectively in comparison to stressed plant with-
out saponin. They also made a remark that 5% saponin priming boost soybean seed-
ling’s ability to withstand salt stress by improving the antioxidant system through 
enhanced enzyme activities and ascorbic acid (AsA) content and decreased glutathi-
one (GSH) [53]. A similar trend of the beneficial effect of soybean was also recorded 
by Sheteiwy et al. [94] by using JA as a seed priming agent with a decreased Na+ and 
increased K+ concentrations under salt stress conditions compared to non-primed 
seed. In addition, a balanced regulation of endogenous hormones (e.g., ABA, GA, 
and JA) was recorded in the case of priming that in turn enhance protein production 

Figure 4. 
Effect of zinc (Zn) priming in soybean under salt stress (150 mM NaCl) (unpublished result).
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to induce a defense mechanism under salt stress. Interestingly, priming also can take 
part in anatomical changes to minimize the harmful effects of salinity. Generally, 
salt stress causes the destruction of mesophyll cells, as plasmolysis is a common 
phenomenon here and consequently water absorption deficiency occurs. On the 
contrary, priming can elude the plasmolysis of mesophyll cells of soybean under salt 
stress conditions and the number and size of plastoglobuli of leaf chloroplast were 
also lesser than normal salt-induced seedlings, which is the sign of less damage of 
thylakoid and photosynthetic capacity of mesophyll cells [129]. We also observed 
that soybean seeds pretreated with zinc sulfate (ZnSO4·7H2O) showed better growth 
performance under high salt stress (150 mM NaCl) compared to salt-stressed plants 
(without priming) (Figure 4; unpublished data). From this evidence, it can be 
concluded that priming not only improves the growth and developmental process 
of soybean seedlings but also enriches the metabolic performance and antioxidant 
capacity as well under salt conditions.

4.3 Agronomic managements

Like many other crops, various agronomic management practices can enhance 
salt tolerance in soybean. These management practices are mainly but not limited to 
manipulation of sowing times, mulching, water management, tillage management, 
soil amendments, fertilizer management, and so on. Manipulation of agronomic 
practices may affect soybean tolerance to salinity because salt gradient differs among 
the environmental conditions such as temperature, precipitation, and humidity. 
For example, An et al. [130] found that elevated humidity provided soybean better 
tolerance to severe salinity (120 mM NaCl, 3 weeks). Elevated humidity inhibited 
Na+ influx and improved root activity as well as stomatal conductance which are vital 
traits of salt tolerance in plants [130].

Various nutrient management showed enhanced tolerance of soybean to salt 
stress. In the salinity stress management of soybean, K+ plays an active role in 
increasing plant growth, development, and productivity [56]. Exogenous foliar K+ 
application was more efficient than seed priming in modulating soybean salt toler-
ance through growth, physio-biochemical attributes, yield, and seed quality. In brief, 
K+ caused more than 50% improvement in shoot length, shoot DW, leaves number, 
leaf area in salt stressed-soybean with higher total chl and carotenoid contents. This 
was because of the K-induced reduction in Na+ (69%) and Cl− (59%) accumulation 
as well as higher K+ accumulation (47%) and K+/Na+ ratio (361%). Higher content of 
total soluble sugar, Pro, and α-tocopherol with antioxidants activity by K application 
in stressed-plant also contributed to the suppression of ROS and membrane damage 
with better water content. In addition, K-mediated higher seed yield (92%) with seed 
protein (63%) and oil (59%) content in soybean showed its regulatory role in enhanc-
ing yield and quality attributes under salinity and proved its potentiality to be used 
as a sustainable approach for crop production under saline condition [56]. Calcium 
(Ca) is another essential plant nutrient which actively involved in plant signaling 
responses for increasing plant salt tolerance like soybean [131]. From the proteomic 
analysis, it was revealed that exogenous Ca-activated 80 and 71 proteins in cotyledon 
and embryo were involved in signal transduction, energy pathways, transportation, 
and protein biosynthesis. In addition, Ca supplementation caused the inhibition 
in proteolysis as well as increment in the gamma-aminobutyric acid (GABA) and 
polyamines, osmolytes, and secondary metabolites accumulation for attuning salt 
tolerance in germinating soybean [131]. Likely, as a micronutrient for instance boron 
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(B) not only perform a significant role in plant physiology and development but also 
provide protection in soybean against salinity (up to 150 mM NaCl). Supplemental 
B regulates the different physiological processes and improves the cellular structural 
integrity in plants under salinity, as evidence it increased shoot FW, chl content, leaf 
RWC, and Pro accumulation with lower EL as growth enhancement, osmotic stress 
mitigation, and membrane stability indicator, respectively [92]. This elevated Pro 
indicated B-mediated osmoregulation to enhance osmotic status (Leaf RWC) under 
salinity in soybean. Thereafter, Rahman et al. [45] studied the response of soybean 
plants under varying degrees of saline condition with supplementation of B alone 
or in combination with selenium (Se). Although separate supplementation of B and 
Se caused better growth and water content in salt-stressed soybean, their combined 
foliar application was better to alleviate stress toxicity under different levels of sever-
ity. For instance, the combined application of Se and B improved leaf RWC, leaf area, 
shoot height, and FW [45]. Further comprehensive studies are required to find out 
how and which nutrient will give more salt tolerance mechanisms together besides 
their nutritional value. In the study of Alharby et al. [5], only Se was applied as a 
foliar spray on salt-stressed soybean and confirmed Se-induced restoration of Pro, 
leaf RWC, higher chl accumulation. Therefore, such better growth, water status, and 
chl contents by 50 μM Se contributed to improvement of yield contributing and yield 
of soybean upon salinity. When soybean plants at an early stage were supplemented 
with foliar application of K (KCl and K2SO4), they showed enhanced tolerance to 
salt stress (6 and 12 dS m−1) [132]. Especially, K enhanced the levels of antioxidant 
activities and secondary metabolites such as total polyphenol, flavonoid, chl, and 
carotenoid contents. However, these authors suggested that the appropriate K concen-
tration should be fine-tuned and they also found that K2SO4 showed a better positive 
effect than KCl [132]. Organic amendments help in providing plants in improving soil 
and providing plant defense systems. For instance, chitosan-modified biochar (CMB) 
increases soybean tolerance to salt stress by enhancing plant morpho-physiology 
and antioxidant defense as reported by Mehmood et al. [133]. The addition of CMB 
resulted in 55 and 29% reduction of root Na content compared to the plants treated 
with salt (40 and 80 mM NaCl) alone. Shoot Na content was also decreased in the 
same way which was as low as 65 and 51%, respectively. These CMB treated plants 
produced higher osmolytes (GB and Pro), decreased H2O2 and MDA levels in plants. 
This was due to the upregulation of the antioxidant enzymes viz. catalase (CAT), 
ascorbate peroxidase (APX), peroxidase (POD), and superoxide dismutase (SOD) 
[133]. Adding water hyacinth compost and rice husk biochar (5 and 10 t ha−1) also 
provided soybean plant tolerance to salinity (5 and 10 dS m−1) as reported by Ferdous 
et al. [134]. However, rice husk biochar at the rate of 5 t ha−1 provided better results 
and it was prominent on the plants grown at 10 dS m−1 salinity.

4.4 Application of different stress elicitors

There is a necessity to utilize external stimulation in parallel with plants’ inher-
ent tolerance mechanism to tolerate salinity. Use of exogenous protectants such 
as phytohormones, antioxidants, amino acids, osmolytes, signaling molecules for 
regulating soybean salt tolerance mechanism to sustain better growth,  
development, and yield (Table 5).

Plant hormones cause plant growth and development and are widely used for that, 
but they also play significant roles in mitigating the adverse effects of salinity to crop 
production. Exogenous application of kinetin (a synthetic cytokinin) significantly 
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Extent of salt 
stress

Stress elicitors Tolerance responses to salinity Reference

100 mM 
NaCl, 14 d

5 μM kinetin Enhanced endogenous JA and SA 
contents with reduction of ABA
Improved growth and chl content
Improved isoflavones concentration

[135]

100 mM 
NaCl, 23 d

5 μM GA3 Promoted shoot length, plant FW and 
DW, chl content
Increased daidzein and genistein contents
Improved bioactive gibberellins (GA1 and 
GA4) and JA
Declined endogenous ABA and SA

[136]

10 dS m−1 
NaCl

1 mM SA Increased N and sulfur (S) contents
Improved seed yield and quality with 
higher content of protein and amino acid

[86]

100 mM NaCl 200 mg L−1 SA Increased chl content
Augmented Pro accumulation
Increased sugar and starch contents

[137]

100 mmol L−1 
NaCl, 21 d

60 μmol L−1

JA
Improved water content, water potential, 
osmotic potential, and WUE
Increased net photosynthetic rate, 
transpiration rate, stomatal conductance, 
intercellular CO2, and total chl content by 
60, 51, 78, 40, and 42%, respectively
Improved ABA, GA, JA by 61, 63, and 
52%, respectively
Decreased Na+ concentration with higher 
K+ in both leave and root tissue
Increased shoot and root length with both 
FW and DW

[94]

80 mM NaCl, 
16 d

10 μM NO as 2,2′ 
(hydroxynitrosohydrazono) 
bis-ethanimine

Improved plant growth as evidenced by 
higher shoot, root, and nodule weights 
and nodule numbers
Lowered H2O2 to basal levels
Reduced cell death

[138]

100 mM 
NaCl, 7 d

100 μM NO as SNP Decreased Na+ content with higher K+ 
and Ca2+ uptake
Increased germination percentage
Increased anthocyanins and flavonoid 
content

[27]

70 mM NaCl, 
15 d

50 μM NO as SNP Improved shoot and root length
Reduced browning, tissue drying, and 
increased plant survivability
Increased chl and Pro contents with 
better RWC
Stabilized Na+ and K+ ion ratio

[139]

100 mM 
NaCl, 28 d

10 μM NO as SNP Increased root FW (38%), shoot FW 
(29%), whole plant DW (75%), root DW 
(58%), shoot DW (27%), and whole plant 
DW (29%)
Increased chl a (38%), and chl b (44%) 
contents
Reduced Na+ content in leaf (117%), and 
root (119%)
Improved K+ content in leaf and root

[140]
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Extent of salt 
stress

Stress elicitors Tolerance responses to salinity Reference

200 mM 
NaCl, 12 h

150 μM NO as SNP, 2 d Increased ABA content and reduced 
stomatal conductance
Increased RWC and chl content

[141]

15 mM NaCl Pro, 25 mM Lowered Na+ accumulation.
Elevated K+ and N contents
Increased shoot DW and Pro content with 
reduction of EL

[142]

11 dS m−1 
NaCl

Foliar spray of GB at 
10 kg ha−1

Reduced Na+ and Cl− uptake
Increased number of lateral branches 
(33%), pods plant−1 (49%), and grain 
yield (71%)
Increased endogenous GB content

[143]

50 mM NaCl, 
7 d

2 mM GSH Increased plant height, branch number
Increased pod number about 12–60% 
with increment in seed number pod−1

Improved 100-seed weight as well as yield 
plant−1

Reduced H2O2 and MDA contents

[46]

150 mM NaCl, 
39 d

1 mM GSH Increased shoot length, leaf number, and 
leaf area
Enhanced pod number, 100-seed weight, 
seed protein, and oil percentage
Improved total chl content, chl 
florescence, and performance index.
Increased RWC and membrane stability 
with reduction of EL
Elevated AsA, GSH, and α-tocopherol 
content
Reduced Na+ uptake with higher 
accumulation of N, P, K, and Ca

[58]

3 and 6 g L−1 
NaCl, 30 d

40 mg L−1 cysteine Augmented the content of chl a, b, and 
carotenoid
Elevated Pro accumulation and the 
content of N, P, and K
Lowered the generation of H2O2 and 
MDA
Increased yield with higher seed oil 
content

[54]

7.46 dS m−1 
NaCl, 70 d

6 mM K as K2SO4 Enhanced leaf number (74%), leaf area 
(52%), and shoot DW (56%)
Increased chl and carotenoid contents by 
185 and 20%, respectively
Enhanced K+ content with reduction of 
Na+ and Cl− uptake.
Improved Pro accumulation
Reduced the contents of H2O2 and MDA
Improved seed yield and quality

[56]

6 dS m−1 
NaCl, 45 d

50 μM Se, as Na2SeO4 Increased plant growth and chl content
Improved Pro content with better water 
status.
Reduced H2O2 generation and membrane 
damage
Improved seed yield

[5]
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improved soybean growth attributes including plant height, plant FW and DW, chl 
contents under saline conditions [135]. Kinetin directly enhances isoflavones biosyn-
thesis as well as modulates phytohormone crosstalk which are involved in soybean 
growth regulation and stress resistance. Very recently, exogenous salicylic acid (SA) 
recovered significant soybean growth and yield along with elevated RWC, osmolytes 
accumulation, the content of chl, sugar, and starch in soybean as well as the reduc-
tion in the accumulation of toxic Na+ under salinity [145]. Therefore, SA is able to 
alleviate the salt-induced both ionic and osmotic stress in soybean through regulating 
ionic and osmotic balance, respectively. Similarly, JA foliar spray showed better water 
content and water use efficiency (WUE) along with improved chl content, intercel-
lular carbon dioxide concentration, stomatal conductance, and transpiration rate 
which ultimately resulted in a higher net photosynthetic rate in salt treated-soybean 
[94]. Therefore, JA-mediated lower Na+ and higher K+ accumulation, regulation of 
osmolyte content, and improvement in plant hormone syntheses like ABA, GA, and 
JA resulted in better salt tolerance mechanisms in soybean [94].

Signaling molecules have important roles in improving various physiological 
attributes and adaptive mechanisms to recover plant growth against salinity. Nitric 
oxide (as sodium nitroprusside, SNP) supplementation significantly increased K+ and 
Ca2+ uptake with inhibition of toxic Na+ uptake and thus promoted ion homeostasis 
followed by stimulated activities of polyphenol oxidase and phenylalanine ammonia 
lyase of soybean in salt exposure [27]. Thus, NO-mediated higher content of flavo-
noids and anthocyanins suggested the NO might be affected the biosynthesis path-
ways of pigments to confer salinity tolerance. But the combined application of NO 
and SA showed more effective functional roles in salt mitigation by decreasing NaCl-
induced damaging effects than individual use. The exogenous NO is also effective in 
alleviating the long salt toxicity of soybean as evidenced by higher growth parameters 
like not only shoot and root growth but also nodule weights and nodule number [138]. 
In addition, NO-mediated stimulation in antioxidants activities was reported which 
contributed to attaining higher salt tolerance and growth. From the recent study, it 
has been disclosed about NO-mediated higher chl content, better growth attributes, 
and maintenance in ion homeostasis [140]. The role of osmoprotectants including Pro 
and GB had been proved to increase salt tolerance in soybean with the indication of 
suppression in osmotic, ionic, and oxidative stress markers significantly [146].

As an important bioregulator, the amino acid has effective regulatory roles in plant 
growth, development, and productivity with active roles in scavenging excess ROS, 
thus increasing researchers’ thirst to use in the regulation of plant stress management. 

Extent of salt 
stress

Stress elicitors Tolerance responses to salinity Reference

9 dS m−1 
NaCl, 8 weeks

AsA at 100 and 200 mg L−1 Increased nutrients contents like N, P, K, 
Fe, manganese (Mn), and Zn
Reduced Pro content
Improved chl and carotenoid content
Improved growth, yield attributes, and 
quality.

[81]

Sandy coastal 
soil

Seaweed compost, 60 t ha−1. Increased plant growth rate, root DW, 
and pod number

[144]

Table 5. 
Exogenous stress elicitors-induced salt tolerance in soybean.
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In accordance, as a precursor of GSH containing non-protein thiol, cysteine actively 
improves plant stress responses upon adverse environmental conditions [54]. Foliar 
application of cysteine significantly improved nutrient accumulation by plants with 
higher osmoregulation reflected as augmented Pro content in salt-treated soybean. Not 
only that, cysteine-treated plants showed lower ROS generation and membrane damage 
as recovered from salt-induced oxidative stress. Therefore, salinity-mediated growth inhi-
bition with suffering from lower photosynthetic pigments contents alleviated by cysteine 
application and thus soybean showed higher tolerance attributs under stress condition.

Glutathione is a vital component of plant antioxidant defense mechanism and 
also plays a key role in regulating ROS management, thus GSH had been used as a 
protectant to increase salt tolerance of soybean as well as to explore the mechanism of 
GSH [46]. Such exogenous GSH application improved soybean salt tolerance behavior 
through minimizing stress-induced oxidative stress and thus caused improvement in 
yield attributing characters leading to higher yield.

4.5 Use of beneficial microbes

Besides plant growth improvement, microbial inoculants including bacteria, 
fungi, and microbial symbiosis have been already enlisted for increasing plant stress 
tolerance including salinity [72]. Plant growth-promoting rhizobacteria (PGPR) are 
the potential to improve plant growth by mitigating salt toxicity, where plant and 
soil health are benefitted from the interaction of roots with these microorganisms 
and plant roots [80]. Bacillus firmus SW5 showed the protective role on salt stressed-
soybean by increasing growth and biomass production [80]. Bacterial inoculation also 
caused higher nutrient accumulation, the content of chl, osmolytes (GB and Pro), 
soluble sugar, phenolic compound and also gas exchange parameters in stressed-
soybean. Both Bradyrhizobium japonicum USDA 110 and Pseudomonas putida TSAU1 
coordinately enhanced soybean growth and root architectural traits under saline 
conditions due to higher auxin production [147]. This better root growth in length, 
number, and surface area later contributed to higher nutrient absorption from the soil. 
Five different strains of PGPR including Arthrobacter woluwensis AK1, Microbacterium 
oxydans, A. aurescens, B. megaterium, and B. aryabhattai significantly improved 
soybean tolerance to salinity [4]. These salt-tolerant stains not only improved nutrient 
accumulation and chl biosynthesis, but also caused the improvement in hormonal 
regulation like higher indole-3-acetic acid (IAA), GA production with decreasing 
ABA content in soybean under 200 mM NaCl. In addition, halotolerant PGPR bacteria 
could be used as a biological safe tool for increasing plant growth by alleviating salt 
toxicity [4]. Arbuscular mycorrhizal fungi (AMF) were used for increasing the salin-
ity tolerance of both salt-tolerant and sensitive cultivars of soybean [33]. Salt-stressed 
soybean showed better plant growth with higher nodule formation, leghemoglobin 
content, and nitrogenase activity under salinity with AMF inoculation irrespective of 
tolerance level, whereas higher AMF inoculation was detected in tolerant genotype. 
Plant hormones have a stimulating role in plant growth maintenance as an essential 
member of metabolites and in such fungal symbiosis with soybean, auxin exhibited 
a prime signaling role in between AMF and host plants. Hashem et al. [33] observed 
such increment in IAA and indole-3-butyric acid (IBA) level in AMF inoculated 
salt-stressed soybean regardless of cultivars. Therefore, the salt tolerance ability of 
soybean through microbial association is enhanced due to the stimulation in endog-
enous growth hormone followed by better root growth, nutrient acquisition [33, 
147]. These AMF also contributes to mitigate salt-induced oxidative stress in soybean 
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Salinity levels Microbial inoculation Tolerance responses to salinity Reference

200 mM NaCl Mycorrhizal fungi 
Funneliformis mosseae, 
Rhizophagus intraradices, 
and Claroideoglomus 
etunicatum

Improved the nodule formation and plant 
root structure
Increased nutrient accumulation
Enhanced the content of auxin and chl
Lowered H2O2 production and membrane 
damage

[33]

100 mM NaCl, 
22 d

Bradyrhizobium 
japonicum

Prompted root nodulation and seedling 
growth
Increased chl and carotenoids content
Improved maximum photochemical 
efficiency of PSII
Decreased EL
Maintained ultrastructure of thylakoid 
and chloroplast of mesophyll cells
Raised root isoflavone content

[148]

120 mM NaCl, 
10 d

Bacillus amyloliquefaciens 
H-2-5

Enhanced plant growth with 10% higher 
shoot length and GA4 content
Lowered the concentration of ABA, SA, 
JA, and Pro

[149]

150 mM NaCl Rhizobium sp. SL42 and 
Hydrogenophaga sp. SL48, 
co-inoculated with B. 
japonicum 532C

Increased shoot biomass, seed weight, and 
grain yield.
Enhanced N assimilation and shoot K+/Na+

[150]

100 mM NaCl, 
7 d

Pseudomonas sp. strain 
AK-
1, and Bacillus sp. strain 
SJ-5

Increased plant FW with higher chl 
content
Enhanced water content with higher Pro 
accumulation and thus lowered osmotic 
injury
Elevated photosynthesis activity
Suppressed MDA production

[14]

70 and 140 mM 
NaCl, 7 d

Porostereum spadiceum 
AGH786

Increased seedlings’ growth and reduced 
transpiration rate
Enhanced GA content with reduction of 
ABA and JA production
Increased isoflavones content

[151]

120 mM NaCl, 
10 d

Pseudomonas putida 
H-2-3

Enhanced the shoot length and FW
Increased chl content.
Reduced the contents of ABA and SA with 
higher content of JA
Decreased Na+ content
Lowered the total polyphenol with 
increment in total flavonoid content

[152]

75 mM NaCl, 
42 d

B. japonicum BDYD1
Stenotrophomonas 
rhizophila ep-17

Increased plant growth attributes like root 
length, shoot length, shoot and root DW
Elevated nutrient uptake including N and 
P with a higher number of nodules

[147]

75, and 150 mM 
NaCl, 46 d

Arthrocnemum 
macrostachyum, 7 and 
14 d

Increased shoot and root length, FW of 
shoot and root, and their DW with higher 
leaf number
Reinforced the chl a, b, and carotenoids, 
soluble sugars, and proteins contents
Decreased MDA and H2O2 contents
Increased Pro, total free amino acids, total 
phenols, and AsA content

[51]
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by suppressing membrane damage and ROS generation [33]. Beneficial microbes-
induced modulation of different mechanisms for attaining better salt tolerance in 
soybean has been summarized in Table 6.

4.6 Enhancing antioxidant defense

Enhancing the productivity of the antioxidant defense system and synthesis of 
antioxidant enzymes may provide a safeguard against salinity-induced oxidative stress 
[154]. In soybean, salt tolerance can be elevated by enhancing the activity of antioxi-
dant enzymes viz. CAT, APX, glutathione peroxidase (GPX), glutathione reductase 
(GR), POD. Higher enzymatic activity helps to repair the ROS-induced membrane 
dysfunctions, which ultimately accelerates plant growth by maintaining chloroplasts 
and other cell organelles. Such regulatory effects of the antioxidant defense system 
were observed in different experiments (Table 7). Application of different types of 

Salinity levels Microbial inoculation Tolerance responses to salinity Reference

70 and 140 mM 
NaCl, 7 d

Metarhizium anisopliae 
pretreatment, 21 d

Increased plant growth with higher leaf 
area and chl content
Improved transpiration and 
photosynthesis rate
Elevated Pro content with suppression of 
MDA generation
Reduced ABA with higher JA contents
Increased isoflavonoids content from 9 
to 17%

[153]

Table 6. 
Beneficial microbes-mediated mechanism in increasing salt tolerance of soybean.

Dose and duration of salt stress Changes in antioxidant defense level and enzyme activities Reference

150 mM NaCl, 39 d The activities of SOD, CAT, and GPX were increased
Enzymatic protein content in leaf was reduced

[58]

200 mM NaCl, 21 d FeSOD, POD, CAT, and APX activities in root were improved [94]

3 and 6 g L−1 NaCl, 30 d Increased CAT activity, but reduced SOD activity [54]

100 mM NaCl, 25 d Salt stress increased SOD, CAT, APX, and GR activities by 31, 16, 
20, and 11%, respectively

[53]

7.46 dS m−1 NaCl The activities of SOD, CAT, APX, and GPX were increased [56]

100 mM NaCl, 2 d CAT and APX activities were increased by 3.6 and 1.4-folds, 
respectively

[59]

200 and 400 mM NaCl, 69 d Activities of CAT, APX, and GR were increased with increasing 
salt concentrations
APX activity was higher in Clark under 200 mM salt treatment

[31]

100 mM NaCl, 30 d SOD, APX, and GR activities were increased by 37, 40, and 33%, 
respectively
Reduced AsA by 16% while increasing GSH and tocopherol 
content by 27 and 15%, respectively

[91]

100, 200, 300 mM NaCl, 10 h Increased the activities of polyphenol oxidase and POD
Total protein content was increased
Reduced GSH concentration was observed

[4]

Table 7. 
Regulation of antioxidant defense system by enhancing enzyme activities in soybean.
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phytoprotectants, trace elements, nutrient elements, or organic acids play vital roles 
to increase plant antioxidant defense capacity under salt stress [154]. In addition, 
different gene expression is triggered by salt stress that can enhance the activity of anti-
oxidant enzymes to provide a defense under prolonged salt conditions. For example, 
Mehmood et al. [133] observed the higher activity of four antioxidant genes (CAT, APX, 
POD, and SOD) and two salt-tolerance conferring genes (GmSALT3 and CHS) under 40 
and 80 mM salt stress in 13 soybean cultivars. The result suggested that when the CMB 
was used as a protectant under salt stress, the expression profile of salt-tolerant genes 
GmSALT3 and CHS get increased and their expressions are high during the vegetative 
stage of the crop which is significantly affected during salinity stress.

Superoxide dismutase, as an antioxidant enzyme plays a vital role under differ-
ent abiotic stresses, and their functions are well documented during oxidative stress. 
However, the role of SOD family genes under salt stress is little explored. Lu et al. [155] 
observed the SOD gene expression under 50 mm NaHCO3 for 6 and 12 h. However, the 
soybean transcriptome data under alkaline stress revealed that six soybean SOD genes 
were differentially expressed under salt stress. Among them, only GmFSD3, GmFSD5, 
and GmCSD5 were all up-regulated under alkaline and salt stress, which denote that 
they might have a positive regulatory role under such stress condition. The differential 
expression of GmFSD3 and GmFSD5 in soybean leaves and roots suggests that these 
two genes may be involved in different signaling pathways under salt stress.

5. Conclusion and perspectives

Salinity has a destructive effect on plants by imparting osmotic stress as well as 
ionic imbalance and toxicity. Soybean is a moderately salt-sensitive crop and cannot 
withstand saline conditions for a long duration. Most of the cultivated soybean are 
glycophytic in nature and originated through the domestication or cross-breeding 
with the wild type of soybean. This is why the yield performance, growth, and quality 
of the cultivated soybean are lower under salt stress. Soybean is a crop of versatile 
uses as both human food and animal feed. Therefore, the yield or prior reproductive 
development should be emphasized while considering different attributes for studies. 
Avoidance or escape mechanisms should be introduced to ensure the expected yield 
from soybean whether it is cultivated in favorable or unfavorable environmental con-
ditions. Many research works have been conducted related to the soybean responses 
and tolerance to salt stress. However, these results are largely inconsistent due to the 
genotypic and experimental variations. However, the precise mechanisms of salt 
stress tolerance and finding the biochemical, molecular, and genetic bases of such 
mechanisms should be investigated comprehensively. Tailoring salt-tolerant traits is, 
therefore, a vital task for future plant biologists. Screening large number of genotypes 
and finding the appropriate genotype for saline environment would overcome the 
hindering of soybean production in those areas. These interventions would provide 
breeders and agronomists with climate-resilient soybean cultivation packages in the 
changing world to ensure global food security.
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Chapter 4

Accelerated Methods of 
Determining Wheat Genotypes 
Primary Resistance to Extreme 
Temperatures
Alexandru Dascaliuc

Abstract

Several morphological and functional mechanisms determine the resistance of 
plants to extreme temperatures. Depending on the specificity of mechanisms of 
action, we divided them into two groups: (1) the mechanisms that ensure the avoid-
ance/reduction of the exposure dose; (2) functional mechanisms which increase plant 
resistance and ability to recover damages caused by stress through regulation meta-
bolic and genes expression activity. We developed theoretical and practical methods 
to appreciate the contribution of parameters from both groups on the primary and 
adaptive resistance of different wheat genotypes. This problem became more compli-
cated because some properties are epigenetically inherited and can influence geno-
types’ primary (initial) resistance to stressors. The article describes results obtained 
by the accelerated determination of the initial resistance of wheat (Triticum aestivum 
L.) genotypes to temperature stress and the prospects for their implementation in 
the selection and development of methods for rational choosing wheat varieties for 
cultivation under specific environmental conditions.

Keywords: wheat genotypes, temperature stress, primary resistance, adaptive 
resistance, accelerated stress resistance tests

1. Introduction

As a result of the global warming trend, environmental conditions are changing; 
the frequency of periods with extreme temperature and their intensity is increasing. 
Between 1990 and 2015 the earth’s global average surface temperature has linearly risen 
relative to the average surface temperature of 1961–1990 by 0.9°C [1]. At the same 
time, according to expectations, if the average temperature rises by one degree, the 
expected wheat production will decrease by 6% [2]. Environmental changes influence 
the rate of growth, development, survival, and productivity of plants. That determines 
the necessity to develop effective breeding methods and technologies for growing 
hybrids and genotypes following the specific conditions of each plant cultivation 
region. The success of solving these problems depends on elucidating the mechanisms 
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that influence the resistance of plants to the action of extreme temperatures. Their 
knowledge allows specialists to select plant varieties well adapted to the new condi-
tions and rationally distribute the existing genotypes for cultivation in the appropriate 
areas, thus achieving their biological potential. However, depending on the duration 
of exposition, the temperatures outside the optimal range, specific to each genotype, 
can have serious consequences, causing a decrease or complete loss of the harvest. The 
resistance of plants to the action of temperature stress factors depends on integrating 
processes at the molecular, subcellular, cellular, tissular, and whole plant levels [3]. The 
dynamics and integration of these processes determine the primary resistance and the 
capacity of plants to adapt to changes in environmental conditions [3–5]. The primary 
(initial) resistance and adaptive capacity of plants to stressors vary [6, 7]. The mor-
phology of plant organs [4], seed vigor, and viability [8] change under environmental 
conditions. They influence both the mechanisms of avoiding/reducing the dose of the 
stress factor, determined by multiplying the temperature value (the intensive factor) 
to the duration of exposure (the extensive factor), and the efficiency of the genetic and 
epigenetic mechanisms of inheriting the primary and adaptive plants resistance to the 
action of the stress factor [3, 9]. We should consider that some epigenetically inherited 
characteristics can be gradually eliminated [9, 10]; therefore, they do not necessarily 
remain inherited in the next generation. These mechanisms may cause the changes in 
primary and adaptive resistance of genotypes to stressors.

Given the complexity of the mechanisms that determine the resistance of plants to 
temperature stress and the specific manifestation in biological systems with different 
levels of organization and stage of ontogenesis [3, 4], it becomes clear the need to 
elucidate their interactions. To clarify the specificity of the response of autumn wheat 
plants to extreme positive and negative temperatures, we introduced in research the 
seeds of different wheat genotypes reproduced in Moldova and Ukraine. The survival 
and productivity of winter wheat plants depend on the complex processes of their 
adaptations to winter frosts, summer heat, and drought. Therefore, the specificity of 
the resistance inheritance and developing the adaptation processes to environmental 
conditions of wheat during winter and summer is of theoretical and practical interest. 
Furthermore, the reaction of biosystems to thermal stress complexly depends on the 
exposure dose. With increasing the value of stress-inducing temperature, the biologi-
cal effect of the particular dose also increases [3, 4]. Therefore, to compare the resis-
tance of different wheat varieties to extreme temperatures, we chose the temperature 
level and duration of exposure, which applied to varieties with medium resistance 
will cause a 50% decrease in the value of the studied parameter. The parameters can 
be different: percentage of seed germination, accumulated plant biomass, crop yield, 
etc. By applying this procedure, we were able to arrange wheat genotypes according to 
their resistance to stress. The objectives of our researches with different winter wheat 
genotypes were the following:

1. To develop the accelerated methods of determining the wheat genotypes’ 
 primary resistance to the action of high temperatures and frost.

2. To use the elaborated methods for evaluation of the wheat genotypes’ primary 
resistance to the action of high temperatures and frost.

3. To determine the influence of the environmental conditions of seeds reproduc-
tion and their storage during 1 year on wheat genotypes’ primary resistance to 
heat or frost.
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2. Materials and methods

Our studies used the seeds of different varieties and lines of hexaploid wheat 
reproduced in Ukraine and Moldova. In the beginning, we calibrated the wheat seeds 
by volume, passing them through sieves with 2.4–2.6 mm diameter. Next, they were 
immersed in a 0.1% potassium permanganate solution for 20 min, thoroughly washed 
with a tap, then with distilled water. After soaking in water at +4°C, we exposed the 
seeds to heat shock (HS) by immersing them in the water at a specified temperature 
for a particular time, maintained with an accuracy of ±0.05°C using an ultrathermo-
stat U10 (Germany). The shock with negative temperatures (SNT) was provided by 
seeds incubation in an air thermostat Rumed 3401 (Germany) for 8 h, maintaining 
the air temperature with an accuracy of ±0.5°C. In the studies, we installed two con-
trol variants: first for experiments with determining the wheat genotypes’ resistance 
to frost, and second, for determining their resistance to high temperatures. Before 
applying for germination, we incubated the seeds of control variants at a temperature 
of +24°C for an additional 8 h or 30 min, equal to the duration of exposure to SNT or 
HS in experimental variants. Seeds of experimental and controls variants were then 
germinated in Petri dishes, 25 wheat seeds each, in triplicate, in the dark, at 25°C, 
and 75–85% relative humidity. The reaction of seeds of individual wheat genotypes to 
SNT, or HS, was judged by the percentage of seeds germinating within 5 days. After 
5 days of incubation at +25°C, we mentioned that germinated at least 95% of wheat 
seeds from the control variants. Therefore, the genotype’s response to SNT, or HS, 
was judged directly based on the percentage of seeds germinated in the experimental 
variants. To determine the statistical validity of the obtained data, we calculated the 
average value from at least three experiments repetitions, the standard deviations of 
average, and the credibility of the differences between the average values [11].

3. Results and discussions

3.1  Preparation of seeds for the appreciation of hexaploid wheat genotypes’ 
primary resistance to high temperatures and frost

The data presented in Figure 1 shows the kinetics of water accumulation by the 
seeds of wheat variety Odesskaya 267. We described the dynamics of increasing seeds 
humidity with the duration of immersion in water from 0 to 130 h by the polynomial 
equation of dependence Yx = −0.0034x2 + 0.7114x + 12.605, where Yx is the moisture 
content of seeds depending on the duration of incubation-x. In general, there was a 
tendency to decrease water accumulation speed with increasing duration of immers-
ing the seeds in water. By the rate of water accumulation, we separated the imbibition 
into two phases: phase I—from 0 to 30 h (initial active water adsorption), and phase 
II—from 30 to 130 h (plateau phase). Figure 1 shows the data corresponding to 
these phases marked in blue and dark blue, respectively. The increasing of the seed’s 
humidity in interior of phase I is described by equation Yx = −0.0191x2 + 1.3766x + 
7.4948, and phase II—by equation Yx = −0.002x2 + 0.4822x + 19.328. Comparing the 
three equations, we can observe that in all the increases of the humidity percentage 
with the increase of the imbibition time, the linear component influence dominates 
due to the high value of the coefficient. As expected, the value of the linear coefficient 
in phase I of imbibition is much higher than in phase II (1.3766 and 0.4822; the ratio is 
equal to 2.886). For the total period of immersing in the water, in a period between 0 
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and 130 h, as expected, this coefficient of linear proportionality was lower than that 
characteristic for interval I and higher than in interval II, being equal to 0.7114. The 
average values of the seed moisture growth rate in each phase confirm these data. The 
mean growth rate of seed humidity during the total immersion time in the water was 
equal to 0.29% per hour when phases I and II were equal to 0.77 and 0.16% per hour.

During 130 h of imbibition at 4°C, the germination of the seeds did not occur. 
Therefore, there was no transition to faze III, characterized by a further increase in 
the rapidity of water imbibition and prominence of the radicle [8, 12]. The seeds’ 
imbibition in water during 130 h at 4°C was not associated with finalizing the embry-
onic axis extension up to a level that ensures germination expression. The mentioned 
legitimacies correspond to the stages of water accumulation in the seeds in a state of 
dormancy described in the specialized literature. The germination and the appear-
ance of the radicle take place only in phase III of germination [4, 9]. The radicle’s 
formation by seeds was not detected even after 130 h of immersion in water in our 
experiments.

The conditions developed for preparing seeds for germination and determination 
of the integral kinetics of wheat seeds imbibition with water, shown in Figure 1, 
were the necessary steps for appreciating the wheat genotypes’ primary resistance 
to high temperatures and frosts. The resistance of biological systems to biotic and 
abiotic stressors depends on the processes at different levels of their organization. In 
general, external factors can induce stress, specifically influenced by the nature, dose 
of the stressor, and specificity of the mechanisms determining the plant’s resistance. 
The higher the exposition dose that initiates the stress state, the higher the biologi-
cal system’s resistance to a specific stressor. Stress tolerance can also be induced 
by external factors and allow organisms to survive the action of lethal doses when 
previously exposed to moderate levels of the stressor [3, 4]. This type of induced high 
level of extreme temperatures tolerance is maintained only for a limited period. It cor-
responds to the processes defined as acclimation [4]. From the above, it results that at 
any stage of ontogenesis, the total resistance of the plant depends on two components: 
(1) the initial (primary) resistance, and (2) the secondary resistance [13], induced by 
environmental factors, superimposed on the plant’s primary resistance.

Figure 1. 
Dynamics of increasing the humidity (I) in the wheat seeds, variety Odesskaya 286, depending on the duration of 
immersion in water at a temperature of 4°C. Y(0–32h), Y(32–130h), and Y(0–130h)—The polynomial approximation of 
increasing seeds humidity approximation on intervals of 0–32, 32–130, and 0–130 h of imbibition, respectively.
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During ontogenesis, due to adaptation processes, the resistance of genotypes to 
stress factors varies considerably. The induced level of adaptation depends on both 
the genotype and the dose of stress factor [12–14]. Therefore, the correct distribution 
of genotypes by resistance requires their synchronization in an identical physiologi-
cal state. In each moment, the entire plant’s stress resistance depends on the primary 
stress resistance, superimposed by the induced adaptations, named the secondary 
resistance, and the mechanisms that assure stress avoidance [4, 12, 14]. Thus, the 
plants’ total resistance to abiotic stress depends on three groups of mechanisms: pri-
mary resistance, resistance by avoidance, and resistance due to adaptations performed 
in ontogenesis. Considering this, when preparing wheat seeds for germination, the 
results of which are presented in Figure 1, the seeds imbibition with water were 
provided under conditions excluding the induction of adaptations. The use of seeds 
prepared for germination in this way opens up the possibility of directly assessing 
the primary resistance of the wheat genotype to extreme temperatures, excluding 
the influence of adaptation and avoidance mechanisms. Because of the variability 
of adaptive resistance, determined functionally and by avoidance, the correct 
determination of the genotype primary resistance is an important and challenging 
problem. The physiological state of plants depends not only on the genetic identity, 
age, and current environmental conditions but also on their previous adaptations to 
the environment during ontogenesis. The specially designated experiments showed 
that the hexaploid wheat genotypes’ primary frost resistance constitutes only 14–33% 
of the value of total frost resistance achieved after inducing the maximum level of 
hardening [15, 16].

In natural conditions, the synchronization of seeds’ physiological state occurs 
during their formation, maturation, and entry into the dormancy [8]. In the quiescent 
embryos of wheat seeds, cells are in the G1 phase of the cell cycle, the transcription 
and the mitotic cycle are stopped [8, 13, 16, 17]. At the initiation of germination, 
in all seeds, the physiological states of quiescent embryos are practically identical. 
However, several factors can disrupt the synchronization state of embryo cells in the 
transition of wheat seeds from a quiescent state to the germination stage. The period 
of different grains maturation in the wheat plant’s ear is non-uniform. In addition, the 
environmental conditions which can be different during the plants ripening influenc-
ing the size, structural and functional characteristics of the grains. The specificity of 
internal and environmental conditions during seed maturation and emergence from 
dormancy can disrupt the synchronization of embryonic cells due to their capture 
at different stages of mitosis [8, 13, 17]. Probably, the accumulation of most cells in 
the G1 phase of the cell cycle manifests itself only under conditions optimal for their 
maturation and desiccation of the grain, when the moisture content of the embryos 
gradually decreases to about 10%. These factors can generally disrupt the uniformity 
of the release time of wheat seeds from dormancy during the germination period. 
Germination starts with moistening and is completed when the extending radicle 
penetrates the structures that surround the seed [12].

The heterogeneity of the seeds’ physiological state can also increase when creat-
ing favorable conditions for germination. In this period, the metabolic processes are 
restored; the expression of the genes necessary for germination is gradually activated. 
Germination of the wheat quiescent embryo is primarily influenced by tempera-
ture and seed moisture. If exposure to temperature can be uniform and precisely 
controlled, then the uniform increase of different seeds moisture and readiness for 
germination is much more challenging to ensure. The seeds’ structural-morphological 
differences influence the dynamics of water absorption, which determine the 
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heterogeneity of the time of reaching the moisture level, sufficient for germination 
initiation. The seed germination begins with the activation of metabolic processes. In 
wheat embryos, protein biosynthesis initiates 30 min after immersion in water [16]. 
The proteins synthesized in the first 9 h after imbibition are involved in the activation 
of the DNA replication. Still, the final activation of DNA biosynthesis is performed 
only 6–8 h later, accompanied by the transition of cells from the G1 phase to phase S 
(phase of DNA synthesis) of the mitotic cycle [17]. The G1 phase of the mitotic cycle 
is like the gateway through which cells transit from the non-proliferative (quiescent) 
to the proliferative period, accompanied by the synthesis of a limited number of 
proteins functionally involved in the cell cycle. The biosynthesis of DNA is induced 
or activated. These processes precede the initiation of cell divisions that occur after 
the radicle protrude tegument. Activation of the cell cycle in wheat embryos begins 
with the induction of mitosis in the cells of root apex cells then gradually spreads to all 
meristematic cells [17]. The start of phase S and G2 (post-synthesis phase) of the cycle 
in wheat radicle meristematic cells is observed 12–14 h after germination initiation 
[16]. Thus, under favorable conditions, the germination of wheat embryos will occur 
with 24 h lag period. Typically, the uniformity of the dynamics of seeds imbibition 
with water can substantially influence the heterogeneity of their germination. As 
demonstrated experimentally, at the initiation of wheat seed germination, replication 
of DNA triggered by proteins translated from mRNA stored in mature seeds are not 
sufficient for the cells to commence all stages of mitosis [16, 17].

The need to synchronize the physiological state of seeds in the pre-germination 
stage is due to many reasons. First, the penetration at this stage of water into the seeds 
causes temporary structural perturbations of membranes, which lead to a leakage of 
solutes and low molecular weight metabolites into the surrounding water for imbibi-
tion. Second, the diminution of the processes of metabolites leakage occurs after a 
transition of the membrane phospholipid components from the gel phase achieved 
during maturation drying to the hydrated liquid-crystalline state, after which the low 
molecular weight metabolites leakage is reduced [18]. A rational way to reduce the 
heterogeneity of seed germination time, influenced by different water absorption 
rates in seeds, was achieved by extending the duration of seed saturation with water 
at low temperatures, Figure 1. Under these conditions, the rate of wheat seeds satura-
tion with water became high, but germination processes slowed down substantially. 
As a result of the long duration of the wheat seeds immersion in water, the reparation 
of structures damaged during their maturation and rehydration were completed, and 
the uniformity of seeds’ germination increased. Data presented in Figure 1 shows 
that during 130 h of water imbibition in wheat seeds at +4°C, their transition to faze 
III of germination deed did not occur. We noticed that after the pre-imbibition under 
the mentioned above conditions and the subsequent exposure of the seeds in optimal 
germination conditions, the seeds were characterized with the highest speed and the 
highest percentage of germination when immersed in water with temperature + 4°C, 
during 36 h. At optimal temperature, 90, 100, and 80% of seeds were germinated, 
previously submerged in water with +4°C, for 12, 36, and 72 h. Mass germination of 
seeds (more than 50% of the wheat seeds) occurred 24, 12, and 36 h after the transi-
tion to optimal conditions for germination. Thus, the immersion of the seeds in water 
for 12 h was too short of reaching the level of moisture and physiological transforma-
tions necessary for the rapid germination of the wheat seeds. On the contrary, more 
than 72 h of immersion in water was too long-lasting and inhibited seed germination 
(probably due to anoxia caused by excessive oxygen consumption during prolonged 
immersion). So, the wheat seeds previously incubated in water at a temperature of 



89

Accelerated Methods of Determining Wheat Genotypes Primary Resistance to Extreme…
DOI: http://dx.doi.org/10.5772/intechopen.101341

+4°C for 36 h were the best prepared for germination. Therefore, for further research 
on the accelerated assessment of the primary resistance of wheat genotypes to high 
temperatures and frost, we used seeds prepared for synchronized germination by 
their immersion in water for 36 h, at temperature + 4°C.

Considering that the difference of frost resistance between wheat varieties 
increases with the adaptation processes’ accomplishments, the traditional methods 
of determining frost resistance ordinarily are performed after induction of adap-
tive resistance at the maximal level [15, 16, 19]. Although the ability to differentiate 
genotypes in this state by frost resistance appears to be the greatest, the widespread 
use of the method is difficult. The long duration of adaptation processes fulfillment 
and the dependence of the kinetics of adaptation from the level of genotype resistance 
to frost [15, 19], are among the main arising problems. Furthermore, the complexity 
of mentioned processes determines the low productivity of the noted method, high 
costs of testing, and the uncertainty of the results that depend on the influence of a 
large complex of factors. In particular, studies have shown that the maximum dif-
ference between the primary frost resistance of wheat varieties does not exceed 3°C, 
and after their complete hardening reaches 12°C [15, 16]. Despite this, the relative 
simplicity of the procedures providing uniform preparation for germination of seeds 
of different varieties before determining the primary resistance of wheat varieties 
to frost inspired us to assess the possibility of separating wheat genotypes by their 
resistance to extreme temperatures (positive and negative) in this identical state. In 
our experiments, in the control variant, a similar physiological state was confirmed by 
the practically 100% seeds germinating during the first 24 h of incubation in favor-
able conditions. Therefore, after reaching this equivalent physiological state, differ-
ences in the response of seeds to HS or SNT will mainly depend on genetic differences 
between genotypes.

3.2  Determining the wheat genotypes primary resistance to high temperatures 
and frost

In multiple experiments, we determined that the exposition of the moderately 
resistant to high temperatures or frost seeds of wheat variety Odesskayia 267 to HS at 
temperature 50°C during 30 min, or SNT at a temperature −7°C during 16 h, causes 
diminution of their germination by 50%. Based on these results, we proposed to 
arrange the wheat genotypes by their primary resistance to extreme temperatures by 
their germination reaction after seeds exposure to the mentioned dose of HS or SNT. 
In Figure 2, as an example, we provide the results that support the correct choice of 
HS dose caused by exposing wheat seeds to a temperature of +50°C over 30 min as 
one effective to separate genotypes by their primary resistance to high temperature 
rapidly. Analyzing the data presented in Figure 2, we notice that after exposure to the 
mentioned dose of HS, the distribution according to the percentage of germinated 
seeds, genotypes were uniformly occupying the area between 11.5% (variety Vdala) 
and 98.5% (variety Chevalier). Of the 20 wheat varieties included in the analysis, 
9—showed low, 5—medium, and 6—high thermotolerance. After HS exposure, the 
seeds of genotypes constituting groups with low, medium, and high thermotolerance, 
respectively germinated up to 50%, between 50 and 70%, and more than 70%.

The data on the primary resistance to SNT or HS of the seeds of 10 wheat geno-
types multiplied in Ukraine or Moldova are presented in Figure 3. We considered 
that the genotypes, whose seeds after exposure to SNT or HS germinated up to 50%, 
between 50 and 70%, and more than 70%, can be divided into groups with low, 
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medium, or high resistance SNT or HS. The data presented in Figure 3 shows that 
the seeds of genotypes 466, 542, 111, 1108, Samurai, and Arctis, after cultivation 
in Ukraine, were characterized with low resistance; those of the genotypes 517 and 
1087—with medium resistance, and seeds of genotypes 21 and Toulouse—showed 
high resistance to SNT action. After multiplication in Moldova, the seeds of all 
genotypes, except those of the variety Toulouse, with medium resistance to SNT, 
have shown low resistance to SNT. In contrast, except for seeds of lines 21, 542, and 
111 with a low resistance to HS, the multiplied in Moldova seeds of the other seven 
genotypes showed medium or high resistance to HS. Among them, the seeds of lines 
466 and 1087, varieties Samurai and Toulouse, obtained from the plants grown in 
Moldova, showed relatively high resistance to HS. After cultivation in Moldova, the 
correlation coefficient between the resistance of the genotypes seeds to HS and SNT 
reached a value of 0.434. We mention that the correlation coefficient of the resistance 

Figure 2. 
Influence of seed exposure of different wheat varieties to HS at 50°C for 30 min on germination percentage 
over 5 days.

Figure 3. 
The percentage of seeds of the 10 winter wheat genotypes germinated after their exposure for 16 h SNT at −7°C 
(blue), and that of the percentage of germinated after exposure for 30 min to HS with 50°C (red). On the left 
are presented the data obtained with seeds multiplied in 2015–2016 in the Kharkiv region (Ukraine), and on the 
right—Those obtained with the seeds multiplied in 2016–2017 in the Chisinau area (Moldova).
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to SNT of the seeds obtained from the plants cultivated in Moldova and Ukraine 
was equal to 0.481 when the respective correlation of the seed’s resistance to HS was 
negative to −0.314. Thus, the resistance to SNT of seeds obtained from plants grown 
in Moldova was lower than those multiplied in Ukraine. Nevertheless, the positive 
values of the correlation coefficients of resistance to SNT of seeds grown in Ukraine 
and Moldova suggest that a tendency towards a decrease in resistance to SNT of 
propagated in Moldova seeds were manifested concomitantly in most genotypes. The 
negative correlation coefficient between the HS resistance of the seeds multiplied in 
Ukraine and Moldova suggests the opposite direction of changing the HS resistance 
of seeds obtained from plants grown in Moldova compared to those of the seeds 
multiplied in Ukraine. For example, the seeds HS resistance of the lines 542, 111, and 
the variety Toulouse was higher for propagated in Ukraine seeds, when the resistance 
of the seed of the genotypes Samurai, Arctis, and 1087, on the contrary, was higher in 
the case of their multiplication in Moldova.

3.3  Influence of the conditions of reproduction on the plasticity of wheat 
genotypes resistance to extreme temperatures

The plasticity of genotype response to extreme temperatures can be characterized 
by their primary resistance to high temperatures and negative ones. Theoretically, all 
possible values of the sum obtained for seeds of the different genotypes exposed to 
SNT and HS occupy the range between 0 and 200%. Therefore, we considered that 
this sum is the limit of the maximum value of the sum of seeds percentage that will 
germinate after exposure to HS or SNT. By comparing the values characterizing the 
wheat genotypes in the experimental variants, we can conclude about the relative 
plasticity of genotypes resistance to extreme temperatures: the lower the value of this 
sum, the lower is genotype plasticity in response to extreme temperatures.

The results of the experimental determination of 10 winter wheat lines and 
varieties’ plasticity are included in Figure 4. Thus, in specially designed experiments, 
based on the normalized response of wheat seeds to SNT or HS, we estimated each 
genotype’s plasticity in response to the action of extreme temperatures. Based on the 
percentage of seed germinated after SNT or HS, we divided the wheat genotypes into 
three groups: genotypes with low, medium, and high plasticity. They included geno-
types characterized by the value of sum less than 100%, between 100% and 140%, 
and higher than 140%, Figure 4.

Let us analyze the level of plasticity of the response to SNT and HS of the wheat 
genotypes seeds reproduced in Ukraine. We can mention that high plasticity was 
specific to seeds of the variety Toulouse, medium—those of lines 21 and 517; the seeds 
of other genotypes have low plasticity, Figure 4. The seeds of the Toulouse variety 
obtained from plants cultivated in Moldova have medium plasticity. In contrast, 
the plasticity of reaction to excessive temperatures of the seeds of nine other wheat 
genotypes was low. It is interesting to note that, as a rule, the higher plasticity level 
of multiplied in Ukraine seeds was due to their higher resistance to SNT compared 
to the seeds obtained from the plants cultivated in Moldova. At the same time, in 
general, the HS resistance of seeds reproduced in Moldova tended to be higher. After 
reproduction in Ukraine, only the seeds of line 21 showed high plasticity and high 
resistance to SNT and HS. After reproduction in Moldova, they were characterized 
with a low resistance to SNT, HS, and plasticity.

The original goal of our researches was to elaborate one the accelerated method 
for determining the primary resistance of wheat genotypes to extreme positive and 
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negative temperatures. Hexaploid wheat cultivars are characterized by adaptation to a 
broad range of environmental conditions. The trials in artificial conditions with well-
organized systems and testing by cultivation in different regions were accomplished 
[20, 21]. Hexaploid wheat cultivars respond to environmental stressors by adaptations 
to a large temporal seasonal variability across regions and years. The wheat cultiva-
tion in different ecological conditions indicates genetic systems that allow genotypes 
to cope with rapid shifts of the temperature values. The contemporary breeding 
programs are mainly based on the extensive and expansive testing of cultivars in dif-
ferent environments or climatic chambers with well-controlled temperature, illumi-
nation, and nutrition conditions. These researches demonstrated that the combined 
effects of multiples genes that influence morphology, growth, and development of 
plants, in combination, can assure the survival of wheat cultivars in conditions with 
extreme temperatures. Under the exposition to extreme temperatures, the adap-
tive changes in general plant traits: organ dimensions, shape, anatomical structure, 
photoperiod, vernalization, etc., are observed. It is known that enhancing wheat 
productivity in the Green Revolution was mainly based on the selection of semi-
dwarf, insensitive to photoperiod, and disease-resistant genotypes [22]. In fluctuating 
environmental conditions, we must implement agrotechnical procedures that can 
ensure the harvest’s economically convenient quantity and quality. Mechanisms of 
stress avoidance formed the basis of the principles that influenced the improvement 
of productivity of wheat plants genotypes that actually are cultivated in stressful 
conditions. They have influenced plants’ resistance to temperature stress by changing 
the morphological and anatomical structure of plants. Among these changes, we note 
the development of the root system, penetrating more profound and more moist soil 
layers [20, 21], the coating of leaves with a layer of wax, the composition of pigments, 

Figure 4. 
The sum of the percentage of the 10 winter wheat genotypes seeds germinated after exposure to SNT for 16 h 
SNT at −7°C plus that of germination percentage after seeds exposure for 30 min to HS at 50°C. On the left are 
presented the data obtained with seeds multiplied in 2015–2016 in the Kharkiv region (Ukraine), and on the right 
are those obtained with seeds multiplied in 2016–2017 in the Chisinau area (Moldova).
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the angle and shape of the leaves, which increase the refraction of light and the 
efficiency of transpiration [21]. The complexity of the influence of the mechanisms 
mentioned above of avoiding stressors caused a diversion of the attention from the 
genotypically determining physiological and biochemical processes, influencing the 
response of plants to stressors. We have made efforts to appreciate the involvement of 
these mechanisms in achieving by different wheat genotypes the primary resistance 
to extreme temperatures by exposing them to shock with positive or negative tem-
peratures. We determined the primary resistance of wheat genotypes to the action of 
high temperatures using seeds well prepared for germination but which have not yet 
completed it. By excluding the influence of avoidance mechanisms and ontogenetic 
adaptations to extreme temperatures stress, we assured the possibility of comparing 
the primary resistance of different wheat genotypes. However, the data presented in 
Figures 2–4 shows that, for the well-prepared for germination seeds, the value of the 
differences between the resistance of genotype to the action of extreme temperatures 
is relatively low compared to those obtained after induction of plant adaptation under 
long-time exposition to optimal for adaptation temperatures [15, 16]. Nevertheless, 
our experiments can differentiate the 10 wheat genotypes by their primary resistance 
to extreme positive or negative temperatures.

The ratio between the percentage of seeds germinated after HS and SNT in 
genotypes with high summary resistance to both types of shock showed a general 
tendency of approaching the value equal to one. Let us compare the trend of changing 
the values of this balance for the 10 genotypes reproduced in Ukraine and Moldova, 
Figures 3 and 4. We notice that for seeds multiplied in Moldova, the value of the 
primary resistance to HS reported to that of resistance to SNT, in general, is higher 
than this ratio evaluated for seeds reproduced in Ukraine. The shift in this ratio 
was primarily caused by declining the resistance to SNT of the seeds multiplied in 
Moldova. After reproduction in Moldova, only the variety Toulouse fell into the 
category of genotypes with medium summary resistance to extreme temperatures, 
and the others demonstrated low resistance. When reproduced in Ukraine, seeds of 
line 517 showed medium summary resistance, those of the Toulouse variety and the 
line 21—high resistance. Unexpected were the results obtained with seeds of line 21 
reproduced in Moldova. If, after breeding in Ukraine, they concomitantly showed the 
increased resistance to HS and SNT, then after producing in Moldova, on the con-
trary, they were susceptible to both HS and SNT.

The data presented in this article results from efforts to assess the differences 
between wheat genotypes’ primary resistance to extremes temperatures in the 
accelerated mode. Because the total resistance is the sum of the primary and adap-
tive resistance at any stage of ontogenesis, their discrimination is an important 
task. Therefore, we assumed that the summary seeds’ resistance to stressors before 
germination is practically equivalent to the primary one. With this in mind, we have 
developed a method for synchronizing the physiological state of wheat seeds before 
the start of germination. Subsequently, using as a model the seeds of the variety 
Odesskaya 267, characterized by medium resistance to high temperatures and frost, 
we evaluated the optimal doses of HS or SNT exposure that caused the decreasing 
seeds germination up to 50%. The mentioned results allowed us to consider that these 
doses are optimal for the experimental distribution of wheat genotypes according 
to their primary resistance to high temperatures or frost. Furthermore, the obtained 
results demonstrated that seed resistance to both types of shock is specific for differ-
ent genotypes but variable for the seeds of the same genotype but reproduced in other 
geographical conditions.
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We must emphasize that the distribution of genotypes according to their  primary 
resistance to extreme temperatures based on seeds’ exposure to a single dose is 
simplifying. The resistance of biological systems to stressors can be multilaterally 
characterized by determining the doses of the stressor that causes decreasing the 
values of the investigated parameter by 16, 50, and 84% compared to that charac-
teristic value for the control variant. After applying different doses of stress factors, 
some differences can be observed in the distribution of genotypes according to their 
resistance to extreme temperatures. Among the factors influencing these changes, we 
note the influence of seeds priming with inorganic salts, plant water extracts, organic 
molecules [23], and biostimulators [24, 25] on wheat stress resistance and productiv-
ity and as well the next generation inherited epigenetically acquired characters [26]. 
Sometimes these traits are inherited from one generation to the next. Therefore, 
we cannot exclude that the level of primary resistance, determined by the proposed 
method, is not influenced by epigenetic inheritance. The latter can be variable in the 
level of expression and duration of heritage. The practical techniques of elucidating 
epigenetic processes’ integral role in installing plant adaptations to environmental 
conditions are under development. The preliminary data obtained show that the 
level of shock dose with extreme temperatures influences the distribution of wheat 
genotypes according to their primary resistance, which may be a consequence of 
the specific development of stress-initiated processes of genetic adaptations and 
simultaneously be influenced by the epigenetic inheritance. We assume that due to 
the overlapping influence of genetic and epigenetic factors on the wheat varieties’ 
stress resistance, their descendants are characterized by variable primary resistance 
to HS and SNT and high productivity in very different environmental conditions. 
Compared to those reproduced in Ukraine, the data obtained with the seeds mul-
tiplied in Moldova confirm this suggestion. Genotypes, the seeds of which in our 
experiments showed essential differences in primary resistance to high or negative 
temperatures in the case of reproduction in Ukraine or Moldova, are of particular 
interest to assess the possible influence of the epigenetic inheritance on their primary 
and adaptive resistance to extreme temperatures depending on the conditions of 
reproduction.

3.4  Modification of the plasticity of wheat genotypes primary resistance to 
extreme temperatures during seeds storage

Phenotypic and genotypic analysis has shown that the longevity of wheat seeds 
is variable, involves different regions of the genome, and is not associated with the 
genes that determine the state of the seeds’ dormancy [27]. Among the genes that 
influence longevity seeds are those that control the morphological structure of the 
spike or the response to abiotic and biotic stressors [28]. As the duration of seeds stor-
age increases, their viability [29] and resistance to stress factors decrease [30]. Related 
to this appears the question of whether the mentioned changes affect the primary 
resistance of different wheat genotypes seeds. To elucidate this question, we included 
in the research the seeds of different varieties of hexaploid wheat collected in 2019 
in the Chisinau area and kept in the dark for 1 year in a thermostat, at a temperature 
of 20°C and relative air humidity 67–80%. Throughout the storage period, the seed 
moisture deed does not exceed 10%. Figure 5 includes data on the results of deter-
mining the germination percentage of seeds of different wheat genotypes after expo-
sure to SNT. The data were obtained for two variants of seeds: the seeds on which the 
exposure to SNT was carried out 2 months after harvesting and seeds stored for 1 year 
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before testing. They show that after 1 year of storage, the primary resistance of seeds 
showed the tendency to decrease for all varieties. The decreasing level varied between 
0%, for seeds of the variety Moldova 79 and 3.5%, for the seeds of variety Moldova 
66. Although the correlation coefficient between the level of primary frost resistance 
after 1 year of seeds storage and the resistance before that period was very high, being 
equal to 0.996, this does not mean that the changes in primary resistance were equiva-
lent at all varieties. This high value of the correlation coefficient is since the storage of 
seeds of all varieties during 1 year did not significantly influence the absolute value of 
the percentage of seeds that germinated after exposure to SNT. The correctness of this 
hypothesis can be confirmed by the fact that the correlation coefficient between the 
percentage of seeds germinated after exposure to SNT immediately after harvest and 
the values of the differences between the rate of seeds that grow directly after harvest 
and a year later was much lower, being equal only 0.190.

Figure 6 includes data on the results of determining the germination percentage of 
seeds of different wheat genotypes after exposure to HS. From a qualitative point of 
view, the data on the influence of the different wheat genotypes seeds storage during 
1 year on the resistance to HS, shown in Figure 6, are similar to those that character-
ize the impact of seed storage on their resistance SNT, Figure 5. After exposure to 
HS, seed storage during 1 year caused a relatively moderate decrease in germination 
percentage (minimum value was 3.8% for seeds of the variety Pisanca, and the 
maximum value was 6.3% for the seeds of variety Moldova 66). The correlation 
coefficient between the germination percentage of seeds exposed to HS immediately 
after harvesting (in 2019) and those after 1 year of seeds storage (in 2020) was equal 
to 0.9980. At the same time, the correlation coefficient between the germination 
percentage of HS exposed seeds immediately after harvesting, and the value of the 
difference between the germination percentage of HS exposed seeds directly after 
harvesting and 1 year later was equal 0.2994.

In general, the above-exposed data give the possibility to suggest that the value 
of decreasing the percentage of seeds germination after 1 year of storage tends to be 
practically independent of the level of genotype primary resistance to SNT or HS at 
the initiation of storage. However, the significance of the small positive correlations 

Figure 5. 
The influence of the shock with temperature −7°C during 16 h on the germination percentage of the seed of 
different wheat varieties reproduced in 2019 (diagrams marked in dark blue—Left) and those that after 
collection, the seeds were stored for 1 year (diagrams colored in light blue—Right). After exposure to SNT, the seeds 
were incubated in the dark, temperature 24°C, for 5 days for germination. In the control variants, the germination 
percentage of the seeds of all studied varieties varied between 98 and 100%.
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between SNT or HS resistance, determined at the beginning of storage and the value 
of its decrease 1 year later, requires further research. In our view, the special atten-
tion requires additional experimental analysis of the seeds of wheat varieties with 
the maximum or minimum values of decreasing the primary resistance to SNT or 
HS after 1 year of storage. We believe that the key to understanding the significant 
difference between the rates of decline in these genotypes of seed resistance to HS or 
SNT after storage for 1 year may be associated with differences in the inheritance of 
acquired traits.

4. Conclusions

Exposure to HS or SNT of different wheat varieties seeds, prepared for germina-
tion in particular conditions, due to the elimination of the influence of avoidance 
mechanisms and adaptation processes carried out during ontogenesis, give the 
possibility to distribute genotypes according to their primary resistance to high 
temperatures frost.

Seeds of different wheat genotypes differ by their primary resistance to HS and 
SNT. After exposure to HS or SNT, the reduction of wheat seed germination was all 
the more significant, the lower the primary resistance of the genotype to the action of 
extreme temperatures. Accelerated HS and SNT resistance determination are practi-
cal approaches for managing existing wheat genotypes and optimizing the available 
germplasm screening methods by laboratory and field testing. Using the proposed 
guidelines in breeding and agronomy will depend on their application with other 
physiological and molecular methods. Thus, it is possible to determine the influ-
ence of genetic and epigenetic heredity on wheat genotypes’ primary and adaptive 
 resistance to high temperatures and frosts.

Figure 6. 
The influence of the shock with temperature 50°C during 30 min on the germination percentage of the seed of 
different wheat varieties reproduced in 2019 (diagrams are marked in dark red—Left) and those that after 
collection the seeds were stored for 1 year (diagrams are marked in light red—Right). After exposure to HS, the 
seeds were incubated in the dark, temperature 24°C, for 5 days for germination.
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Chapter 5

Abiotic Stress Response in 
Brachypodium
Mhemmed Gandour

Abstract

Understanding the mechanisms of physiological response in plants is crucial to 
building sustainable agriculture, especially under the current worldwide climate and 
environmental crises. Thus, plants that successfully acclimate to stress can decrease 
growth under stressful conditions. Brachypodium, an undomesticated grass species 
with close evolutionary relationships to wheat and barley, is a promising model 
organism of crop research. It can grow under various conditions and possess specific 
adaptations or tolerance mechanisms. Hence, it promises to greatly accelerate the 
process of gene discovery in the grasses and to serve as bridges in the exploration 
of panicoid and pooid grasses, arguably two of the most important clades of plants 
from a food security perspective. Brachypodium could hence efficaciously acclimate 
to the drought, salinity, cold, heat, and nutrient stress variations by reversible hypo 
(hyper)-activation of specific genes or sustaining transcription states as well as by 
reducing growth and osmotic adjustment. Nonetheless, B. stacei and B. hybridum 
have more plasticity and more adaptiveness than B. distachyon to abiotic stress. This 
review will describe advancements in knowledge of the physiological and metabolic 
 adjustments that are needed for abiotic stress tolerance.

Keywords: model plant, Brachypodium, abiotic stress, physiological response,  
gene expression

1. Introduction

Throughout the last fifty years, the global climate is changing at an exceptional 
rate. Simultaneously, the world population has known a significant increase (about 
twice) accompanied by a considerable increase (3 times) in cereal production, 
reaching 2.5 billion tn [1]. This population will certainly continue to grow to reach 
9.7 billion inhabitants in 2050 [2], and the problem is that we will have to double or 
even triple agricultural production. This poses a serious problem for food security 
which, according to the FAO [3], is based not only on a sufficient supply of quantity 
but also, healthful and active life for humans. Consequently, ensure an increase in this 
production at the rate of the growth of the population remains an important challenge 
to which researchers must act, especially since we are aware that the known solutions 
to increase the productivity of agriculture in the 20th century, including the intensive 
use of fertilizers, are currently showing their limits.
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Cereals are by far the most important food resource in the world, either for human 
consumption or for animal feed. At the start of the 21st century, they still provide 
almost half of humanity’s food calories and will undoubtedly be brought to play a 
fundamental role in the face of the demographic and environmental challenges of the 
century. Average cereal yields thus fell from 1.3 to 3.5 t ha−1 at the global level between 
1969 and 2009 [4].

Understanding the mechanisms of physiological response in plants is crucial to 
building sustainable agriculture, especially under the current worldwide climate and 
environmental crises. Thus, plants that effectively acclimate to stress can summarize 
growth under stressful conditions. Brachypodium, an undomesticated grass species 
with close evolutionary relationships to wheat and barley, is a promising model 
organism of crop research. It can grow under various conditions and possess specific 
adaptations or tolerance mechanisms. Hence, it promises to greatly accelerate the 
process of gene discovery in the grasses and to serve as bridges in the exploration 
of panicoid and pooid grasses, arguably two of the most important clades of plants 
from a food security perspective. In this review, the diverse physiologic and metabolic 
responses identified in Brachypodium so far are discussed. We also describe and 
discuss the current and future development of computational tools with a focus on 
abiotic stress-tolerance trait interactions.

2. Drought stress

Plants respond to drought stress through various crosstalk pathways. In 
Brachypodium, Verelst showed that drought stress mainly affects the final cell size, not 
the cell number (6% of reduction of the cell number vs. 35% of the decrease in the 
cell size). Thus, cell extension is affected by drought, while cell proliferation is not, 
which is in sharp disparity to previous annotations made in other plant species such 
as barley, maize, rice, wheat, and Arabidopsis suggesting that Brachypodium possesses 
mechanisms to defend its dividing cells against the negative impact of drought stress 
[5]. In addition, the natural genetic variation revealed that Brachypodium deals with 
drought stress through the combination of natural selection on standing intra-pop-
ulation genetic variation and phenotypic plasticity [6]. The strong natural variation 
in drought resistance was subsequently used to reveal physiological and metabolic 
mechanisms of Brachypodium response to drought stress. In fact, the drought 
responses in Brachypodium were characterized by changes in amino acids, boosting 
the glutamine that could be functioning as a stress signal. There were also variations 
in sugars that were appropriate to be an osmotic counter to drought, and changes 
in bioenergetic metabolism [7]. As well, the drought response is greatly dependent 
on the developmental stage. Moreover, molecular studies have identified that gene 
expression is modulated in the proliferation zone and is differentially expressed in 
the cell expansion and mature zones. In fact, the effect of severe drought on gene 
expression was most pronounced in the mature leaf zone, where it has been detected 
significant up-or down-regulation transcripts.

3. Cold

B. distachyon can serve as an attractive model for specific molecular mechanisms 
implicated in low-temperature responses in core Pooideae species. It encompasses 
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cold-responsive IRIP genes which have evolved through Brachypodium specific gene 
family expansions [8]. In fact, a large cold-responsive CBF3 subfamily was identified 
in B. distachyon, whereas CBF4 homologs are absent from the genome. In addition, 
growing under cold conditions lead to the acquisition of novel and targeted cold-
induced transcriptional responses by inducing transcriptional responses typical of 
cold acclimation, including the activation of the transcription factors, C-repeat bind-
ing factors (CBFs), and structural genes IRI, COR410, and COR413 [9]. B. distachyon 
could hence efficaciously acclimate to the cold treatment and displays reversible 
hypoactivation of cold-regulated genes as well as it can entirely acclimate by resuming 
growth under diurnal-freezing conditions [9, 10]. In fact, by regulating transcrip-
tional adaptation, transcription memory provides plasticity to B. distachyon’s stress 
responses, to develop a freezing tolerant morphology during cold acclimation.

4. Heat

The allopolyploid grass Brachypodium hybridum and its progenitor Brachypodium 
stacei exhibit long-term heat stress tolerance, unlike its other ancestor, Brachypodium 
distachyon [11]. Hence, these differences were explained by the fact that B. hybridum 
and B. stacei sustained transcriptional states under enduring stress at a similar ampli-
tude than those under normal environments but significantly altered their transcrip-
tome in response to heat after short-term stress whereas B. distachyon showed similar 
expression patterns between normal and heat stress conditions in both short and 
long-terms treatments [11]. Overall, it has been suggested that after branching out 
from the common ancestor and during the adaptation process, the heat acclimatiza-
tion function in B. distachyon might have been lost. Thus, the heat-adaptive attribute 
in the B. stacei genome may perhaps influence the subsistence of both individual 
plants and hybrid progeny under heat stress environments.

5. Salinity

Among the various abiotic strains, salinity causes major limitations for food 
production, since it presents a multifold challenge to all organisms in terms of osmotic 
imbalance, ionic disequilibria, and generation of toxic metabolites. It limits crop 
yield and reduces the use of cultivated land. Plants respond to salt stress through 
the transcription and translation of response-associated genes, which is a complex 
mechanism that implicates various crosstalk pathways. In addition, post-translational 
phosphorylation modification can control protein functions to respond to abiotic 
stress [12]. In Brachypodium and at the protein expression level, most of the dif-
ferentially expressed proteins (DEPs) were down-regulated under stress conditions. 
Nonetheless, it principally acted as functional proteins, however, most of the phos-
phoproteins were categorized as regulatory proteins, suggesting that Brachypodium 
can react and defend against salt strain by two methods: (1) through phosphorylation 
variation changes, mainly involving signal transduction, transcription/translation, 
and transport; and (2) via protein expression changes, which mainly happen in 
photosynthesis and energy production [13]. Furthermore, 101 NAC genes have been 
identified in B. distachyon, among which BdNAC003 and BdNAC044 are stimulated by 
high salt stress [14]. Wang et al. [15] have characterized 44 BdSnRKs in B. distachyon, 
and the overexpression of BdSnRK2.9 in tobacco enhanced its tolerance to drought 
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and salt stresses. At the expressions of transcription factor (TF) level, family members 
such as MYB, bHLH, and AP2/ERF were increased under salt stress, regulating the 
response of Brachypodium to salt stress. In addition, under 200 mM NaCl stress, the 
soluble sugar and proline content of Brachypodium distachyon increased significantly 
[16] suggesting that the osmotic adjustment is an imperative mechanism to avoid 
salt stress. Consequently, it completes osmotic adjustment to reduce salt damage by 
selectively captivating inorganic ions and accumulating organic solutes that are non-
toxic to cells. One of the physiological responses regulated by ABA is associated with 
stomatal closure, which can avoid excessive transpiration and reduce water loss [17]. 
In fact, preserving water stability in plant cells is a vital strategy for plants to shield 
against salt stress, just as most halophytes have the characteristics of succulents [18]. 
For non-succulent glycophytes, it is also an imperative method to alleviate plant ion 
toxicity and osmotic shock by controlling the stomatal opening and wax metabolism 
of epidermal cells in plant leaves to reduce water loss [15, 19].

6. Nutrient availability

Nutrient stress (deficiency or excess) seriously affects plant growth, yield, 
and quality. Brachypodium distachyon (Brachypodium) has been proposed as a good 
model to enhance this knowledge in C3 temperate cereals [20]. Thus, it interacts 
with increased nutrient concentration by increasing biomass [21]. In fact, P and 
N supply had great effects on the root system of B. distachyon. The most notice-
able effect of both N and P scarcity on B. distachyon was that only Leaf Node Root 
was significantly reduced by minor nutrient supply [21] which suggests that B. 
distachyon cannot be considered “low-P-N adapted”. Comparable observations 
have been made in wheat in which seminal roots were much less sensitive to N, 
P, and K deficiencies than nodal root growth and emergence [22]. By comparing 
plant growth at diverse concentrations of P and N, it appeared that Brachypodium 
required approximately three to four times more N than P for the same biomass 
production. Overall, Brachypodium showed plasticity in its biomass allocation 
pattern in response to variable P and N conditions, specifically by prioritizing root 
expansion overshoot productivity under poorly soluble P or N conditions (shoot 
productivity was depressed in Brachypodium distachyon while the root system 
development was sustained) [23]. B. distachyon was revealed as a good model to 
study ammonium nutrition since it responded likewise to other monocot crops, 
but with less complexity. The plants increased the storage of NH4+ in roots, as well 
as the synthesis of amino acids and proteins. Indeed, it seemed to be moderately 
tolerant to ammonium. Notably, 1 mM was considered an N-sufficient condition, 
since expanding NO3

− supply to 2.5 mM did not further increase plant biomass. 
Nevertheless, when NH4

+ was elevated to 2.5 mM plants showed moderate indica-
tors of ammonium toxicity in terms of leisurely growth. In addition, the root 
system is shown as a physiological barrier acting as a reservoir for free NH4

+ and 
increasing NH4

+ assimilation to amides.
At the molecular level, an extensive BLAST search was carried to identify putative 

orthologues of the Arabidopsis NRT2 genes in the wholly sequenced Brachypodium 
genome. Seven genes encoding putative high-affinity nitrate transporters (BdNRT2) 
were identified. Only BdNRT2.1 and BdNRT2.2 were highly expressed in the root and 
classified as inducible genes, suggesting they are likely the main contributors to root 
nitrate uptake. BdNRT2.5 has shown to be stifled by nitrate resupply however further 
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members were constitutively expressed in the root. Conspicuously, great  ammonium 
concentrations also induced analogous gene expression regulation, suggesting BdNRT2 
gene expression was also governed by inside nitrogen status, not just outside nitrate 
concentrations [24]. Additionally, BdNRT2.1 was also strongly expressed in the stem, 
indicating that it has useful roles other than nitrate uptake.

Concerning zinc, Brachypodium exhibited the typical performance of a zinc-
sensitive, excluder plant [25]. It prioritized shoot zinc accumulation upon deficiency 
and majorly retaining zinc in roots upon excess, in both cases to preserve the photo-
synthetic function in leaves. In addition, clear repression of vegetative growth was 
accompanied by increased leaf number suggesting that in order to optimize nutrient 
use efficiency in shoot and maintain photosynthesis, plants have adjusted leaf area 
partitioning [26]. Deficiency and excess treatments increased lateral root number 
and length relative to the primary root, and nodal roots, post-embryonic shoot-born 
roots emerging from successive shoot nodes and a unique feature of monocots, were 
strongly affected. At the molecular level, The Brachypodium homolog of AtbZIP19 
(in Arabidopsis), Bradi1g30140 was previously suggested to be involved in a zinc 
deficiency-induced oxidative stress response [27, 28]. However, it was slightly 
more expressed in zinc-deficient shoots compared to control plants and displayed 
a very flattened V-shape dynamics upon zinc resupply. AtbZIP19 and AtbZIP23 
are proposed to be specialized in either roots or shoots, respectively [29, 30]. In 
Brachypodium, BdbZIP9 was more expressed in shoots than roots. Interestingly, 
another bZIP gene, Bradi1g29920, was majorly expressed in roots. Moreover, 113 TFs 
from diverse families such as bZIP (9 genes), bHLH (11 genes), MYB (22 genes), AP2 
(24 genes), and WRKY (25 genes), were known DEG. But no one of them are homo-
logs of identified zinc regulatory genes and formed potential candidates for a role in 
zinc homeostasis regulation in grasses [31].

7. Conclusions and future perspectives

Engineered plants will cover the way for future strategies to adapt them for higher 
biomass production to meet the demands of a growing population in a changing cli-
mate scenario. Similarly, understanding the mechanisms of physiological and molec-
ular response in plants will uncover the complexity of the dynamic changes during 
cell wall development and abiotic stress response. In parallel, phenomics can help in 
identifying the key factors affecting plant growth and health, and subsequently plant 
productivity, since this technology allows the non-destructive screening of hundreds 
of plants in a very short time. Thus, employing the developing omics approaches 
especially the signaling cascades in response to abiotic stresses in tolerant plants will 
help to manipulate susceptible crop plants and increase agricultural productivity in 
the near future. Moreover, GWAS will contribute to better understanding the abiotic 
stress response.
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Abstract

The antioxidant potential is referred to as compounds that are capable of protect-
ing the biological system against the deleterious effect of reactions involving reactive 
oxygen species (ROS). ROS are toxic byproducts of oxygen metabolism. ROS have 
a significant role in plant signaling, growth, development, and majorly in response 
to environmental fluctuations. The ROS family plays a double role under various 
environmental stress conditions. In various key physiological phenomena, they act as 
secondary messengers and induce oxidative damage. ROS led to cellular damages that 
manifest themselves in degradation of biomolecules, which eventually amalgamate to 
cellular death in plants. To assure survival, plants have developed efficient antioxidant 
machinery having two branches, that is, an enzymatic and a nonenzymatic antioxidant. 
This chapter will emphasize the various types of ROS, their sites of cellular production, 
targets, and scavenging mechanisms mediated by antioxidants in abiotic stress. Such 
profound knowledge will let us build strategies against environmental stress.

Keywords: ROS, abiotic stress, antioxidant, free radical

1. Introduction

Plants are continually susceptible to environmental changes, prompting them to 
regulate their metabolism in such a way as to maintain a constant balance between the 
generation of energy and its consumption. This delicate balance is majorly dependent 
on a network signaling that mainly coordinates among the key operations in plant life 
including dark respiration, photorespiration, and photosynthesis, all of these activities 
are linked by reductants, substrate, energy, and electron transfer [1, 2]. Plant organelle 
metabolic pathways are sensitive to climate change and metabolic inequities in cells that 
can cause oxidative stress by boosting the oxidation of cellular components, production 
as well as accumulation of reactive oxygen species (ROS), impeding metabolic activi-
ties, and affecting organelle integrity [3, 4].
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Environmental abiotic stresses, such as chilling, salinity, harsh temperature, drought, 
toxic metals or metalloids, flooding/waterlogging, and ultraviolet (UV) radiation, have 
become more common as a result of abrupt and extreme climate change [5]. The escala-
tion of various abiotic stresses emerged as a key threat to agricultural crop production. 
Furthermore, an excess of ROS such as free radical alkoxy radical (RO•); hydroperoxyl 
radical (HO2

•); hydroxyl radical (OH•); superoxide anion (O2
•); and nonradical mol-

ecules (singlet oxygen, 1O2, and hydrogen peroxide, H2O2) causes plant oxidative stress 
[6]. The principal sites of cellular ROS formation are mitochondria, chloroplast, apo-
plast, plasma membranes, and peroxisome [7]. Although as a component of regular cel-
lular metabolism ROS are produced in plants, their overabundance due to several stresses 
severely destroys essential cellular constituents such as DNA, proteins, carbohydrates, 
lipids, and so on due to their highly reactive nature [8]. Nonenzymatic, low-molecular 
substances such as ascorbic acid (AA), reduced glutathione (GSH), carotenoids, tocoph-
erol, proline, phenols, and flavonoids as well as guaiacol peroxidase (GPX), peroxidase 
(APX), superoxide dismutase (SOD), catalase (CAT), and glutathione-S-transferase 
(GST). The pervasiveness of both of the antioxidant machinery’s arms supports the 
necessity for ROS detoxification for cellular viability [9].

1.1 Types of ROS

ROS are generally a molecular O2 that has been incompletely activated or reduced 
or the principal product or the O2-containing molecule byproduct that has an elevated 
reactivity than ambient O2. ROS are produced by the electrons from the O2 molecule 
or transfer of energy. The most prevalent cellular ROS in plants are OH•, O2

•, 1O2, 
and H2O2. Cells generate both nonradical and free radical ROS. Free radicals include 
OH•, O2

•, ROO•, and RO•, while the nonradicals include 1O2 and H2O2. The other ROS 
nonradicals found in plants include excited carbonyl (RO*) and hypochlorous acid 
(HOCl). Furthermore, few acidic molecules such as hypoiodous acid (HOI), hypo-
bromous acid (HOBr), and hypochlorous acid (HOCl) and radical compound (CO3

•) 
are incorporated into ROS. In addition, biological systems may contain alkoxyl radical 
(LO•), peroxyl radical (LOO•), hydroperoxyl radical (HO2

•), peroxynitrite (HNO3), 
trichloromethyl peroxyl radical (Cl3COO•), and ozone (O3).

1.1.1 Superoxide radical (O2
•−)

In the chloroplasts, ROS are constantly produced as a result of partial O2 reduction 
or energy transfer to O2. During the noncyclic electron transport chain (ETC), O2

•− is 
generated mostly in the thylakoid localized PSI and other cellular compartments. 
When cytochrome c oxidase reacts with O2, H2O is normally produced. Occasionally, 
O2 reacts with the various ETC components to produce O2

•. It is typically the first ROS 
to develop. O2

•− can potentially undergo a further reaction, resulting in the formation 
of other ROS [10].

1.1.2 Singlet oxygen (1O2)

It is an unusual ROS that is produced via the chlorophyll reaction (in the antenna 
system, in the triplet state) rather than electron transport to O2. Heavy metals, 
salinity, and drought all cause stomatal closure, resulting in lack of intracellular CO2 
concentration. Facilitating the production of 1O2 and causing significant damage to 
both the photosystems (PSI and PSII) put the whole photosynthetic apparatus in 
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danger, causing damage to a wide spectrum of the target. These substances include 
pigments, proteins, lipids, and nucleic acids and are the primary ROS responsible for 
light-induced loss of PSII function, resulting in cellular death [11].

1.1.3 Hydrogen peroxide (H2O2)

It is created in plant cells under normal conditions as well as in response to 
oxidative stresses (drought, cold, UV radiation, bright light, pathogen infection, 
and wounding). O2

•− undergoes both univalent protonation and reduction, and a 
moderately reactive H2O2 is produced. The ER, mitochondria, ETC in the chloroplast, 
oxidation of fatty acids, photorespiration, and cell membrane are the key sources of 
H2O2 generation in plant cells. In plants, H2O2 is useful at low quantities but harmful at 
greater amounts. It operates as a regulatory signal for critical physiological processes 
such as senescence, stomatal movement, photosynthesis and photorespiration, growth 
as well as development at low intracellular concentrations [12].

1.1.4 Hydroxyl radical (OH•)

OH• is the most reactive and destructive ROS. At neutral pH, it is produced via the 
Fenton reaction between H2O2 and O2

•− catalyzed by transition metals such as  
Fe (Fe2+, Fe3+). H2O2 + O2

•− → OH− + O2 + OH•. It is capable of causing harm to several 
biological components through lipid peroxidation (LPO), protein degradation, and 
membrane disintegration. Because no enzymatic system exists to scavenge this deadly 
radical, excessive OH• buildup causes cellular death [13].

1.1.5 Peroxyl radical (ROO•)

The key chain-propagating step in lipid peroxidation and non-lipid systems is the 
formation of RO2

• and RO• radicals that can be generated by the decomposition of 
protein and lipid peroxides when heated or by the addition of transition metal ions. 
It is easy to produce peroxyl radicals by combining O2 with carbon-centered radical 
>C• + O2 > C−OO•. The peroxyl radical plays an important role in the oxidation of 
lipids, DNA damage, changes in the protein backbone, and the degradation of food.

1.1.6 Alkoxy radical (RO•)

When lipids are oxidatively degraded or peroxidized without the help of enzymes, 
alkoxyl radicals are generated by the Fenton reaction, by electron reductions, or by 
combining two peroxyl radicals. Apoptosis and DNA alterations may result from 
alkyl radical oxidation. DNA damage and apoptosis can be caused by alkoxyl radicals, 
which are very oxidizing.

2. Sites of ROS production/generation in plant cells

It is proven that ROS can be produced in multiple places in the mitochondria, chlo-
roplasts, plasma membranes, peroxisomes, endoplasmic reticulum, and cell wall both 
under normal and stressful conditions. ROS are produced primarily by peroxisomes 
and chloroplasts when light is present, while the mitochondria generate ROS when 
light is not present.
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2.1 Chloroplast

Chlorophyll (chl) and light interact with each other to produce ROS in the 
chloroplast, which is the most important site where ROS are produced. In this 
case, ROS are principally generated by triplet chl and electron transport chains 
(ETC), including PSI and PSII. SOD converts O2

•− into H2O2 under PSI in the 
Mehler reaction [14]. The O2

•− and H2O2 generate more highly reactive HO• when 
combined with metal ions such as Fe2+. Various ecological stressors cause stomatal 
closure, resulting in a decrease in CO2 levels, thereby causing the generation of 
 chloroplastic ROS [3, 15].

2.2 Mitochondria

Although on a smaller scale, mitochondria are also responsible for damaging ROS 
production, including H2O2 and O2

•−. This is due to the mitochondrial ETC  
(mt ETC) containing enough energetic electrons to reduce O2 and produce ROS. The 
two main mt ETC components responsible for the production of ROS are complexes I 
and III [16]. Additionally, the mitochondrial matrix contains numerous enzymes that 
produce ROS. Mn-SOD and APX reduce O2 into H2O2 under the influence of oxygen, 
despite its abundance in the mitochondria. When mitochondria are under abiotic 
stress, ROS production increases dramatically [17].

2.3 Apoplast

The diffusible region around the plant cell membrane appears to be in charge 
of converting incoming CO2 into a soluble, diffusible form that can be transported 
into the cytoplasm to carry out photosynthesis. During the harsh environmental 
situation, stress signals combined with abscisic acid make the apoplast a significant 
location for H2O2 production. Several other substances, such as pH-dependent 
peroxidases (POXs), polyamine oxidases, and cell-wall-linked oxidases, also gener-
ate ROS [18].

2.4 Plasma membranes

Plant cells are surrounded by a plasma membrane, which is constantly interacting 
with changing external conditions, thereby providing essential information for their 
survival.

During electrons transferring from cytosolic NADPH to O2, either e− dismutates 
spontaneously to H2O2 or is catalyzed by NADPH oxidase; SOD forms O•

2. The impor-
tance of NADPH oxidase in plant defense against pathogenic infection and abiotic 
stress conditions has been well established [19].

2.5 Cell walls

The cell wall-localized lipoxygenase (LOX) creates polyunsaturated fatty acid 
(PUFA) hydroperoxidation, making it an active generator of ROS such as O2

•, OH•, 
1O2, and H2O2. Using diamines or polyamines, cell wall-localized diamine oxidases 
produce ROS in the cell wall. During the pathogenic attack, lignin precursors undergo 
considerable cross-linking via H2O2-mediated pathways, resulting in the formation of 
recombinant lignin [20].
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2.6 Endoplasmic reticulum (ER)

Cyt P450, which is located in the ER, is used to create O2
•− via NADPH-mediated 

electron transport. RH (an organic substrate) interacts with CytP450, which is for-
merly reduced by a flavoprotein to form a free-radical intermediate (Cyt P450 R). This 
intermediate forms an oxygenated complex when it reacts with triplet oxygen (3O2) 
(Cyt P450-ROO). When the complex decomposes to Cyt P450-Rh, O2

• is produced as a 
byproduct [21].

3. Role of ROS as messengers

ROS have been identified as the second messenger in intracellular signaling cas-
cades that mediate a variety of plant responses, including programmed cell death, 
stomatal closure, gravitropism, and abiotic and biotic stress-tolerance acquisition. 
ROS can also affect the activity of numerous signaling components, including pro-
tein phosphatases, transcription factors, and protein kinases as well as communicate 
with other signal molecules and the pathway that administers response down-
stream of ROS. The balance between oxidant formation and antioxidant removal 
 determines the life span, strength, and size of the ROS signaling pool [19, 20].

4. ROS and oxidative damage to biomolecules

The creation and removal of reactive oxygen species must be appropriately regulated 
to avoid oxidative stress. When the number of reactive oxygen species exceeds the 
cell’s defensive systems, the cell is said to be in “oxidative stress.” The balance between 
ROS formation and scavenging is upset in several stressful circumstances, such as salt, 
thirst, metal toxicity, intense light, viruses, and so on. High quantities of ROS can harm 
biomolecules, such as lipids, proteins, and DNA. These processes can alter inherent 
membrane properties including fluidity, enzyme activity loss, ion transport, protein 
synthesis suppression, protein cross-linking, DNA damage, etc., resulting in cell death. 
Redox homeostasis develops in plant cells as a result of equilibrium between the creations 
of ROS and the functioning of antioxidant enzymes, where a well-functioning defense 
system in plants maintains the right balance between ROS generation and its removal.

For proper redox signaling in the cell, it is, therefore, necessary to maintain an amount 
of ROS above or below the cytotoxic concentration, which is achieved by maintaining the 
equilibrium between ROS production and scavenging. As a result, a constant equilibrium 
between ROS formation and scavenging systems is maintained by cooperating with cel-
lular redox-sensitive components to precisely adapt the downstream signaling procedures 
in a context-specific and cell-specific manner. Under varied abiotic stress conditions, any 
disruption in the equilibrium between ROS formation and scavenging by antioxidants 
leads to ROS excess buildup, culminating in oxidative stress [9]. Oxidative stress results 
in damaging the nucleic acid and protein and lipid peroxidation, thereby altering the 
carbohydrate metabolism and thus leading to cellular death and its dysfunction.

4.1 Lipids

Increasing ROS levels trigger lipid peroxidation in membranes of cells and 
organelles, affecting normal cellular activity. Oxidative stress is exacerbated by lipid 
peroxidation by producing radicals from lipids, which affect proteins and DNA. In 
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stressed cells, lipid peroxidation can be used as a biomarker of ROS-mediated mem-
brane damage. Environmental challenges have been shown to cause increased lipid 
peroxidation and its degradation in several plants [22].

4.2 Proteins

Besides direct changes, ROS can indirectly affect proteins. Direct modification is the 
process of modifying a protein’s function by disulfide bond formation, nitrosylation, 
carbonylation, and glutathionylation. Through the breakdown of fatty acid peroxida-
tion products, proteins are indirectly altered. The increased ROS production alters 
amino acid sites, fragments peptide chains, aggregates cross-linked reactions, changes 
the charge, and increases the proteolytic activity of proteins. The amount of carbonyl-
ated proteins in oxidatively damaged tissues is higher, a measurement of protein oxida-
tion. Plants are reported to modify proteins in response to diverse stressors. There is a 
wide range of ROS attacks that can be performed on amino acids in peptides [23, 24].

4.3 Damage to nucleotides and DNA

The hydroxyl radical (OH•) is one of the damaging factors for polynucleic acids, 
because it changes the pyrimidine and purine structure by liberating H+ from the 
C‒H bonds of methyl and 2-deoxyribose group, generating deoxyribose radical, 
thymine glycol, hydroxyl methyl urea, and other compounds, thereby breaking 
double-stranded DNA into single-stranded DNA. DNA damage is caused by oxida-
tive stress. By oxidizing deoxyribose sugar, changing nucleotide bases, cross-linking 
DNA, proteins, and abstracting nucleotides, ROS cause DNA nucleotide damage. 
Plant growth, as well as development, is influenced by DNA damage through a variety 
of physiological mechanisms, including abnormal protein synthesis and damage to 
photosynthetic proteins, among others. It also can prevent replication mistakes, signal 
transduction, transcription, and overall genomic instability. In addition, DNA bases 
are damaged and irreversible not only by direct oxidation but also by reactive inter-
mediates (associated with ROS attack) reacting with macromolecules [25, 26].

5. Oxidative stress under abiotic stress

There are different types of abiotic stresses as depicted in Figure 1.

5.1 Oxidative stress under salinity

Among all above-mentioned abiotic stresses, salinity or salt stress is regarded as one 
of the most damaging, reducing land area and agricultural productivity. Soil salinity is 
a global issue that affects around 20% of irrigated land and severely lowers agricultural 
production [27]. Salinity has a negative impact on crop germination, yield, and vigor. 
Osmotic stress, nutritional ionic specificity, hormonal problems, altered physiological 
and metabolic processes, and, finally, oxidative damage occur when plants are exposed 
to high salt concentration. Some of the most typical effects of salt stress in plants are 
photosynthetic reduction, nutritional unavailability, cellular membrane disruption, the 
creation of several toxic metabolites, and eventual plant death.

Salinity stress causes overproduction of ROS that affects the plants leading to ion 
toxicity, nutritional inadequacy, osmotic stress, and genotoxicity that causes oxidative 
stress [28, 29].
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5.2 Drought

Drought causes stomatal closure and decreases CO2 fixation in plant leaves. As a 
result, this stress causes an imbalance between light capture and utilization, lower-
ing the photosynthetic rate [30]. During drought, the photochemistry of chloroplasts 
changes, and an imbalance between electron acceptance and release results in an increase 
in the formation of ROS from surplus light energy in the photosystems. In reality, ROS 
are produced by absorbed light energy, which cannot be converted to CO2 fixation. 
Photorespiration directly causes drought-induced H2O2 production. Furthermore, under 
drought stress, if chloroplasts are exposed to excessive light energy, ferredoxin levels 
plummet; NADP+ regeneration is hampered, interfering with electron uptake, resulting 
in lower ETC and increased electron leakage, both of which contribute to ROS over-
production. Drought-induced LPO, malondialdehyde (MDA), and H2O2 accumulation 
cause malfunction of several physiological and cellular processes including membrane 
functions, water-use efficiency, stomatal conductance, carboxylation efficiency, transpi-
ration, respiration, and photosynthesis. Drought stress increases MDA and H2O2 levels 
in several plant species, including maize, chili, rapeseed, alfalfa, soybean, and others, 
which, along with other harmful ROS, cause oxidative damage [31].

5.3 Metal toxicity

Toxicity from metals or metalloids not only disrupts morphophysiological features 
but also causes increased oxidative stress due to an imbalance between the antioxidant 
defense system and ROS generation. In a study, it was found that nickel (100 M) 
stressed Pisum sativum L. seedlings accumulated more LPO and H2O2. Such increases 
in oxidative stress indicators were even greater in the same crop with the same Cd 
content. Meanwhile, cadmium stress increases the H2O2 and MDA production in 

Figure 1. 
Different types of abiotic stresses for plants.
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numerous crops. Aside from H2O2 and MDA, the rate of O2
• generation in Vigna 

radiata L. was also higher [5, 32].

5.4 Flooding or waterlogging

In the natural environment, unexpected extreme climate change occurs, such as 
flooding, which can disrupt the natural distribution of plants and even lead to extinc-
tion. Flooding or waterlogging (WL) can cause anoxia as well as hypoxia by impeding 
respiration and producing toxic chemicals that impede metabolic processes. The main 
reasons for yield reduction are decreased growth and production of biomass, disrup-
tion in light interception, limitation of stomatal conductance and CO2 assimilation, 
reduced respiration and photosynthesis, and altered accumulation of secondary 
metabolites. Under WL conditions, such metabolic process deficiencies result in the 
production of ROS and cause oxidative damage to the cell [33].

5.5 Chilling

Temperatures (1–10°C) in the chilling-sensitive plant’s cells cause multiple physi-
ological abnormalities, resulting in chilling injury and mortality in many tropical and 
subtropical plant species, including many vegetable species. According to a recent 
study, exposing chilling-sensitive plants to low temperatures disrupts all physiological 
functions, including water regime, mineral feeding, photosynthesis, respiration, and 
metabolism [34]. The reported inactivation of metabolism during chilling of chilling-
sensitive plants is a complicated function of both temperature and exposure period. 
Plants’ responses to low temperature are connected with changes in the rate of gene 
transcription of a variety of low-molecular-weight proteins.

Chilling stress denotes low-temperature harm without the development of ice 
crystals, whereas freezing stress denotes injury caused by ice formation within plant 
tissues. Plant species are dependable in their tolerance to chilling or freezing conditions. 
Chilling temperature decreases crop productivity by interfering with various compo-
nents of plant growth and development. At the vegetative stage, freezing temperatures 
restrict seedling growth and create aberrant phenotypes, such as stem discoloration, leaf 
yellowing or whitening, white patches/spots, wilting, and diminished tillering. Mung 
bean seedling development and dry weight reduced when exposed to a chilling tempera-
ture of 6°C. These seedlings also have aberrant phenotypic characteristics. Cold (11°C) 
damage symptoms were detected in rice [35, 36]. In chill-affected rice plants, stunted 
development, leaf chlorosis, an uneven number of tillers, and deformed and discolored 
grain symptoms were common. Lower temperatures affected soybean growth time, 
biomass accumulation, harvested index, seed number, and seed weight [37].

5.6 Extremely high temperature

Rising global temperatures over the previous few decades have resulted in major crop 
losses in a variety of regions throughout the world. By the year 2100, global tempera-
ture is anticipated to rise by up to 2.5–5.4°C. Temperature intensity, duration, and rate 
of increase are all critical factors in causing plant damage. Some frequent damaging 
consequences of high temperature include reduced germination and biomass, increased 
tillering, chlorosis, necrosis, early senescence of floral buds, premature mortality, and 
fruit senescence. Heat stress during seed development causes structural disintegration 
and physiological problems, reducing germination and vigor, emergence, and seedling 
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establishment even further. High temperatures hampered rice seed germination by 
lowering the levels of a collection of proteins involved in methionine metabolism, amino 
acid biosynthesis, energy metabolism, reserve degradation, and protein folding [38, 39].

5.7 Ultraviolet radiation

UV is a type of radiation that is produced by the sun. Solar radiation provides 
essential energy for plant growth and development through photosynthesis, but high 
light and, in particular, its integral ultraviolet (UV) fraction cause stress, potentially 
resulting in severe injury to plant cellular components such as DNA and protein.

The regular discharge of chlorofluorocarbons and other pollutants as a result of 
human activity increases the amount of UV radiation on the earth’s surface, which 
is the primary cause of stratospheric ozone layer depletion. Plants and animals are 
harmed as a result of stratospheric ozone depletion and increased solar UV radiation. 
Because sunlight is required for photosynthesis in terrestrial plants, they are most 
vulnerable to UV radiation [14, 40].

5.8 Herbicide toxicity

Herbicides are frequently used to control weeds in cultivated agricultural plants. 
Nonetheless, unintentional pesticide usage may cause oxidative stress in plants. 
Herbicides cause oxidative stress by producing too much ROS, which degrades plant 
photosynthetic pigments, lipids, cell membranes, and enzyme activity, affecting plant 
growth and production. Glyphosate, an herbicide, generated this stress in plants by 
limiting the shikimate pathway, resulting in excessive production of ROS and disruption 
of redox homeostasis. Glyphosate strongly hindered the growth of Hordeum vulgare L. 
(Barley) in response to larger accumulations of H2O2 and O2, which raised LPO [41, 42].

6. ROS defense machinery

This defense mechanism is comprised of antioxidant machinery, which aids in the 
mitigation of the above-mentioned oxidative stress-induced harms. The antioxidant 
machinery is composed of two arms: enzymatic components and nonenzymatic 
antioxidants (Figure 2) [43].

6.1 Enzymatic antioxidants

Within the cellular and subcellular compartments, the antioxidant machinery 
is composed of several antioxidant enzymes such as superoxide dismutase (SOD), 
ascorbate peroxidase (APX), peroxidase (POD), catalase (CAT), dehydroascorbate 
reductase (DHAR), guaiacol peroxidase (GPX), glutathione reductase (GR), and 
monodehydroascorbate reductase (MDHAR).

6.1.1 Superoxide dismutase (SOD)

All aerobic organisms contain the metalloenzyme SOD. This is the initial line of 
defense against ROS-induced damage under environmental stress. SOD catalyzes O2

•− 
elimination by dismutating it into H2O2 and O2. This eliminates OH• generation as a 
result of the Haber-Weiss reaction. The SODs can be classified into three groups based 
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on the metal ion they bind: Mn-SOD located in mitochondria, Cu/Zn-SOD located in 
cytosol, (chloroplasts and peroxisomes), and Fe-SOD localized in the chloroplasts. 
Under abiotic stress (including salinity), the SOD levels get increased, as plants tend 
to defend themselves from oxidative stress [21].

 • •
2 2 2 2 2O O 2H 2H O O− − −+ + → +  (1)

6.1.2 Catalase (CAT)

It is a tetrameric heme enzyme that catalyzes the dismutation of H2O2 into O2 and 
H2O. It has a strong affinity for H2O2, but a weaker attraction for organic peroxides. It 
has a very rapid turnover rate and is unique among antioxidant enzymes in that it does 
not require a reducing counterpart. Peroxisomes are hotspots for H2O2 generation due to 
photorespiration, purine catabolism, fatty acid oxidation, and oxidative stress. Recent 
studies reveal that CAT is also located in other subcellular compartments including 
chloroplast, mitochondria, and cytosol; however, considerable CAT activity has yet to 
be observed. CAT eliminates H2O2 in an energy-efficient manner [21, 44]:

 ( )2 2 2 21/22H O H O O→ +  (2)

6.1.3 Ascorbate peroxidase (APX)

The ascorbate glutathione cycle (ASC-GSH) is driven by ascorbate peroxidase 
(APX). While CAT primarily scavenges H2O2 in the peroxisomes, APX does the same 
in the cytosol and chloroplast. The APX uses ascorbic acid (AA) as a reducing agent to 
convert H2O2 to H2O and DHA.

Figure 2. 
Components of antioxidant defense mechanism.
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 2 2 2H O AA 2H O DHA+ → +  (3)

The APX family is divided into five distinct isoforms depending on amino acid 
sequences and location, including chloroplastid (thylakoidal and stromal), mitochondrial, 
peroxisomal, and cytosolic. Because APX is more extensively distributed and has a higher 
affinity toward H2O2 than CAT, it is a more effective H2O2 scavenger during stress [45].

6.1.4 Monodehydroascorbate reductase (MDHAR)

It is in charge of regenerating AA from the short-lived MDHA by employing 
NADPH as a reducing agent and thus refilling the cellular AA pool. Because it regen-
erates AA, it colocalizes with APX in mitochondria and peroxisomes where APX 
scavenges H2O2 and oxidizes AA. MDHAR has several isozymes that are found in 
mitochondria, peroxisomes, chloroplasts, cytosol, and glyoxysomes [2, 46]:

 MDHA NADPH AA NADP++ → +  (4)

6.1.5 Dehydroascorbate reductase (DHAR)

It uses reduced glutathione (GSH) as an e− donor to convert dehydroascorbate 
(DHA) to AA. This makes it, in addition to MDHAR, another drug that regenerates 
the cellular AA pool. It is essential for regulating the AA pool size in both apoplast and 
symplast, hence maintaining the plant cell’s redox status. DHAR can be detected in 
high concentrations in seeds, roots, and both green and etiolated shoots [47, 48].

 DHA 2GSH AA GSSG+ → +  (5)

6.1.6 Glutathione reductase (GR)

It is a flavoprotein oxidoreductase that reduces GSSG to GSH using NADPH as 
a reductant. Reduced glutathione (GSH) is depleted when it is utilized to produce 
AA from DHA and MDHA, and it is thus transformed to its oxidized state (GSSG). 
To maintain a high cellular GSH/GSSG ratio, GR, a critical enzyme of the ASC-GSH 
cycle, catalyzes the creation of a disulfide bond in glutathione disulfide. It is mostly 
found in chloroplasts, with trace amounts being detected in cytoplasm and mitochon-
dria. GSH is a low-molecular-weight molecule that acts as a reductant, preventing 
thiol groups from being oxidized and reacting with harmful ROS members [49, 50].

 GSSG NADPH 2GSH NADP++ → +  (6)

6.2 Nonenzymatic components of antioxidative defense system

The primary cellular redox buffers glutathione, ascorbate, phenols, carotenoids, 
and tocopherol that are nonenzymatic components of the antioxidative defense 
mechanism. Plant growth and development are influenced by numerous antioxidants 
that modulate several processes ranging from cell elongation and mitosis to senescence 
and cellular death. They not only protect various cell components from harm, but also 
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play a significant role in plant growth, maturation, and development by modifying 
cellular processes such as mitosis, senescence, cell elongation, and cell death.

6.2.1 Ascorbate (AsA)

AsA is the most prevalent, low-molecular-weight antioxidant, and it plays an 
important role in the defense against oxidative stress induced by increased ROS levels. 
Because of its potential to donate e− in a variety of enzymatic and nonenzymatic 
processes, AsA is regarded as a potent antioxidant. AsA has been demonstrated to 
be involved in several physiological processes in plants. The majority of AsA, about 
90%, is found in the cytoplasm, but unlike other soluble antioxidants, a significant 
fraction is transported to the apoplast. The first line of defense in apoplastic AsA is 
thought to be against potentially harmful exogenous oxidants. AsA shields important 
macromolecules from oxidative degradation. Under normal physiological conditions, 
AsA is usually found in a reduced state in chloroplasts. It protects the membrane by 
directly interacting with H2O2, O2

•, producing tocopherol from tocopheroxyl radicals, 
and preserving the activities of enzymes containing prosthetic transition metal ions. 
AsA plays a beneficial role in the elimination of H2O2 via the AsAGSH cycle [51, 52].

6.2.2 Glutathione

Glutathione tripeptide (−glutamylcysteinyl-glycine, GSH) is a critical low-
molecular-weight nonprotein thiol that plays a significant role in intracellular defense 
action against ROS-induced oxidative damage. It has been documented in almost 
every cell compartment, including the chloroplasts, cytosol, vacuoles, endoplasmic 
reticulum, and mitochondria. GSH is produced in plant cells, chloroplasts, and 
cytosol, by compartment-specific isoforms of glutathione synthetase and glutam-
ylcysteinyl synthetase. The balance of glutathione disulfide (GSSG) and GSH is 
essential for sustaining cellular redox state. A variety of biological processes depend 
on GSH’s reducing abilities, including cell growth/division, sulfate transport regula-
tion, metabolite conjugation, signal transduction, enzymatic regulation, nucleic acid 
and protein synthesis, xenobiotic detoxification, synthesis of phytochelatins, and 
stress-responsive gene expression. GSH acts as an antioxidant in several ways. It can 
chemically react with OH•, O2

•−, and H2O2 and hence work directly as a free radical 
scavenger. GSH can protect macromolecules (proteins, lipids, and DNA) by directly 
forming adducts with reactive electrophiles [53].

6.2.3 Tocopherols

Tocopherols are a class of lipophilic antioxidants that scavenge oxygen-free radi-
cals, lipid peroxy radicals, and 1O2. The relative antioxidant activities of the tocopherol 
isomers α-, β-, γ-, and δ- are related to the number of methyl groups and methylation 
pattern that are connected to the phenolic ring of the polar head structure. As a result, 
tocopherol has the highest antioxidant activity due to its three methyl substituents. 
Tocopherols are only generated by photosynthetic organisms and are found only in the 
green portions of plants. As precursors, the tocopherol biosynthesis pathway uses two 
compounds: homogentisic acid (HGA) and phytyl diphosphate (PDP). Tocopherols 
inhibit the chain propagation stage in lipid autoxidation, making them an efficient free 
radical trap. In redox interactions with 1O2, tocopherol’s fully substituted benzoqui-
none ring and fully reduced phytyl chain operate as antioxidants [54].
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6.2.4 Carotenoids

Carotenoids are lipophilic antioxidants capable of detoxifying several kinds of 
ROS. Carotenoids can be found in both plants and microbes. During the visible range 
between 400 and 550 nm, carotenoids absorb light and transmit it to the chloroplast. 
They act as an antioxidant by scavenging 1O2 to avoid oxidative damage and quenching 
triplet sensitizer (3Chl) and excited chlorophyll (Chl) molecules to prevent the cre-
ation of 1O2 and therefore protect the photosynthetic system. Carotenoids are also the 
precursors of several signaling molecules, which regulate various biotic/abiotic stress 
responses and plant development. Carotenoids’ ability to scavenge, inhibit, or reduce 
the formation of triplet chlorophyll may be explained by their chemical specificity. 
Carotenoids comprise a chain of isoprene residues with many conjugated double bonds, 
allowing for simple energy intake from excited molecules and heat dissipation [55].

6.2.5 Phenolic compounds

These are the group of secondary metabolites with antioxidant capabilities that 
include tannins, flavonoids, lignin, and hydroxycinnamate esters. They are abundant 
in plant tissues. Polyphenols have an aromatic ring with ‒OH or OCH3 substituents that 
contribute to their biological activity, which includes an antioxidant activity. In addi-
tion to chelating transition metal ions, polyphenols absorb molecular species of active 
oxygen and inhibit lipid peroxidation by scavenging lipid alkoxyl radicals. They also 
change the lipid packing order and reduce membrane fluidity. These modifications may 
severely hamper free radical transport and limit peroxidative processes. Furthermore, 
it has been demonstrated that flavonoids and phenylpropanoids, in particular, are 
oxidized by peroxidase and act in an H2O2-scavenging, phenolic system [56].

6.2.6 Proline

Proline, an osmolyte, is also considered a potent antioxidant. It is frequently 
employed as a nonenzymatic antioxidant across various kingdoms to combat the 
detrimental effects of various ROS members. This is produced from glutamic acid 
via a pyrroline 5-carboxylate intermediate. This route is mediated in plants by two 
enzymes, pyrroline-5-carboxylate reductase and 1-pyrroline-5-carboxylate synthe-
tase. It is an effective OH• and 1O2 scavenger and can prevent LPO damage. Proline 
accumulates in huge concentrations in plants during stress, either due to increased 
synthesis or due to decreased breakdown [57].

7. Conclusion

ROS have long been known to play an important role in controlling plant responses 
to both biotic and abiotic stressors. They are unavoidable harmful metabolic byproducts 
that serve as signaling molecules under stress situations. Although ROS appear to be 
damage agents in plants, their importance in boosting the stress signaling component to 
prevent future losses is also noteworthy. Despite the constant increase in stress-related 
publications, there is no novelty in the content. ROS has a dual purpose: it is an unavoid-
able byproduct of aerobic metabolism, on the one hand, and it serves as a marker during 
stressful conditions, on the other hand. They not only act as damage agents in plants 
but also activate stress-signaling components to prevent future harm. ROS synthesis 
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is extensive, with production sites found both intracellularly and extracellularly. ROS 
causes severe damage, and its targets include all biomolecules such as DNA, proteins, 
and lipids compromising the cell’s integrity and ultimately leading to death. This chapter 
explains how both components of the antioxidant machinery, antioxidant enzymes and 
non-antioxidant metabolites work together to mitigate the harmful effects of ROS and 
build a tolerance to diverse environmental stress situations. Despite substantial advances 
in recent years, there are still uncertainties and gaps in our knowledge of ROS produc-
tion and how they influence plants, owing to their short half-life and highly reactive 
nature. Although the highly compartmentalized nature of antioxidants is well under-
stood, the sensing and response mechanisms, as well as the regulation of the delicate 
balance between production and scavenging, require more investigation. In the future, 
molecular research might lead to a better understanding of ROS metabolism. Advanced 
functional genomics, in conjunction with proteomics and metabolomics, will provide 
extensive insights into the ROS network and its associated reactions.
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Chapter 7

Phenolic Compounds in the Plant 
Development and Defense:  
An Overview
Sambangi Pratyusha

Abstract

Phenolic compounds are produced by the plants mainly for their growth, 
 development, and protection. These aromatic benzene ring compounds are very 
much essential during the plant’s biotic and abiotic stress interactions. They consti-
tute an essential part of plant’s secondary metabolites and play a vital role in various 
physiological and mechanical activities. These diverse plant phenolic compounds 
act both as attractants and repellents toward various organisms in the environment. 
They could act as attractants toward the beneficial organisms and as toxicants against 
the invading pests and pathogens. These metabolite compounds often enhance 
during a plethora of stress conditions and act as the first line of defense to provide 
plant disease resistance. They are also known to influence the other plant metabolic 
pathways, namely phytoalexin biosynthesis and reactive oxygen species generation. 
These phenolic compounds participate both in the above- and below-ground plant 
defense systems. They are produced as root exudates and influence the soil diversity 
and the neighboring plants. The present review provides an overview of the roles of 
plant phenolic compounds in the plant kingdom as signaling compounds, pigment 
compounds, antimicrobials, and defense compounds.

Keywords: abiotic and biotic stress, pest management, plant defense, plant phenols

1. Introduction

Plants produce an amazing diversity of secondary metabolites, and the most impor-
tant ones are the phenolic compounds. They are the most stable products in the plant 
kingdom. Humans have known them for centuries, and their role in plants’ nutrition, 
fertility, growth, and protection has made them compounds of interest and to under-
stand them completely. These anti-herbivore chemicals produced by plants are one of 
the most common plant allelochemicals in the ecosystem. These phenolic compounds are 
characterized by single or more hydroxyl groups bound to a six-carbon aromatic ring. 
These compounds attained the leading status due to the resistant properties bestowed 
by them [1]. More than 8000 phenolic structures are currently known, ranging from 
simple phenolic acids to highly polymerized substances as tannins [2]. They are the most 
abundant secondary metabolites with wide distribution in the plant kingdom.
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Primarily these phenolic compounds are usually involved in the plant defense 
responses and apart from that, they are were also seen playing a role during crop 
pollination and camouflage [3, 4]. These compounds are mostly found bound to the 
sugars. Most of them being aromatic in nature also play an important role in plant 
communication. At the plant’s rhizosphere, certain phenolic compounds moni-
tor their surroundings through quorum sensing [5]. The plant growth-promoting 
microbes at the rhizosphere breakdown these phenolics and, in turn, enhance the soil 
fertility. They also aid in the chelation of the soil minerals and elements, improve the 
soil porosity, and in turn increase the absorption capacity of the plants [6]. During 
stress and pathogen invasion, these phenolic compounds are often accumulated in 
the plant’s subepidermal tissues. The synthesis and concentration of the accumulated 
phenolics depend on many internal and external factors such as plant physiology, 
age, development stage, climate, and the type of pathogen attack [7]. The significant 
nature of the phenolic compounds is their dual function as both attractants and repel-
lent compounds. Depending on the surrounding environment, the plant produces 
either the attractants phenolic derivatives, namely allelochemicals and chemoat-
tractants, to attract the pollinators, symbiotic microbes [8, 9], or repellent phenolic 
derivatives to repel the pests and pathogens [10].

Due to present-day environmental challenges, there is a need for eco-friendly agri-
cultural practices, and to ensure the future demand for food, exploitation of sustain-
able solutions is very much necessary. This brings us to the attention of plant phenolic 
compounds with diverse beneficial roles as plant growth promoters, crop yield 
enhancers, and as protectors against varied environmental stresses. Hence, the present 
chapter explores the diversity of plant phenolic compounds and their role in plant 
development and defense toward their application in various fields of agriculture.

2. Classification of phenolic compounds

According to Harborne [2], these plant phenolic compounds are mainly classified 
(Table 1) into the following groups.

C6-Simple phenols and benzoquinones are single benzene ringed structures 
with certain medicinal benefits. For example, embelin is a plant benzoquinone with 
antispermatogenic effect isolated from seeds of Embelia ribes [11].

C6–C1-Phenolic acids are those compounds possessing one carboxylic acid func-
tional group. These naturally occurring phenolic acids contain two distinctive carbon 
frameworks, namely the hydroxycinnamic acid and hydroxybenzoic structures. The 
basic structure remains the same, but the number and position of hydroxyl groups 
differ between the two. Phenolic acids with hydroxycinnamic acid include cinnamic 
acid, coumaric acid, ferulic acid, sinapic acid, and caffeic acid. Structures with 
hydroxybenzoic acid include benzoic acid, p-hydroxybenzoic acid, vanillic acid, gallic 
acid, protocatechuic acid, syringic acid, gentisic acid, veratric acid, and salicylic acid 
[12]. C6–C2-Acetophenone is a naturally occurring phenol compound in apple, cheese, 
apricot, beef, and cauliflower. It is used in fragrances and chewing gum. Phenylacetic 
acid is an active auxin, a plant hormone found in fruits [13]. C6–C3-Coumarins are 
notably in high concentration in Dipteryx odorata [14] and produced by plants as a 
defense chemical to discourage predation. They are widely spread in the grasses and 
cloves. C6–C4-Naphthoquinones such as 2-hydroxynapthoquinone and naphthazarin 
show insecticidal activity against tobacco culture insects extracted from Calceolaria 
andina [15]. Derivatives of 1,4-naphthoquinone are known to possess antibacterial 
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and antitumor properties. Naphthoquinones also exhibit larvicidal and molluscicidal 
activities. They are effective against Aedes aegypti and Biomphalaria glabrata [16].

C6–C1–C6-Xanthones are present in Bonnetiaceae and Clusiaceae families. They 
are generally used as an insecticide and as ovicide for codling moth eggs [17]. C6–
C2–C6-Stilbenes on hydroxylation from stilbenoids acts as phytoalexins in the plant. 
Commonly found plant compounds with stilbene structures are trans-resveratrol, 
trans-piceid, pinosylvin, piceatannol, pinosylvin, trans-pterostilbene, astringin, and 
rhapontin [18]. Anthraquinones generally present in plants as glycosides. C6–C3–C6-
Flavonoids generally occur in plants as glycosylated derivatives. The basic flavonoid 
structure contains a flavan nucleus. Many classes of flavonoids are present such as 
flavones (apigenin, luteolin, chrysin), flavan-3-ols (catechin, epicatechin, epigal-
locatechin), flavanones (naringenin, naringin, hesperetin, hesperidin), flavonols 
(quercetin, kaempferol, galangin, fisetin, myricetin), flavanonol (taxifolin), isofla-
vones (genistein, genistin, daidzein, daidzin, ononin), and anthocyanidins (cyani-
din, cyanin, peonidin, delphinidin, pelargonidin, and malvidin) [12].

(C6–C3)2-Lignans are phytonutrients with antioxidant property. Examples include 
pinoresinol, podophyllotoxin, and steganacin. Flax and sesame seeds contain high 
levels of lignans. (C6–C3–C6)2-Biflavonoids formed through an oxidative coupling 
of two chalcone units and subsequent modification of the central C3 units. They are 
characteristic of gymnosperms, the Psilotales, Selaginallales, and several flowering 
plants. They are not found in Pinaceae or the Gnetales. These biflavonoids act as fun-
gitoxins and insect feeding deterrents [19]. (C6–C3)n-Lignin and tannins are polymer 
forms of phenolic compounds. Lignin is the largest source of phenolic material in the 
plant cell walls. Tannins are distributed in plants as ellagitannins, condensed tannins, 
and gallotannins. These tannins reduce the digestibility of plants by herbivores.

The most crucial property of phenols is their antioxidant capacity. It protects 
the organism against reactive oxygen species (ROS). Plant polyphenols have multi-
functional properties such as reducing agents, hydrogen-donating antioxidants, and 
singlet oxygen quenchers and flavonoids.

Number of C atoms Basic skeleton Class

6 C6 Simple phenols, benzoquinones

7 C6–C1 Phenolic acids

8 C6–C2 Acetophenone, phenylacetic acid

9 C6–C3 Hydroxycinnamic acid, polypropene, coumarin, isocoumarin

10 C6–C4 Naphthoquinone

13 C6–C1–C6 Xanthone

14 C6–C2–C6 Stilbene, anthrachinone

15 C6–C3–C6 Flavonoids, isoflavonoids

18 (C6–C3)2 Lignans, neolignans

30 (C6–C3–C6)2 Biflavonoids

n (C6–C3)n

(C6)n

(C6–C3–C6)n

Lignins
Catecholmelanine
Condensed tannins

Table 1. 
Classification of phenolic compounds based on the number of carbons.
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3. Role of phenols in plant kingdom

Phenolic compounds exist throughout the plant kingdom, and their presence 
varies according to the phylum. Bryophytes are the regular producers of polyphenols, 
including flavonoids, but it is in the vascular plants that the full range of polyphenols 
was found. These phenolics survived through natural selection and upgraded through 
ages in types and functions. The taxonomists often use them to classify and separate 
the plant species. Plants synthesize these phenolic compounds unlike animals because 
plants are stationary to escape their predators and therefore have evolved this chemi-
cal defense against predators. The primary established roles of plant phenolics are 
ecological, some having dual or even multiple functions (Figure 1). Several studies 
have indicated a high degree of compartmentation of phenolic compounds and of the 
enzymes involved in their biosynthesis that occurs through various pathways [20].

These phenolics are widely distributed in the plant. They usually accumulate 
in the central vacuoles of guard cells and epidermal cells and subepidermal cells 
of leaves and shoots. Some found covalently linked to the plant cell wall, and oth-
ers occur in waxes or on the external surfaces of plant organs. According to some 
findings, the deposition of flavonoids in nuclei is seen in certain tree species [21]. 

Figure 1. 
Overview of functions of plant phenolic compounds.
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And it leads to a flavonoid-DNA complex that provides mutual protection against 
oxidative damage. In plants, phenolics were generally produced during two scenarios 
such as: (1) preformed phenolics synthesized during the normal development of 
plant tissues and (2) induced phenolics synthesized by plants in response to physical 
injury, infection, and response to elicitors such as heavy metal salts, UV irradiation, 
temperature, etc. [22].

3.1 Role of phenols in plant growth

Majority of phenols are responsible for the growth of the plant by aiding in cell 
wall formation. Hydroxycinnamic acids, particularly p-coumaric acid and ferulic 
acid, were found in the insoluble or cell wall fraction as esters. These pools of wall-
bound phenolic acids act as a reservoir of phenylpropanoid units for lignin biosyn-
thesis or even that they represent the beginnings of lignification itself. These esters 
with a large population of bound molecules are responsible for transduction of light 
energy leading to changes in plant cell wall structure, water flux, turgor pressure, and 
growth. Auxin (indole acetic acid), a phytohormone, plays a major role in the growth 
regulation of the plant [23, 24].

Plants are generally rooted and unable to move from place to another and are 
known to move in certain ways. The circadian rhythmic leaf movement known as 
nyctinasty was observed in all leguminous plants. Nyctinastic leaf movement is 
induced by the swelling and shrinking of motor cells in the pulvini, an organ located 
in the joint of the leaf and believed to be controlled by Schildknecht’s turgorins, 
which induce leaf-closing movement of the plants [25]. These turgorins are a new 
class of phytohormones that regulates the turgor of the plants. Some identified 
phenolic turgorins are: gallic acid 4-O-(β-D-glucopyranosyl-6′-sulfate) and gen-
tisic acid 5-O-β-D-glucopyranoside that are pulvini-localized in Mimosa pudica L., 
cis-p-coumaric acid 4-O-β-D-glucopyranoside, found in Cassia mimosoides L., and 
cis-p-coumaroylagmatine, identified in Albizia julibrissin Durazz. Hence, phenols 
also aid in the movements of plants [26]. In rapidly germinating seeds, coumaric acid 
β-glucoside is more prevalent, and in non-germinating seeds, such as Melilotus alba 
found to possess a large number of free coumarins [27]. Another naturally occurring 
phenolic compound, which inhibits the germination of seeds, is ferulic acid. These 
phenolics act as germination inhibitors by inhibiting the transport of amino acids and 
forming of the proteins in the seeds [28].

3.2 Role of phenols in plant signaling

Allelochemicals are known to interact between two plants. Phenolic compounds 
influence many organic and inorganic nutrients surrounding them. They affect 
decomposition rate and play a role in nutrient cycle by inhibiting or stimulating spore 
germination. Phenols are good allelochemicals present in all parts of the plant. Leaf 
phenolic allelochemicals include p-hydroxybenzoic acid, p-coumaric acid, and bark, 
rhizosphere, root exudates including quercetin, juglone, catechin, and sorgoleone 
compounds [29]. Polyphenols stored in the vacuoles of plant encounter the cytoplas-
matic proteins and form polyphenols-protein complex [30]. This complex aids in the 
senescence of plant tissues and causes the brown color of senescent leaves. Flavonoids 
such as eriodictyol and apigenin-7-O-glucoside isolated from pea root exudates found 
to play a role in the induction of nod gene expression [31]. Other natural flavanones 
such as naringenin, hesperitin, chalcones, and isoflavonoids such as daidzein, 



Plant Stress Physiology - Perspectives in Agriculture

134

genistein released from legume plants inducing the nod gene expression. Phenols, in 
major flavonoids, are responsible for the pigmentation of flowers and fruits in plants 
and aid in the pollination and seed dispersal. For example, apigenin, luteolin, kaemp-
ferol, quercetin, and myricetin produce white, yellow, or ivory colors at their locations 
in plants [32].

4. Plant phenols during biotic stress

4.1 Insect-plant interactions

Among the chemical defensive strategies developed by the plant, phenolics 
generated due to insect herbivory play a significant role in plant resistance and 
controlling the herbivore damage. Many studies were performed to determine the 
qualitative and quantitative changes of phenolic compounds in plants and their 
influence on insects. Studies were conducted on rice plants infested with pests, and 
an elevated level of phenolic compounds was observed. The elevation was explained 
as a mechanism of defense that acts as a barrier to insect feeding [33, 34]. Interesting 
results were obtained in phenolic acid estimations by HPLC in the pest-infested 
plants. There was an enhancement in the level of phenolic acids in all the groundnut 
plants infested with the three pests compared with control plants. Also, a quan-
titative difference in phenolic acids was noted in the infested groundnut plants 
irrespective of the type of feeding damage [35]. The accumulation of the phenolic 
compounds by the phenylpropanoid pathway has been reported earlier [36]. Certain 
phenolic acids such as cinnamic acid derivatives, cinnamic acid, vanillic acid, syrin-
gic acid, and p-coumaric acid were found only in the pest-infested rice plants. They 
were totally absent in normal healthy plants. Similar results were observed with raise 
in the concentration of phenolic acids such as vanillic acid, syringic acid, cinnamic 
acid, and p-coumaric acid in the infested rice plants [37, 38] and cotton [39]. Kelly 
and Felton [40] and Rehman et al. [41] found that increased concentration in plant 
phenolic compounds is according to the extent of tissue damaged by feeding insects 
or due to pathogen infection.

Insect damage often alters plant physiology and chemistry. Larvae of the autumnal 
moth, Epirrita autumnata, on individual branches of its primary host plant, mountain 
birch, Betula pubescens did not lead to a systemic change of primary nutrients and 
phenol compounds. However, they affected the larval growth [42]. Changes in phloem 
phenols occur when pest infestation is seen on the bark of the trees. Phytophthora 
ramorum, which caused cankers on the oak trees, is analyzed for the phenolic levels 
against the uninfested oak tree. Ockels et al. [43], quantified nine phenolic com-
pounds and gallic acid, tyrosol levels and showed dose-dependent inhibitory effects 
against P. ramorum, P. cinnamomi, Pseudocaecilius citricola, and P. citrophthora that are 
tested through in vitro bioassays. Seeds infested by wheat midge larvae, Sitodiplosis 
mosellana, showed induced changes in the dynamics of the phenolic acids. Analysis 
by HPLC of seed extracts produced by alkaline hydrolysis revealed rapid changes in 
p-coumaric and ferulic acids levels during early seed development [44]. This notified 
the role of phenols in seed development. Bi et al. [45] concluded that changes in the 
plant chemicals would induce resistance in the plant. Leaf phenolics and alkaloids 
variations were seen when Coffea spp. infested by leaf miner Leucoptera coffeella. 
The insect-plant interactions are studied by Magalhães et al. [46], to determine the 
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pesticide activity of the plant phenols. So, sometimes the phenolic changes in specific 
insect-plant interaction will affect the other generalist insects of the plant.

4.2 Microbe-plant interactions

Studies indicated that microbial infection on the plant alters the plant’s chemi-
cal composition. First identified phenolics providing disease resistance were seen 
in onion scales infected by Colletotrichum circinans. In order, to prevent this onion 
smudge disease, plant accumulated sufficient amounts of catechol and protocatechuic 
acid [47]. A decrease in the phenolic content of the plant was observed in brown spot 
infection of rice due to infection of Helminthosporium oryzae [48, 49]. Infection sup-
pressed the phenol metabolism in the rice plant due to the Helminthosporium oryzae 
toxin and aided in pathogen colonization. Phenolic compounds are also involved in 
defense response of plants by reducing the incidence of Fusarium wilt of tomatoes 
caused by the fungus Fusarium oxysporum [50]. Alteration in the ferulic, caffeic, 
and vanillic acid contents and concentrations are identified from recovered leaves 
and roots. Elicitors from Fusarium oxysporum f.sp. cubense accumulated soluble and 
wall-bound phenolics and phenolic polymers in the roots of Musa acuminate. White 
mold fungus, Sclerotium rolfsii Saccodes infection to Arachis hypogea reduced the total 
soluble phenolic content [51]. However, generally phenolic compounds induce in the 
infected fungal plants to confer resistance to specific fungal pathogens.

According to Beckman, phenolic compounds play an important role in reducing 
wilt diseases and aid in signaling for the host defense responses. 4-hydroxycinnamic 
acid CoA ligase enzyme is vital in the diversion of phenylpropanoids, was altered by 
the fungi, responsible for the changes in the phenols of the infected plant. In response 
to Rhizobium and vesicular arbuscular mycorrhizal (VAM) inoculation, enhancement 
in the phenolic compounds is seen in the Arachis hypogaea roots [52]. These phenolic 
compounds released at the roots help in maintaining the Rhizobium community 
at the rhizosphere. Furthermore, these Rhizobia species can use the phenols as a 
carbon source. Bacterial pathogens also affect phenol accumulation and production. 
Pseudomonas syringae enhanced the extracellular phenolic accumulation and changed 
the composition of phenolic acids in the Nicotiana tabacum [53].

Antimicrobial activity of phenolic compounds was observed in Finnish berries 
against probiotic bacteria and other intestinal bacteria. Myricetin inhibited the 
growth of lactic acid bacteria and mostly Gram-negative bacteria [54]. Phenolic acids 
from Olea europaea leaves, namely caffeic acid, verbascoside, oleuropein, luteolin 
7-O-glucoside, rutin, apigenin 7-O-glucoside, and luteolin 4′-O-glucoside showed 
antibacterial and antifungal action. Many herbs and spice plant extracts contain 
phenols with antibacterial activity against food-borne pathogens [55]. Flavones and 
flavanones of fruits and vegetables are known to be active against Aspergillus sp., B. 
cinerea, and F. oxysporum [56]. Resveratrol from grapes is also known to possess anti-
bacterial activity [57]. In these host-microbe interactions, the phenolic metabolites 
play a key role in providing signals for the interactions [58]. For example, acetosyrin-
gone, a phenolic compound produced at the wound site of plants, triggers vir genes in 
the pathogen. In legume-rhizobial interactions, flavonoids activate the nod genes in 
Rhizobium responsible for symbiotic relation [59]. The roles played by these phenolic 
compounds generally include phytoalexins for disease defense and lignin production 
for structural strength, along with antioxidant nature to combat the pro-oxidants 
produced during microbial stress.
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4.3 Effect of plant phenols on pests

Some plants respond to herbivore damage by increasing chemical, physical, or 
biotic defenses and responses that can help protect the remaining tissue against 
further damage [60–62]. Plant phenolics are believed to play an important role in 
chemical defense against herbivores through specific physiological effects on insects. 
These phenols are often described as antifeedant, digestibility reducers, and as 
toxins. These phenols would promote ROS in the insect digestive tract, particularly in 
mid-gut, where pH is alkaline. These ROS would result in direct oxidative damage to 
mid-gut lipids and proteins. Elevated levels of lipid per-oxidation products, oxidized 
protein, and free ions due to oxidative stress are generated in mid-guts of insects, 
leading to death [2]. Phytoalexins will disrupt the pathogen metabolism and cellular 
structure. Some experimental evidence includes the medicarpin by Medicago sativa, 
rishitin by Solanaceae, and camalexin by Arabidopsis thaliana [63]. Tannins lead to 
protein inactivation in insects, by binding to salivary proteins and digestive enzymes, 
including trypsin and chymotrypsin. Insect herbivores that ingest high amounts of 
tannins fail to gain weight and eventually die [64]. Lignins, which are polymer in 
nature, provide strong physical barrier in the form of cell walls toward herbivores. On 
the other hand, furanocoumarins produced in response to the herbivore attack gets 
activated by ultraviolet light (UV) and integrates with the DNA of insects, leading to 
death [65].

5. Plant phenols during abiotic stress

Plants encounter many challenges of both biotic and abiotic stress factors in 
nature. Abiotic stress factors include, namely drought, salinity, heat, ultraviolet, and 
pesticides. Nowadays, these abiotic stresses toward plants have drastically increased 
due to the environment’s uneven climatic conditions and man-made pollution. The 
increase of these abiotic stresses will radically impact the growth and development of 
the plants and could reduce the overall crop yield [66]. Plants to combat these abiotic 
stress conditions will produce a plethora of defense metabolites [67, 68]. Among 
them, the plant phenolic compounds are playing a vital role in coping with the abiotic 
stresses. Under stressful conditions, these phenolics are drastically accumulated in the 
plant for survival [20, 69]. Phenolic compounds, namely esters, flavonoids, lignin, 
and tannins, act as antioxidants and fight against these abiotic stress conditions in the 
plant cells [70].

In certain leafy vegetables, the salinity conditions caused an increase in the 
phenolic compounds to counterattack the high salt levels in the soil [71]. This increase 
of phenols assists in the balancing of the mineral composition in the leaves. Heavy 
metals in the soil also dramatically impact the physiology and metabolic activities of 
the plant. During such stress conditions, it has been observed that the plant flavo-
noids are playing a vital defense role by chelating the heavy metals [72, 73]. Climate 
change is one of the significant factors affecting plant growth and development. Due 
to adverse climatic conditions, water stress in plants has become a serious concern. 
Due to the lack of rainfall, drought stress is common environmental stress in many 
cultivated areas, and crop yield is majorly dependent on it. Under drought stress, it 
has been observed that plants are producing polyphenols to cope with these stress 
conditions by controlling the water ions flux [74, 75]. Phenolic compounds also 
respond to nutrition stress, cold stress, and radiation, thus providing resistance to 
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the plant [76–78]. Salinity is a significant stress factor that limits crop yield in many 
areas. Under these extreme conditions, plants adapt to stress through altered meta-
bolic pathways (Figure 2). For example, in a medicinal plant, Salvia mirzayanii, total 
phenolic content was increased with higher salt levels [79]. Chlorogenic acid, caffeic 
acid, ellagic acid, ferulic acid, gallic acid, syringic acid, vanillic acid, and p-coumaric 
acid were enhanced in Aegilops spp. due to salinity conditions [80]. This trend in 
increase of phenolic contents was reported in many plants under salt stress [81, 82]. 
This increase of phenols is a tolerance mechanism to maintain redox homeostasis and 
improve plant health. Similarly, during drought stress, to avoid oxidative damage, 
plants produce various phenolic compounds. These flavonoids or phenols inhibit fur-
ther loss of water in the plants through the closure of stomata [83]. Many reports sup-
port the production mechanism of phenols during drought stress in plants [84, 85]. 
The plant phenols are the main accumulator compounds during heavy metal stress. 
This tendency is for the chelation of toxic metals by phenolic compounds through 
their carboxyl and hydroxyl groups, which participate in the chelation of the metals 
[78]. Plant hormones play a vital role during the stress conditions. A wide cross talk of 
hormones, namely salicylic acid and jasmonic acid, takes place as defense response to 
the stresses [86]. Proteins associated with these hormones upregulate during defense 
and provide immunity to the plants through expression of pathogenesis-related genes 
[87]. Abiotic stresses significantly alter the crop quality and productivity, and to 
combat it, expression of resistance genes takes place and elevates the levels of defense 
compounds such as phenolic compounds [88]. These enhanced phenols ensure their 
endurance and survival of plants during these abiotic stress conditions.

6. Conclusion

Phenolic substances are the most resistant metabolites produced by plants. Better 
understanding of plant phenolics is essential, due to its wide array of functions in the 
plant development, and its practical applications in many streams such as agriculture, 
medicine, nutrition, pesticide management, and industry. These phenolic changes in 
the plant with respect to the herbivory correlated negatively with the larval growth, 
development, and survival of progeny. The enhanced phenols in plants behave as 

Figure 2. 
Mechanistic approach of plant responses to stress conditions.
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toxins toward insect feeding, microbial growth, and a mode of induced defense 
generated by the plant to defend against natural pests. We can summarize that the 
plant-insect interactions altered the phenolic levels to the pest attacking. So, a change 
in the phenol level is a defense strategy developed to combat the pest. This change of 
phytochemical composition from nature will oppose the pest from invading the plant. 
During abiotic stress also, the plants can produce phenols as tolerance mechanism 
to cope with the unfavorable conditions. Increased biosynthesis of plant phenols 
was observed in the plant during abiotic stress factors such as drought, heavy metal 
stress, salinity, and radiation. In conclusion, this review on the plant phenolic com-
pounds and their role in the plant’s growth, development, and defense will provide 
the information to understand the plant mechanisms and aid us in further effective 
application of them in agricultural pest management strategies.
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Chapter 8

Glucosinolates and Its Role in 
Mitigating Abiotic and Biotic Stress 
in Brassicaceae
Parul Chowdhury

Abstract

Abiotic stresses such as increase in daily mean temperature, changed patterns of 
precipitation, increase in episodes of drought and floods in future are faced by the 
plants and pose threats to crop production and food security. Induction of secondary 
metabolites by several abiotic stress conditions can be helpful in the crop protection 
against biotic stress and can be a major link between biotic and biotic stress. Plants 
also face threats by injury caused by herbivores and insects that chew on plants. Plant 
develops, coordinates and combines defence mechanism to cope with the challenges 
caused by the injuries. The plant family Brassicaceae (or Cruciferae) includes some of 
the world’s most economically important crops; especially members of the genera 
Brassica L. Brassicaceae vegetables are a good source of secondary metabolite that is 
Glucosinolates. Which are responsible for characteristic flavour and odour, when 
degraded. Glucosinolates and their degradation products play important roles in 
stress tolerance, plants respond to abiotic and abiotic stress by systematically accumu-
lating higher levels primary and secondary metabolites for increasing their resistance. 
Glucosinolates play important role and have a relation with biotic and abiotic stress in 
Brassica plant family, as they can act as a signalling molecules and affect the physiology 
of plant.

Keywords: abiotic stresses, biotic stress, Brassicaceae, glucosinolates, stress tolerance, 
human health

1. Introduction

Plants are attached to the ground by the roots for water and nutrient supply and 
fixed at one place, so they have to face various abiotic stresses such as temperature, 
water availability, salt concentrations, etc. This is a common environmental stress 
which impacts productivity of the plants worldwide. Along with abiotic stresses, 
plants also face injuries by herbivory and insects that chew on plants. Once the plant 
faces mechanical damage by insects, a lot of changes occur in the plant [1]. In case of 
biotic stress, immediately after wounding by pest changes occur in the damaged area, 
which can be systematic (in the non-wounded areas) or local (in the tissues directly 
damaged). Once the injury occurs, metabolic changes, physiological changes and 
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induction of gene expression started taking place [2]. The response to stress is not 
simple, rather involves different mechanisms and molecules. The strength and type 
of response depend upon plant species, developmental stage, nature of stress and 
environmental conditions. Plant develops, coordinates and combines all the defence 
mechanisms to cope with the challenges caused by the injuries [1, 3, 4].

The plant family Brassicaceae (or Cruciferae) includes some of the world’s most 
economically important crops, especially members of the genera Brassica L. (Coles, 
mustards, oilseed rapes, turnips, etc.). These cultivated species include a large 
variety of leaf and root vegetables, oilseed crops which are consumed all over the 
world [5]. Brassicaceae vegetables are a good source of antioxidants because of their 
high phenolics and sulphur-containing glucosinolate content. These glucosinolates 
are responsible for characteristic flavour and odour of these vagetables. Myrosinase 
(thioglucoside glucohydrolase; EC3.2.1.1), an enzyme present in Cruciferae, is 
activated when cells are damaged by herbivory, cutting and chewing of insects. 
These Myrosinases hydrolyse glucosinolates into a variety of products, which gener-
ally include isothiocyanates, nitriles, epithionitriles and oxazoldine-2-thiones [6]. 
Glucosinolates and their degradation products play important roles in pathogen and 
insect interactions, stress tolerance as well as in human health. These compounds have 
chemoprotective properties against chemical carcinogens. Their role in prevention of 
cardiovascular disease is due to properties such as inhibiting the enzyme activation, 
modifying the steroid hormone metabolism and protecting against oxidative dam-
age [7, 8]. Isothyocianate and indole products formed from glucosinolates hydrolysis 
by Myrosinase may regulate cancer cell development by regulating target enzymes, 
controlling apoptosis and blocking the cell cycle [9].

Various biotic and abiotic factors activate the defence system in plants, and 
these result in significant variation in the plant metabolome. These factors result 
in enhanced production of certain metabolites, e.g., amino acids, sugars, indoles, phe-
nolics including glucosinolates. Glucosinolates production in stressed plants is seen to 
be enhanced, and they have a crucial role to play in mitigating the negative effect of 
stress. The concentration and type of glucosinolates and their hydrolysis in plants are 
affected by many factors, such as age, abiotic stress such as heavy metal, water avail-
ability, postharvest storage signalling molecules [10, 11]. These play an important role 
in abiotic stress. Their levels change in response to a variety of abiotic stress tolerances 
[12]. They also play an important role in plant-insect interactions. Their levels also 
change in response to herbivory in plants [13].

2. Glucosinolates and abiotic stress

Plants synthesise a variety of secondary metabolites that do not seem to have any 
essential role in plants, but presence of these compounds plays a very important role 
in plants and has many advantages, especially in defence. Glucosinolates, a class of 
secondary metabolites mainly found in Brassica family, are nitrogen and sulphur-
containing compounds derived from amino acids such as methionine, alanine, valine 
or leucine (aliphatic); phenylalanine or tyrosine (aromatic) and tryptophan (indolic 
glucosinolates). These glucosinolates are usually increased in different biotic or 
abiotic stress conditions and play an important role in plant defence in these unfa-
vourable conditions [14].

During growth, plants are exposed to various biotic (herbivory, fungal, bacte-
rial and/or viral infection) and abiotic (metals, UV, temperature) stresses. It leads 
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to upregulation of various gene and biochemical changes, which finally results in 
an enhancement of the synthesis of primary and secondary metabolites. Plants 
have acquired various stress tolerance mechanisms, involving physiological and 
biochemical changes that result in adaptive or morphological changes [15]. It was also 
found that plants respond to abiotic stress by accumulating higher or lower levels of 
Glucosinolates. The intensity and duration of the abiotic stress, as well as the develop-
mental stage of the plant at the moment of the imposed stress, are important factors 
in the accumulation of each specific Glucosinolates [16, 17].

The mechanism by which the plant resists these stresses with help of metabolites 
is unclear as their regulation is a complex process because glucosinolates synthesis 
pathways are linked to various other pathways making it more complex to understand 
its direct role. There are studies in elucidating a relationship between the metabolites 
and stress, but there is a strong need to study underground mechanisms as well.

2.1 Salt stress

One of the major abiotic stresses affecting plant growth and development is salt 
stress [18]. There are various ways by which plants respond to this stress conditions 
either by osmotic adjustments or by accumulating secondary metabolites, such as 
Glucosinolates [19].

In one of the studies, Broccoli was grown in greenhouse condition and was treated 
with NaCl (0, 40, 80, 100 mM) to study the effect of Glucosinolates in salt-stressed 
Broccoli. Glucosinolates were determined at three different time points (1, 3, 6 days 
upon treatment), and it was found that the total aliphatic and indoles were lower 
at 40, 80 and 100 mM NaCl applications compared with control plants determined at 
three different time points [20]. A study was conducted with two Broccoli cultivars 
cv Parthenon and cv. Naxos grown in controlled conditions in Hoagland solutions 
with five salt treatments for 15 days. To avoid osmotic shock, 30 mM salt solution 
was added every hour until the final salt concentrations of 0, 30, 60 and 90 mM were 
reached. It was found that cv Naxos was more sensitive to salt as compared with cv 
Parthenon, and the indole glucosinolates were not affected by salinity in Parthenon 
while it decreased significantly in cv Naxo, whereas Naxos cv accumulated more ali-
phatic GSLs under salt stress than Parthenon cv suggesting that each broccoli cultivar 
adopted distinct strategy, which can be dependent on various factors [16].

Greater accumulation of proline and glucosinolates was found with increased 
salinity level in Canola or oilseed rape (Brassica napus L.), but it was dependent on 
the age and stage of plant growth—seedling, vegetative and reproductive. 131 Brassica 
napus genotypes were evaluated at these stages for glucosinolates with 0, 50, 100, 
150, 200, 250, 300 and 350 mM NaCl concentration. It was concluded in this study 
that salt stress genotype should be selected at different stages as it is a developmental 
phenomenon for improvement of canola genotype  productivity [21].

Six types of Brassica rocket genotypes used for salad belonging to the Brassicaceae 
family were tested at 0, 65 and 130 mM NaCl treatment for morphological parameter 
as well as different Glucosinolates concentrations. Morphological parameters were 
different for different genotypes, but it was observed that Glucosinolates content 
increased in moderate saline treatment, indicating that these rocket salads can be 
improved for good Glucosinolates content by irrigating them with salt water [22]. 
Increased level of Glucosinolates were shown to be increased in Radish, Kale and 
other Brassicaceae family as demonstrated by work done [23–25]. So it is clear from 
the above studies that at moderate salt stress, Glucosinolates content of the plant is 
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increased and which in turn helps the plant in fighting stress tolerance along with 
other factors such as morphological other secondary metabolites and accumulating 
compatible solutes such as proline.

2.2 Water stress

Drought is unavailability of adequate amount of water to a plant, required for its 
proper growth and development. Drought in agriculture field can occur due to a vari-
ety of reasons majorly including low precipitation, inadequate ground water. When 
Brassica family is tested for Glucosinolates content in drought conditions, it was found 
out that it increases with drought in different varieties of Brassica. One such study was 
done on molecular mechanism in understanding the gene upregulated in response 
to drought conditions in Chinese cabbage, and it was found that glucosinolates 
content also increased with the drought stress indicating its possible role in drought 
[26, 27]. Even when table drought was given to Arabidopsis by PEG 6000, they 
showed an increase in glucosinolates concentration indicating their role in drought 
stress response, but this response was short-term response. When the drought stress 
increases, glucosinolates content decreases [28].

2.3 Heat stress

Abnormally high temperature during hot weather is again one kind of abiotic 
stress. Effect of high temperature depends on the duration and its intensity. Heat 
stress may cause various physical, physiological and molecular damage to the 
plants and in turn affects its productivity. In a study on Arabidopsis mutant TU8, 
(Glucosinolate-deficient and heat-sensitive mutant) [29], it was found from research 
that due to ineffective expression of heat shock protein (HSP), these mutants were 
unable to survive in high temperature and were glucosinolate-deficient too [30]. 
When overexpressing a protein phosphate gene in Brassica rapa BrPP5.2 and thereby 
developing a transgenic line, it was observed that these plants develop a heat toler-
ance and high glucosinolates indicating role of glucosinolates in stress tolerance 
[31]. In other studies by different research groups, it was found that a variety of 
different glucosinolates content increased upon long-term and short-term heat shock 
in Brassica plants [32, 33]. As is a major part of the human diet and considering the 
health-benefiting glucosinolates in sprouts, this was increased by giving heat stress 
to developing sprouts. Heat shock at 60 degree C, in developing sprouts of cabbage, 
improves the isothiocyanates production and in turn the glucosinolates [34].

2.4 Heavy metal stress

Use and need of metals in plants are important as they act as cofactors in various 
enzymes such as Mg2+, Mn2+, Co2+, Zn2+, but with increase in industrialisation use 
of heavy metals such as Hg, Pb, Cd, Ni Ba Cr which are highly toxic even at a very 
low concentration. There are micronutrient essential metals such as Mn, Mo, Zn, Cu, 
Co which are required by plants in low amounts, but they also become toxic at high 
concentrations. Effect of cadmium toxicity was evaluated on cabbage and kale, and 
it was found that glucosinolates accumulate in stems as compared with other organs 
such as root or leaves, which indicate that glucosinolates can play role in heavy metal 
stress tolerance as plants have shown no metal toxicity physically [35]. In another 
study, Brassica oleracea plants were treated with solutions of ZnSO4 and CdSO4 by 
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mixing them in soil for treatment of plants with the heavy metals Zn and Cd, and it 
was found that glucosinolates content increased as the concentration of Zn and Cu 
increased [36]. Increased concentration of cadmium was studied on Brassica napus, 
and it was found that glucosinolates concentration increased with increase in concen-
tration of heavy metal [37]. Chinese cabbage when exposed to elevated Zn concentra-
tion was shown to overexpress the genes, APS reductase (APR), associated with the 
biosynthesis of primary sulphur compounds. There was also an increase in aliphatic 
glucosinolates with an increase in gene expression of key biosynthetic enzymes and 
regulators such as CYP79B3, CYP83B1, MYB34 [38]. Brassica plants were also used for 
phytoremediation in heavy metal-contaminated soil, and it was also found as men-
tioned in above studies that glucosinolates concentration increases with increase in 
concentration of heavy metal. It can also be stated that accumulation of glucosinolates 
can be one of the strategies for heavy metal tolerance in Brassica plants.

2.5 UV stress

Plant growth and development are mainly determined by sunlight. Sunlight is 
used in germination, development, photomorphogenesis and various other important 
functions in plants. But as sunlight is composed of UV-A, UV-B and UV-C, these 
radiations cause stress in plants. As a result of these radiation stresses, DNA dam-
age, generation of reactive oxygen species (ROS) and many other cellular changes 
take place in plants. Glucosinolates also get affected by stress caused by UV light, 
as proven with the studies done on broccoli sprouts which were exposed to various 
low- and high-intensity UVA and UVB lamps for 120 min which resulted in high 
levels of glucosinolates in broccoli sprouts [39]. Even the combined effects of Methyl 
Jasmonate (MJ), UVA or UVB lights enhance the glucosinolates in broccoli sprouts 
[40]. As it is known from the studies that glucosinolates levels are upregulated during 
the UV stress [41], and it was also associated with increased biotic stress tolerance 
too. Low-to-medium UV-B doses were applied to sprouts of broccoli, and it was found 
that there was an increase in glucosinolate levels of 4-methylsulfinyl butyl GS and 
4-methoxy-indol-3-ylmethyl GS. These glucosinolates in turn affect the genes related 
to jasmonic acid and salicylic acid signalling pathway, which ultimately leads to 
overexpression of bacterial and fungal pathogen-responsive genes [42].

3. Glucosinolates and biotic stress

Biotic stress in plants is caused by any living organisms, such as insects, pests, 
viruses, bacteria, fungi, nematodes, etc. Microorganisms damage plants by caus-
ing symptoms such as plant wilt, leaf spots, root rot, etc. Insects can cause physical 
damage to plants as they either chew or suck on the plants, including the leaves, stem, 
bark and flowers. They can also act as a vector of viruses and bacteria from infected 
plants to healthy plants. As plants do not have any immune systems to deal with this 
kind of stress, they respond to this stress by developing many changes at morphologi-
cal, chemical and protein levels. The main aim of these changes is to protect the plants 
from foreign invaders. One such chemical is glucosinolates which get elevated in 
response to biotic stress for the purpose of defence in plants.

Chemically, glucosinolates are composed of thiohydroximate-O-sulfonate group 
linked to glucose and an alkyl, aralkyl or indolyl side chain (R). More than 200 gluco-
sinolates have been identified in Brassica crops, and they are characterised mainly by the 
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variable R group, which can be aromatic, indolic or aliphatic derivatives of the amino 
acid precursors methionine, tryptophan and phenylalanine, respectively [43, 44].

Glucosinolates play a variety of biological functions in plants [45] and get con-
verted into various degradation products (isothiocyanates, thiocyanates, indoles, etc.), 
when vegetables containing them are cut or chewed because during this process, they 
come in contact with the enzyme myrosinase which hydrolyses them, as discussed 
earlier in this chapter. A sudden outbreak of these insecticidal compounds in field is 
called as ‘mustard oil bomb’ [46]. These degradation products have both harmful and 
beneficial roles in plants as well as in human health. These compounds protect plants 
against various pathogens and weed but are also responsible for the bitter flavour 
of the crucifers because of the presence of some glucosinolates such as sinigrin and 
progoitrin [47]. Glucosinolates can act as potent anticarcinogens too [48, 49].

Studies have determined the effect of insect pest and glucosinolates levels in 
Brassica [50, 51]. These kinds of studies were done directly on the glucosinolates level 
in plant tissue and with the study of expression of gene family which is associated 
with the glucosinolates and its associated enzymes. To study the biotic stress, signal-
ling molecules such as plant hormones, salicylic acid (SA), jasmonic acid (JA) and 
ethylene play very important roles. In case of insects and pest, mechanical injury is 
mimicked with the help of damage through forceps and needles to plants. It has been 
proved that plant signalling molecules such as methyl jasmonate, salicylic acid and 
glucose as well as mechanical injury affect glucosinolates levels in Arabidopsis and 
Brassica species [52–55]. Therefore, these signalling molecules are used for the study 
of biotic stress in plant in laboratories.

Several reports exist on the toxicity of Glucosinolates hydrolysis products to 
bacteria and fungi. The activity of Glucosinolates and their degraded products against 
various strains of microorganisms has been documented by many investigators being 
present in the leaves of Brassica spp. at concentrations that can prevent the develop-
ment of pathogens [56].

3.1 Glucosinolates and pest

When generalist herbivores feed on Brassica, degradation product of 
Glucosinolates in them, the isothiocyanates have toxic effects and function as repel-
lents. However, specialist herbivores use Glucosinolates as attractants, and they can 
survive on plants containing them. For example, Brevicoryne brassicae aphids, flea 
beetles, Psylliodes chrysocephala and the Lepidopteran pest, Pieris rapae are some 
examples of specialist herbivores [57].

It was also found that plants respond to herbivore or insect damage by systemati-
cally accumulating higher levels of glucosinolates and thus presumably increasing 
their resistance. Usually it is the indole glucosinolates which become induced [58, 59]. 
Sometimes volatiles produced by Glucosinolates provide indirect protection to plants 
by attracting natural enemies of herbivores such as parasitoids [60].

Lepidopteran that feeds almost exclusively on Brassicaceae plants is Plutella 
xylostella (Diamond Moth Back). A study done by [61] compares two lepidopteran 
larvae, one specialist and one generalist, namely Mamestra brassicae (Lepidoptera, 
Noctuidae) and the specialist Pieris rapae (Lepidoptera, Pieridae) respectively with 
respect to six different genotypes of Brassica oleracea. They found that two aliphatic 
(sinigrin and glucoiberin) and one indole (glucobrassicin) glucosinolates affect the 
larvae growth which in turn is affected by the age of the Brassica oleracea plants. 
Mature plants produce more Glucosinolates and are protected from the pest as 
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compared with the young plants which is determined by larval development time, 
body weight, mortality and feeding rate of two larvae selected for study.

Genetic engineering of glucosinolates biosynthesis pathway for the production 
of glucosinolates in non-Glucosinolates producing plants was successfully employed 
by [62]. Genetic transformation of Nicotiana tabacum (tobacco) for the benzyl 
glucosinolate pathway was done from A. thaliana which results in successful pro-
duction of benzyl glucosinolate in tobacco, which attracted the female pest Plutella 
xylostella (diamondback moth). Larvae hatched that could not survive on tobacco 
plants demonstrate that this strategy can be used as the trap crop for many important 
crucifer crops.

It was found that Brassica plants were used for the purpose of Biofumigation in 
fields which include suppression of pests and pathogens through release of volatile 
substances from degradation of biomass into the soil. Brassica plant contains higher 
amount of Glucosinolates and its breakdown product which are released after tissue 
damage, such as isothiocyanates which are toxic, and also they have the fumigant 
property which is comparable with metham-sodium [63–65].

4. Conclusion

Abiotic stress such as heat, drought and high salt and biotic stress including vari-
ous attacks on plant from insects, pest or other bacterial viral disease can affect the 
plant in terms of physical, physiological and many other biochemical and molecular 
aspects, which can retard its growth and productivity.

Brassicaceae family includes important crop due its medicinal and nutritional 
properties. This family has plants which are valuable source of oil and food containing 
medicinal values including anti-cinereous property for humans. These crop plants like 
other crop plant face abiotic and biotic stress both, and they use various mechanisms 
to overcome these stresses. Glucosinolates, which are responsible for the pungent 
characteristic smell of Brassica, are responsible for various biotic and abiotic stress 
tolerances in Brassica. They have particular pathway from which they are synthesised 
and regulated by various factors. MYB group of transcriptional factors are involved 
in glucosinolates synthesised pathway [66]. Environment, signalling molecules, 
herbivores and pathogens also regulate the glucosinolates biosynthesis which can help 
in their stress tolerance by upregulating different transcription factors and genes. In 
case of biotic stress, glucosinolates in the form of ‘mustard oil bomb’ can provide the 
defence against generalist and specialist herbivore. In spite of so many studies and 
research done, there are many gaps yet to be identified and many conclusions need 
to be explored in depth. Role of glucosinolates can be much explored as nutrition, 
medicinal and biocontrol agents in field. Glucosinolates also play important role in 
stress tolerance in Brassica, understanding their deeper role in abiotic and biotic stress 
can help in increasing their productivity worldwide.
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Chapter 9

Plant Proteome in Response to 
Abiotic Stress
Fatemeh Habibpourmehraban

Abstract

Due to their sessile nature, plants have to confront the stresses and develop potent 
adaptive tactics to survive and thrive or tolerate their adverse effects. Abiotic stresses, 
pose a severe threat and multiple morphologies, biochemistry, and physiology proce-
dures to agriculture and the ecosystem. On the other hand, reductions in crop yields 
brought about by abiotic stress are expected to increase as climate change restricts 
the worldwide utilization of arable lands and indirectly affects crop productivity. 
Therefore, understanding how plants perceive stress signals and adapt to unfavorable 
environmental conditions is crucial for future global food safety and security. In this 
chapter, we summarize the latest findings of the effects of abiotic stresses on molecu-
lar changes in plant organisms, cells, and tissues, focusing on the stress-specific 
sensing biomolecules and mechanisms at the proteome level.

Keywords: abiotic stress, plant, drought, salt, cold, high temperature, proteomics

1. Introduction

Food could be a reason for the third world war as severe land competition areas 
participate in agriculture and habitation. Moreover, food production depends not 
only on land provided but also on the institutionalization of sustainable crop produc-
tion related to food safety and security.

It is predicted that by 2050, the world’s population will grow to nearly 10 billion 
people, and the main issue will be feeding them sustainably. To meet this demand, it is 
necessary to produce about 50% more food in less than 40 years. And the parameters 
affecting food production like climate change, scarcity of natural resources, and food-
wasting should be considered carefully.

On the other hand, approaching sustainable food availability in agriculture not 
only depends on a balance between food production sustainability, food security, and 
food safety, but also to spread food worldwide justly [1, 2].

Hunger and undernutrition are two main consequences of food insecurity. So, 
finding the solutions to make long-term sustainable agriculture possible concerning 
its restricting environmental factors is a severe challenge for future studies. As one 
of the significant environmental factors, climate change is expected to be the most 
unfavorable challenge for sustainable crop production with consistent and adverse 
effects on food security in many countries [3, 4]. Climate change could be explained 
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by higher precipitation variability, increasing droughts, or floods accompanied by 
temperature fluctuation. Findings illustrated that about 90% of arable lands are 
prone to one or more of the above stresses [5], which cause up to 70% yield losses in 
major food crops [6].

Agriculture and climate have mutual interaction by affecting each other both 
positively and negatively. Although, the agriculture industry impacts climate in two 
main contributions, including leading to approximately 25% of global anthropogenic 
emissions [7] and about 70% of global water withdrawals [8]. The most serious chal-
lenge to reach sustainable agriculture would be environmental stresses with empha-
sizing abiotic stresses.

Regarding climate impression on-farm activities, climate change could affect 
crop productivity through direct and indirect pathways. Changes in temperature, 
water availability, and greater variation in weather conditions are significant direct 
impact factors [9]. For example, temperature increases cause faster plant grow-
ing, shorter cropping seasons, and lower yields subsequently. Moreover, pathways 
like variation in pests, pathogens, and pollinators could be named indirect effects 
of environment change on crop yield [10]. For instance, a meta-analysis of 1090 
studies on the yield of principal crops subjected to unfavorable environmental 
conditions confirmed that yield reduction could remarkably happen in long-term 
agriculture [3].

Environmental alterations’ direct and indirect effects could be managed by 
developing adaptation mechanisms like using new plant production methods or 
breeding new plant genotypes resistant/low sensitive to environmental pressure [11]. 
Identifying and quantifying the role of abiotic stresses on the future of plant products 
may be detected by using technologies to study plants deeply and finding tolerant 
related genes, biomarkers, or metabolites to work. Proteomics is a reliable and accu-
rate technique for investigating plants’ responses to various stresses and detecting 
mechanisms specific to each genotype, stress, or combination of them.

In this chapter, we want to focus on the effects of climate change on agriculture, 
specifically on the opposing side therefore, various type of abiotic environmental factors 
limiting plant production at proteome level will be explained with detail and proteomics 
technology that helps study plants’ proteome profile under stress conditions.

2. Environmental stressors

The environment could positively and negatively affect populations, organisms, 
and ecosystems; that negative impact is named stressors with variation in intensities. 
Exposure is the interaction across each organism with an environmental stressor that 
is specific to time and location. Exposure is defined as short term and long term with 
intensity variation. Suppose exposure leads to different types of internal or external 
changes, named as the response. Various categories of environmental stressors have 
been recognized, including climatic stress, biological stressors, biological pollution, 
physical stress, wildfire, chemical pollution, thermal pollution, and radiation stress 
[12]. Climatic stress is the primary factor affecting crop production worldwide by 
expressing drought, flood, heat, and cold.

In contrast with human beings, farmers cannot control environmental stresses 
and have to accept them as nature, so studies have been focused on finding mecha-
nisms in plants to keep them productive in average conditions and under unfavorable 
situations.
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3. Environmental stresses on plants

One of the most critical challenges in plant production is the competition of specify-
ing lands for farms or growing population habitations. So, it is vital to produce more 
in less area considering climate change and anthropogenic activities consequences 
[13]. Alteration in natural elements like temperature increasing by 3–5°C in the next 
50–100 years is proof of extending drought tress, besides human activities such as increas-
ing consumption of chemical fertilizers, pesticides, and improper usage of groundwater 
resources resulting in salt stress. Therefore, increasing environmental stresses is inescap-
able from plant productivity in the future [14]. It should be noticed that stress impact 
not only depends on environmental conditions but also on plant genotype. Therefore, 
plant reaction to stress is a specific interaction of genotype × environment that could vary 
depending on these two parameters [15].

In another way, animals counter to negative pressures by escaping and moving, but 
for immobile plants, stress is the alarm of the typical environment modifying to uncarv-
able status. Generally, two types of environmental stress, including biotic stress and 
abiotic stress, are categorized that biotic stress defines plant condition after subjecting to 
a biological invader. In contrast, nonliving environmental factors are imposed on plants 
as abiotic stresses [16]. Biotic and abiotic stresses are essential to be studied in detail as 
they are the main reasons for plant product loss globally [17]. It needs to be considered 
that the source of environmental pressure affects the synchronism, diversification, or 
even the extinction of plants, inevitably related to agriculture development [18].

3.1 Biotic stress on plants

Biotic stress results from competition for nutrition absorbing between plants and 
various aggressive range of pests and pathogens, including viruses, bacteria, fungi, 
nematodes, herbivorous insects, arachnids, and weeds [19, 20]. The level of plant 
tolerance depends on its balance in responding to biotic stress [21]. Plant starts to acti-
vate individual and combined mechanisms in different morphological, physiological, 
biochemical, and molecular levels, and interaction across these functions expresses 
plant sensing of stress [22–24].

3.2 Abiotic stress on plants

One of the significant climatic changes in the next 50–100 years is surface temper-
ature increasing by 3–5°C that in combination with an increasing trend of drought, 
flood, and heatwaves, will be expected to influence crop productivity negatively and 
food safety [25–27]. For instance, drought and heat stress substantially affect seed 
yields by reducing seed size and number, consequently loss in trait ‘100 seed weight’ 
and seed quality [28].

Environmental abiotic stressors include drought (water stress), excessive watering 
(waterlogging) and submergence, extreme temperatures [high and low (chilling, cold, 
freezing)], salinity due to excessive Na+, deficient or over essential nutrients, chemi-
cal factors (heavy metals and pH), extreme levels of light (high and low), radiation 
(UV-B and UV-A), gaseous pollutants (ozone, sulfur dioxide), mechanical factors, and 
other less frequently occurring stressors trigger plants negatively by crop quantity and 
quality losing [5, 20, 29–34]. Importantly, abiotic stresses cause dramatic detriment in 
various species and some to 50% yield limitation [32, 33]. It should be noted that about 
90% of farmlands are exposed to at least one of the above abiotic stresses [5].
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3.2.1 Drought stress

Agriculture is accounting for 70% of total freshwater worldwide usage on average. 
Therefore, human water consumption competes with agriculture water demand, so it 
impresses the water availability for commercial plant production with the effect of 
drought stress [34]. The universal water deficiency directly limits plant production 
while earth temperature increasing with the trend of warming around 0.8°C over the 
past 100 years has an indirect effect. For example, global barley production reduces by 
10% with each 1°C temperature increase [35, 36]. One of the approaches to accompany 
plants with growing drought stress could be water use efficiency (WUE). For instance, 
drought stress remarkably impacts nearly 23 million hectares of rain-fed rice-growing 
area in Southeast Asia [37]. By developing WUE, plants will use water more efficiently, 
suitable for drought stress tolerance [38]. Some of the primary effects of drought stress 
on plants are reducing plant growth rate, photosynthetic function, CO2 concentration, 
and molecular metabolism [38].

3.2.2 Salt stress

Soil salinity is not only caused by environmental activities or factors like environ-
mental pollution, especially in arid and semiarid arable lands but also could be related to 
drought stress by a deficiency in water resources. Salinity directly limits crop productiv-
ity, food safety, and agriculture sustainability by gradually cultivating salinized lands 
[39, 40]. The severity of salinization could be sensed better by finding that around 970 
million hectares, 8% of arable lands, are impacted by a high level of salinity stress [41].

Specific effects of salt stress on plants could be explained physiologically by reduc-
ing seedling germination percentage, shoot and root length, fresh and dry weight, and 
necrotic leaf tissue morphologically and K+ and Ca2+ level deficiency continued with 
osmotic and oxidative stresses at the molecular level, especially in plant leaves [42–45].

3.2.3 Temperature stress

Temperature stress is a geographical dependent variable that defines high-temper-
ature stress and low-temperature stress. Suppose the climate condition declines to less 
than 15°C, known as chilling or cold stress, while by greater decreasing to less than 
<0°C, freezing stress happens. Generally speaking, low-temperature stress is detrimen-
tal stress detracting plant growth and yield by affecting germination, seedlings grow-
ing, the color of leaves, and tillering continued in declining pollen sterility [46, 47].

Against low temperature, increasing temperature to a higher level than plants 
tolerance modifies plant growth and productivity negatively. High temperature or 
heat stress disturbs a plant’s average growth morphologically, physiologically, and in 
molecular aspects like protein degradation or modification, instability of enzymes, 
nucleic acids, biomembranes, and cytoskeletal structures [48].

3.2.3.1 Cold stress

Cold and freezing stresses affect plant production significantly by decreasing 
production or even plant death. The plant generally adapts to such severe stress condi-
tions to survive; however, many plants cannot tolerate it [14]. Cold stress categorizes 
plants, with different resistance levels, into three groups: delicate chili plants that are 
highly sensitive to a low temperature just lower than 15°C and damage seriously. The 
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second category, chilling resistant plants, which are medium tolerant to cold stress 
and are temperature around 0°C, causes stress. Nevertheless, the last plant group is 
frost-resistant plants that acclimate to shallow temperatures even by ice formation. 
Cold stress resulted in membrane instability, ion exchange disturbance, and electro-
lyte leakage [49].

3.2.3.2 Heat stress

Temperature increasing is a severe concern of future plant productivity. Heat 
stress impacts plant productivity variously in morphological, biochemical, and 
molecular levels. Plant growth and development decrease, seed germination decline 
beside photosynthetic lower efficiency all together trigger yield loss as a consequence 
of heat stress [14, 50]. Another effect of high temperature is accelerating plant 
growth, especially during the vegetative stage, to mature faster by fruit or seed pro-
duction. Notably, heat stress could signal drought stress by increasing transpiration 
and, finally, water evaporation [51].

3.2.4 Heavy metal/metalloids

Soil plays a vital role in plant growth by providing nutrients; however, the amount 
of soil solution determines whether to call them nutrition. Heavy metal toxicity results 
from the high concentration of metalloids contaminate the soil with the possibility 
of absorbance into plant tissues and frustrating plant normal life cycle [52]. Unlikely, 
metal toxicity is predicted to cause mutagenic impacts on crops due to improper and 
sewage wastewater irrigation methods, redundant adding of chemical fertilizers to the 
soil, and rapid industrialization [14, 53]. Two main metal categories are recognized 
in soil that may lead to mental stress, namely vital micronutrients for average plant 
growth that become toxic if accumulating in excess in soil solution (Fe, Mg, Mo, Zn, 
Mn, Cu, and Ni) and non-essential elements with unknown physiological and biologi-
cal function; however can damage the plant by accumulating in the soil even in modi-
cum amounts (Ag, Cr, Cd, Co, As, Sb, Pb, Se, and Hg) [54–56]. These vital elements 
are crucial for enzyme and protein structure in plants, but their excessive presence is 
not helpful and causes abiotic stress in plants [57].

3.3 Effect of abiotic stress on plants

Plant adaptation in response to abiotic stresses includes a matrix and interaction 
of various morphological, biochemical, and molecular mechanisms. Morphological 
alterations are the visible symptoms, representing plant unfavorable condition after 
stress subjection. However, the number of unique responses happen in the plant 
adaptation process, some of the common effects like wilting due to water flow decre-
ment, reduction in photosynthetic ability with the result of tiller number decreasing, 
reducing leaf growth, and increasing root length [58, 59].

Many biochemical mechanisms inducing adaption to stress in plants are regulated 
by increasing phytohormones levels [60]. Abscisic acid (ABA), jasmonic acid (JA), 
and ethylene are the main hormones leading to secondary stresses in plants such as 
osmotic and oxidative stresses [33, 61, 62]. Oxidative stress results from reactive 
oxygen species production, which generally happens in response to extreme tempera-
ture treatment. In contrast, salt and drought stresses lead to an osmotic imbalance 
in cells and cause osmotic stress [63]. By concomitant osmotic and oxidative stress 
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under abiotic stresses, plant changes biochemically with some common responses like 
stomatal closure, reducing photosynthesis-related variables like gas exchange factors, 
declining photosynthesis, and increasing reactive oxygen scavenging activity [59]. 
Notably, the photosynthesis mechanism is a crucial physiologic parameter influence 
on yield output, and increasing in related variables helps plant adaptation experienc-
ing unfavorable conditions [64, 65]. Positive induction of phytohormones in stress-
subjected plants signals overexpression of the genes related to stress tolerance [66].

A comprehensive understanding of stress responses in plants needs to study 
the whole network interaction happening in plants involving individual or shared 
responses. Molecular mechanisms including proteome, transcriptome, genome, and 
metabolome modification analysis help find genes responsible for plant tolerance 
under abiotic stress [67, 68]. Genes encoding proteases, chaperonins, enzymes of 
sugar, proline, ion, and water channel proteins, enzymes contribute to oxidative 
stress, transcription factors (TFs), and protein kinases help to protect the plant 
against abiotic stress by overexpression [69]. Moreover, phytohormone signaling 
regulates some genes like ABA-dependent factor expression after exposure to abiotic 
stress. Basic leucine zipper (bZIP) TFs are an example of this category, leading toler-
ance-related responses like stomatal closure and expression of dehydration tolerance 
genes. However, there is another category of ABA-independent mechanisms [70].

3.4 Plant proteome profile alteration under abiotic stress

3.4.1 Proteomics technology

As the proteome is dynamic in plants both in control and stress conditions, its 
profile analysis is not only an appropriate approach to study related genome function 
but also is informative to analyze post-translational modification, protein-protein 
interactions, protein regulation mechanisms, and metabolic networks [71–73]. 
Therefore, proteomics is a powerful tool to identify genes responsible for stress 
tolerance. Moreover, proteome identification and physiology analysis could provide 
information to detect genome, stress, or term-related genes or potential biomarkers 
for a better description level of stress tolerance in each genotype [74].

Mass spectrometry assists with chromatographic instrumentation, and electropho-
retic techniques are the primary method for proteome identification and quantification 
[75]. The application of advanced proteomics technologies like isobaric tags labeling 
allows characterizing a more significant number of proteins with lower abundance [76].

3.4.2 Proteome alteration under abiotic stress

Plant response to stress in four phases depends on the severity, duration, or 
recovery process, including the alarm, acclimation, resistance, and exhaustion phases. 
In the aspect of proteome level, the alarm phase involves modification in signaling-
related proteins [77, 78]. Tolerant genotypes shift to the acclimation phase by activat-
ing energy and protein metabolism due to the high demand of energy production for 
enzymes activity. Glycolysis is one of the carbohydrate catabolism that upregulated 
under the acclimation process in contrast with enzymes related to the biosynthesis of 
energy-rich compounds like sucrose synthase [77, 79]. Protein metabolism defines a 
balance between protein biosynthesis and degradation to keep protein homeostasis 
in plants. The acclimation phase considers as one of the significant differences in 
proteome changes across stress-tolerant and stress-sensitive genotypes.
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There are two main categories of proteins that participate in plant response to 
stress; the first group contains functional proteins. Late embryogenesis abundant 
(LEA) protein family plays a crucial role in tolerance mechanism in plants and found 
increasing in abundant under drought, heat, salinity, cold, and mechanical wounding 
[80–84]. Dehydrins are one group of LEA proteins whose overexpression under abi-
otic stress acclimate plants to abiotic stress, though their exact function is still unclear 
[85]. Another group of functional proteins is the heat shock protein (HSP) family and 
chaperones. These proteins are responsible for protecting proteins from aggregation 
and misfolding and consequently avoiding imbalances in cellular homeostasis. Many 
reports show that HSPs and chaperons are crucial in plant tolerance after exposure to 
abiotic stresses like extreme temperatures and drought stresses [86].

Enzymes cooperate in plant tolerance by two mechanisms, including energy 
production, as discussed before, and ascorbate peroxidase (APX) and catalase are two 
examples of proteins correlated to detoxification of reactive oxygen species (ROS) in 
response to abiotic stress like low-temperature conditions [87]. For example, accumu-
lation of H2O2 as signal transduction molecule in response to abiotic stress, triggers to 
cellular damage, and inhibition of photosynthesis [88].

In response to different abiotic stress in plants, stress-induced signal transduction 
pathways initiate by various signaling receptors includes reactive oxygen species (ROS) 
[89–91]. Most dominating ROS include hydrogen peroxide (H2O2), hydroxyl radical 
(OH*), singlet oxygen (1O2), superoxide radical (O2*−), etc. [92] that induced ROS over-
production serves various signaling cascades to regulate stress responses in plants like 
acclimation or defense by activating downstream metabolic pathways [90, 91, 93, 94]. 
Studies have found that ROS plays pivotal role mainly as primary signals under unfavor-
able conditions and interact with other signaling molecules like calcium, MAPKs, plant 
hormones, and transcription factors [95]. Oxidative stress is the consequence of any 
misbalance between ROS production and scavenging in plants, lead to proteins function 
and structure altering and damaging DNA, RNA, and other molecules [96–98].

In addition to ROS, phytohormones are activated under unfavorable condition by 
modulating stress-adaptive signaling cascades. Abscisic acid (ABA) regulates various 
physiological processes ranging from stomatal opening to protein storage and coordi-
nate complex stress-adaptive signaling cascades. ABA is also an important messenger 
that acts as a critical regulator in activating plant cellular adaptation to different 
environmental stress conditions [99, 100].

The other functional proteins related to stress tolerance involve ion transporter 
and membrane proteins that help keep membrane stability by an incredible increase. 
V-ATPase and channel proteins (NHX-1) increased under salinity in plants [85, 101].

The second group of proteins activated under stress is regulatory proteins, namely, 
photosynthesis-related proteins, Transcription factors (TF), kinases, phosphatases, 
and signaling proteins [85]. The photosynthesis mechanism has a very crucial role in 
plant reaction to stress. Plant decreases photosynthesis-related proteins abundant as 
try to slow down the growth pace to avoid death happening and closing stomata to 
avoid water loss, such as RubisCO and chlorophyll a-b binding proteins in both pho-
tosystems (PS) I and II found downregulated under low temperature and flood stress 
[102]. Transcription factors (TF) generally regulate genes expression under stress with 
the ability of binding specific sequences to these genes and lead tolerance in plants 
exposed to stress [103]. Mitogen-activated protein kinase (MAPK) is an example of 
kinases proteins with a particular function in regulating plant responses to unfavorable 
environmental conditions [104, 105]. On the other hand, kinases coordinate in stress 
tolerance by the phosphorylation mechanism. Several kinases are found with this 
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function, such as CDPK, MAPK, and SnRK2 [106]. The major subcellular organelles, 
whose functions get affected under abiotic stress, are the nucleus, mitochondria, 
chloroplasts, peroxisomes, plasma membrane, and cell wall. Most of these organelles 
have the potential to become a source of ROS.

3.4.2.1 Proteome response to salt stress

Salinity stress represents enhanced levels of salt ions in soil water solution. As a 
consequence of enhanced ion levels, decreased soil water potential reveals a so-called 
osmotic effect on plant cells [78].

Increasing salt (mainly Na+) accumulation which is known as salt stress in plants, 
leads to several metabolite modifications; however, the plant species, the age of the 
plant, and Na+ concentration are three main factors affecting the stress severity. For 
example, by increasing Na+ concentration, salt stress ranges from osmotic stress to 
osmotic shock [107]. In the short term, high Na+ and Cl− concentration causes osmotic 
stress by misbalance in intracellular ion homeostasis due to decreasing K+ transport 
with excess toxic intracellular Na+ ions in the cytosol; therefore, plants exposes to 
ionic stress [108, 109].

Osmotic stress affects plant cellular metabolism in different ways like membrane 
fluidity, production, and accumulation of reactive oxygen species (ROS) and further 
oxidative stress happening, photosynthesis malfunction by stomatal conductance 
decreasing [108–110]. The K+/Na+ discrimination ratio causes inhibiting K+ ion uptak-
ing as a vital factor related to many growing and development functions in plants 
indirectly leads to plant death [111]. To balance ionic homeostasis, an increase in the 
concentration of cytosolic Ca2+ activates some proteins like antiporters and enzymes 
involved in the transport of ions and phospholipases [112]. Induced accumulation of 
Ca2+ activates H+-ATPases as an ion-transporting protein to maintain cytosolic ion 
homeostasis. On the other hand, the elevated activity of H+-ATPases is vital to avoid 
electrochemical gradient misbalance and maintain cellular pH homeostasis [113, 114].

Osmotic stress is another consequence of a high concentration of Na+ in soil, which 
could be considered a primary signal of ionic stress. Plants sense the osmotic stress 
by losing leaf water due to high salinity and water capacity absorption decreasing. 
Therefore, salinity is known as hyperosmotic stress [108, 115]. Na+ uptaking to plant 
roots happens via apoplastic or symplastic routes through Na+ transport transmem-
brane proteins and Na+/H+ exchangers.

Oxidative homeostasis is misbalanced due to photosynthetic activity and energy 
metabolism reduction, which induce the accumulation of ROS. Intracellular ROS is a 
critical signaling molecule promoting oxidative stress induction [41, 116]. Excess ROS 
accumulation, recognized as a marker of oxidative stress, may be removed by ROS 
scavengers. Two main groups have been found responsible for oxidative stress response 
in plants like enzymatic or non-enzymatic antioxidants. Antioxidant enzymes are 
identified by ameliorating some antioxidative enzyme activities, while other antioxi-
dant mechanisms could play more effective participation in oxidative response [117, 
118]. Recent studies on crop plants have identified the following five main groups 
of proteins that present differential abundance and are directly related to salt stress 
response mechanisms: (I) heat shock proteins (HSPs), (II) late embryogenesis abun-
dant proteins (LEA proteins), (III) osmolyte and flavonoids biosynthetic enzymes, 
(IV) proteins involved in carbon, photosynthesis and energy metabolism like rubisco 
activase, kinases, and oxygen-evolving enhancer protein 2 (OEE 2), and (V) enzyme 
scavengers of ROS such as catalase, peroxidase, and GST [86, 102, 113, 117, 119].
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3.4.2.2 Proteome response to drought stress

Drought means a decreased soil water potential which causes reduced water uptake 
by roots. Plant response at the molecular level lies in osmotic adjustment, that is, a 
decrease in osmotic potential of cell cytoplasm due to an enhanced accumulation of 
several osmolytes and hydrophilic proteins. The primary signal caused by drought is 
hyperosmotic stress, which is often referred to simply as osmotic stress because a hypo-
osmotic condition typically is not a significant problem for plant cells. In leaves, drought 
leads to stomatal closure associated with reduced CO2 uptake resulting in imbalances 
between photosynthetic electron transport processes and carbon assimilation. As a con-
sequence, cellular dehydration is also associated with enhanced ROS formation [120].

Water losing causes decreasing in leaf water potential in contrast with cytoplasmic 
components concentration and extracellular matrices viscosity increase [121, 122]. In 
response to drought stress, CO2 production declines due to stomatal closing. On the 
other hand, photosynthesis may be known as the first and most significant function 
negatively affected by water deficiency stress [123, 124].

Decreasing in internal CO2 concentration impacts on Calvin cycle by disturbing 
carbon fixation accompanied with a proportional reduction in the activity of various 
related enzymes like fructose-1,6-biphosphate phosphatase (FBPase), ribulose-
1,5-bisphosphate carboxylase-oxygenase (Rubisco), and phosphoribulokinase (PRK). 
Consequently, glycerate-3-phosphate depletion and NADP+ production decline lead 
to carbohydrate formation decrease in the final step of the Calvin cycle. Moreover, 
NADP+ is the primary electron acceptor in photosystem I (PSI), and therefore O2 
production, lowered as the final production of photosynthesis in plants and excessive 
generation of reactive oxygen species (ROS) occurs [125–128]. Moreover, reducing 
ATP production in response to drought stress is associated with photosynthesis func-
tion by negatively affecting the Calvin cycle.

A coordinated down-regulation of the Calvin cycle genes with a decline in carbon 
fixation in plants exposed to drought stress reduces the energy-wasting for unneces-
sary biomolecule synthesis through the lower level of carbohydrate  production [129].

Under drought stress, due to low CO2:O2 ratio ribulose-1,5-bisphosphate carboxyl-
ase-oxygenase (RuBisCO) enzyme oxygenates ribulose 1,5-bisphosphate (RuBP) and 
causes photorespiration (C2 photosynthesis) cycle to function as a carbon recovery 
system which is correlated with the Calvin cycle [130].

The Krebs cycle (TCA cycle) is one of the primary energy sources for cells and 
essential for aerobic respiration. There are contradictory reports for effects of drought 
stress on the Krebs cycle and its intermediate such as PDHA1, NADP-ME, and 
α-ketoglutaric acid [131–133].

Another cycle affected by drought stress is the ascorbate-glutathione (ASA-
GSH) cycle detoxifies waste hydrogen peroxide (H2O2) to H2O by using antioxidant 
metabolites like ascorbate, glutathione, and NADPH and the enzymes linking these 
metabolites [134, 135].

3.4.2.3 Proteome response to temperature stress

Temperature stress (both heat and cold) leads to an imbalance between photo-
synthetic electron transport processes and carbon assimilation processes resulting in 
enhanced photoinhibition and thermal energy dissipation [136] and is linked to plant 
metabolism and performance [137]. The synthesis and accumulation of heat-shock 
proteins (HSPs) is a prompt response after exposure to extreme temperature stress 
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treatment. It is considered one of the most critical adaptive strategies to overcome 
the deleterious effects of temperature fluctuation stress [138, 139]. Most HSPs are 
molecular chaperones involved in protein stabilization and signal transduction during 
heat stress [140, 141].

Low temperatures (cold and frost) can induce inhibition of water uptake and 
indirectly result in osmotic stress in cells [142]. Consequently, decreased kinetics 
of biomolecules leading to reduced cell membrane fluidity and a decreased rate of 
enzymatic reactions. Frost stress particularly leads to ice crystals in soil, resulting in 
cellular dehydration [78].

High temperature (heat) stress as enhanced temperature causes enhanced  kinetics 
of biomolecules leading to an enhanced risk of protein misfolding. Thus, plant 
response includes induction of several heat-shock transcription  factors (HSFs) and 
downstream heat-shock proteins (HSPs). Moreover, heat causes enhanced water 
evaporation from the soil surface and enhanced leaf transpiration, thus usually 
resulting in water deficit under field conditions. The heat thus also causes dehydration 
stress and oxidative stress [136].

4. Conclusions

Plant production in two aspects of quality and quantity plays a key role in food 
safety and security impressed with global environmental stresses increasing with 
emphasizing on study to detect plant alterations in response to abiotic stresses. 
Different levels of plants sense stresses from morphological to molecular aspects 
however finding deep mechanisms and functions affected by stresses would help to 
find related genes and biomarkers more accurately. We reviewed the significance of 
agriculture for our future in addition to its mutual relationship with environment. 
Climate change as the most effective parameter correlated with food production, is 
susceptible to impact negatively on both food safety and food security.

Analyzing the proteome profile of plants exposing various types of abiotic stresses 
including salt, drought and extreme temperature is helpful to find shared and unique 
mechanisms related to abiotic stresses in addition to finding solution useful for crop 
production increasing and sustainability.
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Abstract

Abiotic stress is a major threat to the farming community, biasing the crop pro-
ductivity in arid and semi-arid regions of the world. The seed is an important com-
ponent of agriculture, contributing significantly to the booming production of food 
and feed crops across the different agro-ecological regions of the world with constant 
challenges with reference to production, storage, and quality control. Germination, 
plant growth, and development via non-normal physiological processes are detri-
mentally affected by stress. Seed priming is an alternative, low cost, and feasible 
technique, which can improve various abiotic stress tolerances through enhanced 
and advanced seed production. Seed priming is a process that involves imbibing seed 
with a restricted amount of water to allow sufficient hydration and advancement of 
metabolic processes but preventing germination. The beneficial influence of prim-
ing on the germination performance of diverse species is attributed to the induction 
of biochemical mechanisms of cell repair: the resumption of metabolic activity that 
can re-impose cellular integrity, through the synthesis of nucleic acids (DNA and 
RNA) and proteins and the improvement of the antioxidant defense system metabolic 
damage incurred by dry seed and thus fortifying the metabolic machinery of the seed. 
With this background, this chapter highlights the morphological, physiological, bio-
chemical, and molecular responses of seed priming and recent advances in  priming 
methods as a tool to combat abiotic stress in crop plants.

Keywords: abiotic stress, seed priming, crop establishment, physiological changes, 
biochemical changes

1. Introduction

Crop plants are subjected to multiple abiotic stresses during their life span that signifi-
cantly reduces productivity and foreshadow global food security. The improvement of 
crop plants through direct selection-based conventional breeding for drought and salinity 
stress appears to be quite complex [1]. Abiotic stresses such as salinity, drought, flooding, 
heat, cold, freezing, excess light, UV radiation, and heavy metal toxicity have a significant 
impact on seed which reduce germination rate, seedling growth and yield with significant 
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variations from crop to crop worldwide [2]. Water stress is a key agronomic problem glob-
ally and is one of the most important factors reducing crop productivity. Drought is one 
of the most important environmental component limiting plant growth and productivity. 
The advancement of crop plants through direct selection-based conventional breeding 
for drought and salinity stress appears to be quite complex. In agriculture, alternative 
innovative technologies such as plant tissue culture, seed priming and genetic engineer-
ing could play a major role in combating abiotic stresses for increasing yield. The quality 
of seed in the present time can be accomplished by various means where the basic and 
applied knowledge of plant physiology, genetics and seed technology all are integrated to 
improve the criteria of quality of seeds. Seed germination is a dynamic and complex stage 
of plant ontogeny, with several interactive metabolic processes changing from a storage 
phase to a mobilization phase [3]. The multitude of simultaneous metabolic processes tak-
ing place in germinating seed makes it difficult to explorte events related to the initiation 
of the germination process. The catabolic processes in the storage tissues can confound 
measurements and interpretation of anabolic and growth processes occurring in the 
developing embryo in the entire seed. The time from sowing to the seedling establishment 
is of considerable importance in crop production and has major impacts on plant growth, 
final yield and post-harvest seed quality [4]. Efficient seed germination is important for 
agriculture. Successful foundation of early seedling indeed requires an accelerated and 
uniform emergence and root growth. In nature, plants often face the challenge of severe 
environmental conditions, which include various biotic and abiotic stresses that exert 
unfavorable effects on plant growth and development causing considerable losses in crop 
productivity. Drought, salinity and extreme temperature cause osmotic stress on crop 
plants which generate an imbalance at cellular, molecular and physiological levels which 
ultimately lead to plant death [5]. Abiotic stress causes many physiological and biochemi-
cal changes in the seedlings, which include the generation of reactive oxygen species 
(ROS), leading to membrane injury and cell leakage and destruction of photosynthetic 
components [6]. Seed priming is a simple, safe, cost effective, and effective approach for 
enhancement of seed germination, early seedling growth, and yield under stressed and 
non-stressed conditions [7]. Seed priming is a form of seed preparation in which seeds are 
pre-soaked before planting with a certain solution that allows partial hydration but will 
not germinate and redried to original moisture content [8].

2. Abiotic stress and its effect on crop growth and development

Abiotic stresses are closely related individually or cohesive; they cause physical, 
morphological, biochemical and cellular changes that adversely affect plant growth and 
productivity and ultimately yield. Heat, drought, salinity and cold are major abiotic 
pressures that cause severe cell damage to a wide variety of plants, including crop plants 
(Figure 1). Water stress or drought is a major challenge for agricultural production 
worldwide. Excessive wilting causes a change in the ratio of membrane lipids and this 
may result in increased electrolyte leakage [9]. Drought is known as a prime abiotic 
factor that limits plant growth and production in arid and semi-arid regions and is the 
most significant factor in world security and sustainability in agricultural production. 
Drought slows growth, induces stomatal closure and therefore reduces photosynthesis, 
growth and yield in a number of plant species [10]. Water stress has been revealed to be 
one of the factors limiting the productivity of cowpea as it affects not only the produc-
tion of the grain, but also the whole process of growth of all organs of the plant and 
its metabolism [11]. Water stress limits the size of individual leaves and leaf number. 
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Physiological disorders occur during seed germination under abiotic stress is a decrease 
in water uptake by the seed due to the low water potential of the germination medium. 
Slow or abnormal growth and emergence result in fewer and smaller plants, which are 
more susceptible to various abiotic stresses [12]. In addition to causing various structural 
changes at different levels of organization in the seed, slow rate of imbibitions may 
lead to a series of metabolic changes, including up-regulation or down-regulation of 
enzyme activities, perturbance in the mobility of inorganic nutrients to developing 
tissues, disturbance in N metabolism, imbalances in the levels of plant growth regulators, 
reduction in hydrolysis and utilization of food reserves and accumulation of compatible 
osmotic such as soluble sugars, free proline and soluble proteins [13]. Stress processes 
may lead to poor or complete lack of germination under abiotic conditions. Salinity is 
also considered as substantial abiotic stress and significant factor affecting crop produc-
tion globally and especially in arid and semi-arid regions [14]. The salinity of soil reduces 
water availability of plant root via negative (low) osmotic potential as well as decrease 
of germination dynamics of plant seeds by ionic toxicity of Na+ and Cl− [15]. Of the 
extensive forms of abiotic stress, heat stress has an independent mode of action on the 
physiology and metabolism of plant cells. Due to high temperatures, various physiologi-
cal injuries have been observed such as scorching of leaves and stems, leaf abscission and 
senescence and root and shoot growth inhibition or fruit damage, which as a result lead 
to decreased plant productivity [16]. The plant growth is reduced by affecting the shoot, 
net assimilation rates and finally the total dry weight of the plant due to high temperature 
[17]. The stress is extensively prominent on reproductive development than on vegetative 

Figure 1. 
Direct and indirect causes of low productivity of field and horticultural crops.
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growth, and the sudden reduction in yield with temperature is mainly associated with 
pollen infertility in many crop species under effects of high-temperature [18]. Heat stress 
which causes multifarious, and often adverse, alterations in plant growth, development, 
physiological processes, and yield is one of the major consequences of high-temperature 
stress [19]. Due to stress limitation of available technology, we should think of various 
alternate technologies such as priming, mutagenesis, and tissue culture for combating 
abiotic stresses. In crop species, seed germination and early development of seedling are 
the most sensitive stages to salinity stress. Salinity delays the onset, reduce the rate and 
increase the dispersion of germination phenology, leading to a reduction in plant growth 
and final crop yield. Thus, if the effect of abiotic stress can be mitigated at the early 
stages, the chance of establishing a successful crop under stress will be improved [20].

3. Seed priming and its importance

Priming involves prior exposure to elicitors which brings a cellular state that arrest 
the harmful effects of abiotic stress, and plants raised after priming are more tolerant of 
abiotic stress. Seed dormancy is an emerging issue related to germination that is common 
to many plant species. It is a practice that allows a species to estimate the germination 
period in a population. Some species use a environmental indicator (such as drought, 
rain or temperatures) to integrate germination of many seeds at a particular time of year. 
Temperature, humidity, air and light conditions are the main factors for seed germination. 
The minimum temperature is the minimal temperature at which a seed germinates effec-
tively and the maximum is the highest temperature at which seeds can germinate [21]. At 
optimal temperatures, germination is rapid and uniform but with meager change in this 
temperature can damage seeds or make them go into the dormancy condition. Seeds need 
accurate moisture to initiate internal processes leading up to germination. Osmotic adjust-
ment or priming of seeds before sowing is known as a potent way to increase germination 
and emergence rate in some species with incremental seed development [22]. Inadequate 
seed germination and subsequently poor field establishment are a common occurrence at 
adverse conditions of the environment. Seed germination and early seedling growth are 
the most sensitive stages of water limitation and the water deficit may impede the onset 
and reduce the rate and uniformity of germination, leading to poor crop accomplishment 
and yield in several crops. Seed priming is a water-based approach with low external 
water potential that restrict hydration (controlled hydration of seed) and permit meta-
bolic processes necessary for enhancing germination rate and seed quality by managing 
the seed moisture content and temperature in which the seed is taken through the initial 
biochemical processes within the initial stages of germination but preventing the seed 
transition towards full germination [23]. This will assure better field emergence and 
disease resistance under various adverse conditions. The purpose of priming is to reduce 
the germination time and improve stand and germination percentage under unfavorable 
environmental conditions. Primed seeds are used instantly but may be dried and stored 
for a short time for later use. Primed seeds attain the potential to rapidly imbibe and 
revive seed metabolism thus enhancing the germination rate [24]. These attributes have 
practical agronomic implications notably under adverse germination conditions. Pre-
treatment using a priming induced stimulus like sodium nitroprusside, hydrogen per-
oxide, melatonin and polyamines results in enhanced cell tolerance and amelioration of 
stress-induced plant growth inhibition [25]. Therefore, the beneficial effects of priming 
may be more evident in under favorable rather than unfavorable conditions [26]. Primed 
seeds generally exhibit an increase germination rate, greater germination uniformity, and, 
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at times, greater total germination percentage. Abiotic stresses produce oxidative stress 
and activate similar cell signaling pathways and cellular responses [27]. But, seed priming 
seems to activate these signaling pathways during the early stages of growth, resulting 
in faster defense responses [28]. The abiotic stress tolerance generated by seed priming 
is accorded via the synchronization of divergent physiological, biochemical, systemic, 
cellular and molecular modulations [29]. The purpose of seed germination is to reduce the 
germination period and to protect the seed from environmental stress during the critical 
stage of seedling growth to integrate the growth leading to uniform establishment and 
improved yields. It minimizes the effect of salinity on the morphological parameter of 
the plants. One of the priming methods called osmopriming is a commercially available 
method of improving seed germination and strength. It controls seed imbibition to initi-
ate the germination process followed by the seed drying up to its original weight. Various 
methods of seed planting such as hormonal priming and support for chemo priming in 
improving the process of germination, flowering and growth of plants are done for com-
mercial purposes on the farm or on the farm. Planting seed on a farm requires electricity, 
high-tech seed harvesting, seed hardening or seed-drying process is accessible to farmers 
to help them with cool farming and horticulture [30]. The effective use of a seed manage-
ment method depends on the type of test, method of application, crop selection, early 
performance of the plant, chemical selection, concentration, duration of treatment and 
the purpose of the application. Priming method in seed management techniques is proven 
very essential factor for enhancing quality issues, germination rate and establishment. 
Priming can interfere with some of the degenerative effects of aging, leading to improved 
seed performance [31]. It has shown an immense effect of priming to activate different 
processes related to cell cycle and to induce to the synthesis of nuclear DNA in radial tip 
cells [32]. Seed priming had the most beneficial effect on leaf area indicating the advan-
tage of rapid seedling emergence [33]. The reason attributed may be due to cell division, 
cell number due to multiplication in various plant tissues, auxin multiplication, cell wall 
plasticity and permeability of cell membrane, increases photosynthesis, cell enlargement 
and rapid cell wall elongation [34].

4. Factors affecting seed priming process

Seed priming is controlled by many factors such as aeration, light, temperature, 
concentration of priming solution, time (duration), and seed quality.

4.1 Aeration

Aeration is considered an important step to assist seed respiration, seed viability 
and contributes to synchronize the emergence [35] Germinating seeds respire very 
actively and need sufficient oxygen. The consequence of aeration varies according 
to species: in onion aeration of the PEG solution increased the germination process 
compared to non-aerated treatment [36]. No difference was noticed in the germina-
tion of lettuce seeds between aerated and non-aerated K3PO4 priming [37].

4.2 Duration

Duration (maximum length of time) of priming is one of the key factors for seed 
priming. Seed priming for 7 h and 14 h is sufficient to augment seed and seedling 
vigor, stand establishment, and grain yield contrary to soaking the seeds for 21 h 
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for optimizing duration of hydro priming in green gram [38]. Seeds primed for 12 h 
took significantly fewer days to emerge and reach maturity when compared to the 
untreated dry seed, whereas 36 h primed seeds showed poor germination and 48 h 
primed seeds inhibited germination. This inhibition may be attributed to the pro-
longed period of priming that led to excess water in the seeds and greater reduction in 
the O2 availability to the embryo [39].

4.3 Temperature

The lower temperatures during priming seem to result in slower imbibition of 
seeds, increasing the duration of phase II of the triphasic pattern of imbibitions [40]. 
This would allow the activation mechanisms to repair the membrane systems and pre-
vent destruction caused by rapid imbibition. Hydro priming at 15°C increased syn-
chronization of germination and speed of seedling emergence in Solanum lycocarpum 
[41]. Seed priming at 15°C showed good vigor, mean germination time and growth 
response in french bean compared to seed primed at 30°C which inhibits germination 
[42]. Seed priming at low temperature showed the beneficial effects on germination 
index, speed of germination, length of radical and plumule, fresh weight of seedling 
and seedling vigor index compared to high temperature in wheat [43]. Priming was 
effective in reducing the time for 50% germination, mean germination time and 
increase germination percent and seedling vigor index when primed with potassium 
di-hydrogen phosphate at low temperature in sunflower [44]. GA3 (20 ppm) primed 
seeds at low temperature showed significantly higher germination, root length, shoot 
length and seedling dry weight over higher temperature in soybean [45]. Seed prim-
ing at 15°C showed better percent increase in germination, mean germination time 
than at higher temperature at 30°C. Seed priming at low temperature associated with 
a buildup of nucleic acids and protein synthesis and membrane repair [46].

4.4 Concentration

Seedling growth was not proper and subsequent growth of seedling was arrested 
probably due damage of cell organelles due to higher concentration when seed primed 
with ethrel. Increasing the concentration of priming solution from 10−3 M to 10−1 M at 
constant temperature decreased the germination to the extent of 21% and 56% when 
papaya seeds were treated with oxalic acid and mannitol [47]. Soaking of wheat seeds in 
GA3 at low concentration not only enhances the speed of germination but also increase 
the length of radical as well as plumule [48]. Osmopriming with PEG at low concentra-
tion in spinach improved the final germination percentage, germination rate and unifor-
mity [49]. Seed priming at lower concentration of growth regulators favors the increase 
enzymatic activity which leads to the favorable environment for the germination. Growth 
regulators at higher concentration inhibit the seed germination which might have been 
due to solute leakage and lipid per oxidation which limit the necessary material for 
germination and seedling growth [50]. Tomato seeds osmo-primed with PEG 6000 at 
low concentration improved mean germination time, seedling emergence percentage and 
cell membrane stability over higher concentration [51]. Seed priming with 1% sodium 
molybdate reduced the seed germination due to toxic effect on physiological and bio-
chemical processes within the cell [52]. In case of seed priming with higher concentration 
of ammonium molybdate and magnesium nitrate solution germination was absent. The 
reason attributed due to higher concentration of chemical which cause detrimental effect 
on cellular mechanism and mitochondrial; membrane in seed [46].
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4.5 Light

Light effect changed widely according to crop species. Illumination during seed 
priming of celery seeds reduced dormancy [53]. The best germination in lettuce was 
obtained with seeds primed in the dark [37]. Light played a vital role in maximizing 
seed germination with guava seeds primed at 12 h of light and 12 h of dark [54].

5. Seed priming and physiological changes during priming

Seed treatment technology is an important link between seed producers and crop 
production. Seed priming is the technology which is a novel concept of treating seeds 
using various solvents including water which activates physiological processes of seeds. 
When dry seeds are immersed in water, water absorption occurs in three stages [55]. 
Stage I is imbibition where there is a swift initial water uptake due to the seed’s low water 
potential. Proteins are synthesized using existing mRNA and DNA and mitochondria are 
repaired during stage I phase. In stage II, there is a steady increase in seed water content, 
but physiological activities associated with germination are initiated, including synthesis 
of proteins by translation of new mRNAs and new mitochondria. There is a swift uptake 
of water in stage I where the process of germination is completed culminating in radicle 
emergence Stages I and II are the foundations of successful seed priming where the seed 
is brought to a seed moisture content that is just short of radicle protrusion [56]. The 
pattern of water uptake during priming is identical to that during slow germination and 
controlled. Seed hydration triggers germination via three stages: imbibition, lag phase 
and radicle protrusion through the testa [57]. Seed requires oxygen, water, and a suitable 
temperature for germination. The time from sowing to the seedling establishment is of 
considerable importance in crop production and has a major impact on plant growth, yield 
and post-harvest seed quality [4]. During germination process of orthodox seeds three 
distinct phases is manifested where in (1) Phase I: seed hydration process related to passive 
imbibition of dry tissues associated with water movement preliminary occurring in the 
apoplastic spaces; (2) Phase II: activation phase associated with the rejuvenate of metabolic 
activities and repairing processes at the cell level; and (3) Phase III: initiation of developing 
processes associated to cell elongation and leading to radical protrusion. Phases I and III 
both entail an increase in the water content while hydration remains stable during Phase 
II. Before the conclusion of Phase II, it is considered that germination remains a reversible 
process: the seeds may be dried again and remain functioning during storage and able to 
subsequently re-initiate germination under propitious condition. Water-based seed prim-
ing is elucidated as a pre-sowing dressing that partially hydrates seeds without allowing 
emergence [58]. Different treatments may indeed be applied during the reversible stage of 
germination (point 3). They broadly differ according to the osmotic potential of the prim-
ing solution, the duration, the external temperature, and the existence of specific chemical 
compounds. The efficient treatments trigger metabolic processes activated during phase II 
of germination, which are then transitory stopped before a loss of desiccation occurs [59]. 
Priming is a technique that allows controlled seed hydration to trigger pre-germinative 
metabolism but does not allow the seed for the transition towards full germination. In the 
case of primed seed hydration treatment allows regulated imbibition and induction of the 
pre-germinative metabolism (“activation”), but radicle emergence is prevented, repre-
sented by the extended second phase. Final phase (phase III) represents the germination 
and post-germination phase which is again similar in the case of non-primed seeds. In the 
case of primed hydration treatment seeds allow regulated imbibition and the introduction 
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of pre-germinative metabolism (“initiation”), but the emergence of radicle is inhibited, 
represented by an extended second phase. The final stage (phase III) represents germina-
tion and the post-emergence phase which is similar in the case of unprimed seeds. During 
Phase I Imbibition there is a rapid absorption of water due to the lower seed potential than 
outside. Initially there is water movement in apoplastic spaces, proteins are synthesized 
from existing mRNAs and DNA and mitochondria are repaired during Phase I. In phase II, 
there is the activation of metabolic and repairing activity along with the synthesis of pro-
teins by translation of new mRNAs of new mitochondria, where as phase III is associated 
with regaining capacity of rapid water uptake and initiation of growing processes linked 
with cell elongation that leads to radical protrusion. Priming allows a seed to hydrate up till 
a seed moisture content involving the entire phase I and before the end of phase II when 
the germination remains a reversible process just short of the radical protrusion [56]. Thus 
priming activates ‘pre-germinative metabolism’ that included a wide range of physiological 
functioning. This activates DNA repair pathways, ROS scavenging systems (that impart 
for seed repair response) and also helps in preserving genome integrity [60]. Priming solu-
tions can be supplemented with hormones or beneficial micro-organisms. The seed may 
be dried back for storage, distribution and planting. Priming can induce the germination 
by improving the speed and synchronization of seed germination [61]; it can improve seed 
vigor which require very short or no activation time during germination. The advanced 
germination status of primed seeds contributes to increased germination under stressful 
conditions [62]. Besides it also facilitates the initiation of many germination-related activi-
ties such as enhanced energy metabolism, early reserve mobilization, embryo expansion 
and endosperm weakening [31]. Priming also enhances the specific stress-responsive 
systems which include induced accumulation of LEA and heat shock proteins [63], activa-
tion of catalase and other antioxidant scavenging enzymes [64] and up-regulation of genes 
encoding peroxiredoxin [65].

6. Biochemical and molecular basis of stress tolerance

The type of test, method of application, selection of crop, initial performance of the 
crop, selection of chemical, duration of treatment, its concentration, and the purpose 
of implication helps in successful application of seed management technique. Priming 
method in seed management techniques is established, which is very important factor 
for enhancing quality issues, germination rate and establishment. Priming can improve 
some of the aging-induced deteriorative events, resulting in improved seed performance 
[31]. It has shown an immense effect to activate different processes related to cell cycle 
and to induce synthesis of nuclear DNA in radial tip cells in tomato [32]. Prolonged stor-
age of seeds resulted in a decrease in protein content which led to an increase in oxida-
tion of amino acids, due to increased respiratory function and progression in the process 
of deteriorating stored seed. Seed degradation results in loss of membrane integrity, 
changes in enzymatic functions and reduction of protein and nucleic acid synthesis and 
lesions in DNA [66]. Priming with NaCl and 30% PEG for 24 h of rice seed initiated in 
increase in the activity of superoxide dismutase (SOD) and peroxidise (POD) which 
enhance the intensity of respiration of plant and cause an increase in vigourity in germi-
nation [67]. Priming is also thought to increase the activity of many enzymes involved 
in metabolism of carbohydrates (α- and β-amylases), proteins (proteases) and lipids 
mobilization (iso citratelyase) that are implicated in the stored reserves mobilization 
[68]. These enzymes are vital in the breakdown of macromolecules for the development 
and growth of the embryo that ultimately result in early and higher seedling emergence 
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[69]. There are reports that priming facilitates the repair of chromosomal damage [70], 
permits early DNA replication and repair, increases RNA and de novo protein synthesis 
and reduces the leakage of metabolites [24]. Thus, total seed protein, peroxidases, 
polyphenol oxidases, RNA and de novo protein synthesis were enhanced significantly 
by seed priming. Among the various processes of priming, osmopriming could enhance 
rapid seed germination by reducing mechanical hindrance on the germinating embryo. 
The pre-treatment of seeds with priming agents facilitates the active absorption of ionic 
molecules with greater ATP availability and repair of deteriorated seed parts for reduc-
ing leakage of metabolites leading to faster embryo development [71]. It also, reflected 
in greater cellular membrane integrity, counteraction of lipid per oxidation, and free 
radical chain reaction often are found to be directly correlated with the maintenance 
of viability and reduce moisture uptake by hydrated-dehydrated seed [72], repair of 
biochemical lesions by the cellular enzymatic repair system [73] and metabolic removal 
of toxic substances [74], counteraction of free radical and lipid peroxidation reactions 
[75], biochemical changes like enzyme activation [76], and improvement of germina-
tion rate particularly in old seeds [77]. Priming provides a ‘head-start’ of seed transition 
from quiescent to germinating state, thus increasing the potential to germinate. Seed 
priming thrust abiotic stress on seeds that represses radicle protrusion but stimulates 
stress-responsive elements [78].

7. Reversal of seed deterioration by priming

Seed deterioration is defined as the loss of seed viability and vigor due to aging 
effects and adverse environmental factors distinctly higher temperature, relative air 
humidity and oxygen/carbon-dioxide ratio [66]. Seed deterioration is associated with 
several cellular, metabolic and chemical alterations including lipid per oxidation, 
membrane disruption, and DNA damage, impairment of RNA and protein synthesis 
and causes several detrimental effects on seeds [79]. The cause of seed deterioration 
is damage to cellular membranes and other sub cellular components by harmful free 
radicals generated by peroxidation of unsaturated and polyunsaturated membrane 
fatty acids. Seed storage causes a decrease in the protein content which may be related 
to oxidation of the amino acids due to the increase in the respiratory activity and 
advance in the deterioration process of the stored seeds [80]. Poor storage conditions 
may accelerate seed deterioration of seeds [81]. As seed deterioration increases, seed 
performance progressively decreases. Plants that originated from deteriorated seed 
can reduce growth rate. The aging of seeds, during long term storage deteriorated their 
vital status which was expressed in change in their moisture content, decreasing of 
their sowing qualities and development of weaker seedlings with higher water content 
[82]. The main mechanism for aging of seed is associated with increased peroxidation 
of lipid membranes [65]. Priming can reverse some of the aging induced deteriorative 
factors and thus improve seed performance [31]. The beneficial effects of priming 
are associated with the repair and building up of nucleic acid, increased synthesis of 
proteins as well as the repair of both mitochondria and membranes [24]. Priming for 
24 h with GA3 and ammonium molybdate in aged seeds showed increase enzyme activ-
ity restored almost entire protein profile and esterase and peroxidase isozyme profile 
as it allowed repair system to combat sub-cellular damage and activated synthesis of 
enzymes and protein [83]. Under invigorated, metabolic repair processes in deterio-
rated seeds occur before onset of seed germination process [84]. Seed priming is more 
useful for enhancing germination of low-quality seed lots than higher-quality ones 
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which indicates that repair of aging is one of the primary advantages [85]. Significant 
changes in enzyme activities were observed in primed seeds compared to un-primed 
seeds. Desiccation and storage of seeds has been suggested to result in progressive loss 
of integrity of the membrane components of the seeds, which in turn bring about to 
seed deterioration as measured by loss of seed vigor and viability. Maintenance of the 
integrity of DNA by repairing the damages incurred naturally is crucial for generating 
error free template for transcription and replication with fidelity. The damage to DNA 
which accumulates during the seed aging is repaired by aerated hydration [86]. During 
imbibition prior to germination the integrity of cell membranes need to be re-estab-
lished. Rapid imbibitions by the seed at this time probably reverse the damage and 
cell will attain maximum vigor by repair mechanism. It is thought that hydro priming 
initiates an oxidative stress, which generates reactive oxygen species, and catalase 
is synthesized to minimize cell damage. In addition to catalase, levels of superoxide 
dismutase, another essential enzyme quenching free radicals also increases during 
priming. Increased levels of these free radical scavenging enzymes due to the oxidative 
stress during priming might also protect the cell against membrane damage due to lipid 
peroxidation occurring naturally [68]. Priming with GA3 and ammonium molybdate 
allowed repair system to combat sub-cellular damage activated enzyme synthesis due 
to accelerated aging. The changes in the activation of the enzymes, upon priming advo-
cate that mobilization of storage material may be responsible for increased germina-
tion and vigor in primed seeds when compared to unprimed aged seeds [87].

8.  Effect of priming on reserve mobilization and management of oxidative 
status

It is proposed that germination-related processes such as respiration, energy metabo-
lism, and initial reserve mobilization also occur during priming. Higher respiratory 
activity is required to cover energy pool for speed up germination. Increased respiratory 
activity has been associated with pre-sowing treatments. Seed priming increased the 
respiratory activity of seeds and reduced the oxygen-time constant and increased the 
standard deviation of germination responses [88]. During seed germination, storage 
proteins, which provide a source of reduced nitrogen and inorganic minerals, need to be 
mobilized to support seedling growth [89]. Soluble protein content increased in pep-
per seeds after 12 days of priming in –1.34 MPa NaCl solution [90]. Pepper seedlings 
developed from primed seed had improved soluble protein [90]. Osmo-priming induced 
accumulation of stress proteins, such as late embryogenesis abundant (LEA) proteins and 
heat shock proteins (HSP) [91]. Management of oxidative status is also an important part 
of primed seed physiology. Priming activates the response of the antioxidant system and 
modifies the prepared seeds for potential stresses [92]. In the early stages of seed intake 
and germination, the production of reactive oxygen species (ROS) is primarily due to the 
respiratory activity of mitochondria, β-oxidative pathway activity, and enzymes such 
as NADPH oxidase, extra-cellular peroxidase, and oxalate oxidase [93]. Antioxidants, 
by breaking down high ROS during early endocytosis, play an important role in ensur-
ing successful germination, especially under stressful conditions [94]. Seed priming in 
tomato seeds revealed enhanced activity of antioxidant enzymes such as ascorbate per-
oxidase, catalase, peroxidase, glutathione reductase and superoxide dismutase [95]. Free 
radical scavenging enzymes such as catalase and super dismutase are synthesized during 
hydro priming to defend the cell from damage due to lipid peroxidation, which occurs 
due to the oxidative stress induced by hydro priming. Priming synchronizes all the cells 
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of the germinating embryo in the G2 phase of the cell cycle so that upon further imbibi-
tions, cell division proceeds uniformly in all the cells ensuring uniform development 
of all parts of the seedlings. Seed priming of pepper (Capsicum annuum L.) conducted 
under temperature stress (low 15° C and high 35°C) for two consecutive runs revealed 
enhanced germination even in stressful conditions. Priming was found to enhance repair 
of membranes, the activities of hydrolytic enzymes, and antioxidant system. However, it 
was noticed that priming decreased sucrose content, whereas the fatty acid composition 
remained unchanged and increased enzymatic activity of catalase which was enhanced 
significantly in pepper seeds [96]. Osmopriming with –1.5 MPa PEG 6000 for 6 days of 
aged seeds of sweet pepper resulted in an improved germination with decreased levels 
of malondialdehyde (MDA)and total antioxidant activity, total ascorbate, de-hydro 
ascorbate, and catalase activity in primed seeds enhanced the defense mechanism in 
protecting the cell membrane damage from reactive oxygen species [29]. Nano priming 
augmented the performance of seeds by enhancing α-amylase activity, increasing soluble 
sugar content to support early seedling growth, up-regulating the expression of aquapo-
rin gene in germinating seeds, increased stress tolerance through lower ROS production 
and creation of nano pores for enhancing water uptake in crops in field [74]. The main 
obstacle to the practical application of primed seeds is storage and viability. This bar-
rier can be overcome by knowing the genes/markers associated with seed germination 
and the identified markers can be used to assess the effect of priming on germination 
efficiency and seed vigor [97]. Genes/markers involved in rice seed priming were 
identified by comparing differential proteins between the dry and imbibed seed using 
two-dimensional electrophoresis [98]. Improved germination was reported in polyeth-
ylene glycol-6000 (PEG-6000) primed rapeseeds which, on germination, resulted in 
differential expression of 952 genes and 75 proteins [99].

9. Methods of seed priming and role in improving crop productivity

Seed priming technique such as hydro priming, halo priming, chemical priming, 
osmopriming, hormone priming, solid matrix priming and nutrient priming are exten-
sively used in crop plants for many environmental stresses. Seed priming increases 
germination and growth especially under environmental constraints. However, the 
degree of efficacy of different priming agents varies with plant species and diverse 
environmental conditions [100]. Different seed priming methods employed to mitigate 
stress and salt tolerance as reported by many researchers are shown in Tables 1–5.

9.1 Hydropriming

Soaking seeds with water overnight and then drying before sowing markedly 
improved seedling emergence, plant growth establishment, vigor and final yield in field 
crops [12]. Slow and inconsistent germination of seeds has prompted the need for water-
based seed priming. Hydro priming is a very sustainable, cost-effective and environmen-
tally friendly technique, mainly involving soaking the seeds in water for a predetermined 
time and then drying them back to their initial moisture level [89]. The process of seed 
germination occurs in three phases, viz., rapid water uptake or imbibition (phase I), lag 
or plateau phase (phase II), and protrusion of seminal root and resumption of growth 
(phase III) [55]. Hydro priming reduces the lag period ensures rapid and uniform ger-
mination for good stand establishment [127]. Controlled seed hydration as a pre-sowing 
strategy triggers pre-germination metabolic activities in the form of cellular physiological, 
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biochemical, and molecular changes [93]. Ameliorated germination of hydro primed 
seeds is a repercussion of stimulation of enzymes (amylase, protease, phosphatase, lipase, 
etc.), ATP production, RNA and protein synthesis, DNA replication, detoxification of 
ROS and lowering of lipid per oxidation by antioxidant enzymes [superoxide dismutase 
(SOD), catalase (CAT), peroxidase (POD), and glutathione reductase (GPx)], accumula-
tion of germination enhancing metabolites (proline, soluble sugars, etc.), higher utiliza-
tion of seed reserves (proteins, carbohydrates, lipids, and phosphorus compounds), and 
supplementary metabolic repairing mechanisms. The major limitation associated with 
hydro priming is uncontrolled water uptake which result in unsynchronized germina-
tion [12]. Plants produced from hydro-primed seeds had substantial water uptake which 
is positively associated with seedling growth. Hydro-priming is a simple method to 
improve abiotic stress tolerance and improve germination percentage in cauliflower [28]. 
Seed soaking in water improved germination, seedling establishment and yield in wheat 

S. no Priming agent Crop Concentration Attributed improved References

1. PEG wheat −1.0 MPa Seed germination and grain yield [106]
Rape seed −0.5 MPa Percentage of germination under 

saline soil, seedling length, and 
increased metabolic process in seeds

[107]

Chickpea −0.5 MPa Seed germination, yield and 
improvement in seed quality 

attributes

[108]

2. Mannitol Broad bean 1% Percentage of germination, higher 
seedling length and seed vigor index

[109]

Rice 1% Enhanced germination percentage, 
growth of seedlings and plant 

survival under salt stress

[110]

3. Sorbitol Wheat 1% Improved seed vigor, plant 
morphology and upregulation of 

plant growth regulator

[111]

Table 2. 
Osmoconditioning techniques and their effectiveness in improving growth of various crops under adverse 
condition.

S. no Priming 
agent

Crop Attributed improved References

1. Water 
(12 h)

Rice Accelerated germination, early emergence time, increased initial 
growth after emergence, increased dry root weight and dry 
matter productivity

[101]

Wheat Higher germination percent, increased water use efficiency, 
homogeneity of seedling emergence, increase growth and yield 
parameters. Aged seeds when primed with water improved 
induced increase in enzyme activity, improved germination and 
seedling characteristics

[102]

Pearl millet Increased crop emergence and crop yield in arid zone [103]
Chickpea Improved membrane integrity and electrical conductivity of seed 

leachate. Increased germination indices and seedling growth
[104]

Sunflower Increased germination percentage, seed vigor index and seedling 
growth rate. Reduced time to 50% seedling emergence

[105]

Table 1. 
Hydropriming technique and their effectiveness in improving growth of various crops under adverse condition.
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crop under contrasting environmental conditions [128]. Hydro-priming of rice seeds 
improved the germination rate, speed and uniformity even under less than optimum 
field condition in upland conditions [129]. Hydropriming of soybean seeds for 12 h was 
effective to increase number of pods, grain yield and biological yield under drought stress 
conditions [130]. Hydro-priming for 48 h of naturally aged rice seeds were more efficient 
in seed germination, emergence and seeding vigor under direct seeded rice [131].

9.2 Osmoconditioning

Osmopriming is known as osmotic priming, osmotic conditioning or osmocon-
ditioning. It is a pre-sowing treatment in an osmotic solution that allows seeds to 
imbibe water to proceed to the first stage of germination but prevent radicle protrusion 
through the seed coat [132]. In this methodology, seeds are soaked in osmotic solutions 
of organic compounds such as polyethylene glycol, mannitol, glycerol, and sorbitol 
having low water potential so as to regulate the water uptake by seeds and allow the 

S. no Priming agent Crop Attributed improved References

1. Gibberellic acid 
(50 ppm)

Rice Improve crop emergence, crop establishment and 
yield in direct seeded rice

[112]

2. Cytokinins 
(100 ppm)

Soybean Hasten seed germination rate and seedling 
development. Improving root length and enhanced 
nutrient uptake and water use efficiency

[113]

3. IAA (20 mg L−1) Cotton Improves the germination, root length, seedling 
height and seedling growth, biomass and leaf 
photosynthesis capacity and yield

[114]

4. Auxin (50 ppm) Wheat Increased grain filling rate and grain yield and 
positive effect of photosynthesis

[115]

5. Salicyclic acid 
(0.9%)

Sesame Increased germination percent and seedling length 
and vigorous growth, reduced germination time

[116]

Table 3. 
Priming with plant growth regulators and their effectiveness in improving growth of various crops under adverse 
condition.

S. no Priming agent Crop Attributed improved References

1. Potassium nitrate 
(2%) (50 ppm)

Rice Improve crop emergence, crop establishment and 
yield in DSR

[117]

2. CaCl2(50 mM) Sorghum Increased germination rate, root and shoot length 
under salt stress condition

[112]

3. KH2PO4 (1%) Maize Increased field emergence, plant height number of 
leaves and seed yield

[26]

4. Mg(NO3)2 + ZnSO4 
(2%)

Wheat Increased plant height, number of leaves, leaf area 
and chlorophyll content and increased yield under 
drought stress

[118]

5. Ammonium 
molybdate (0.1%)

Common 
Bean

Improved germination percent, net CO2 
assimilation rate, chlorophyll content and increased 
grain yield

[119]

6. KCl (1%) Green 
gram

Enhancing crop stand and increasing yield under 
drought condition

[120]

Table 4. 
Nutrient priming techniques and their effectiveness in improving growth of various crops under adverse condition.
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pre-germinative metabolic events to continue, but restrict the seminal root protrusion 
[20]. Osmohardening with PEG improved seed quality of maize and leading to early 
germination and better performance under field conditions [133]. Polyethylene glycol 
(PEG) as an inert material which can prevent embryo toxicity problem during priming. 
The large size of PEG molecule also prevents its penetration into seed tissues, avoiding 
lowering the osmotic potential [134]. Seeds primed with PEG were effective in improv-
ing seed germination and seedling establishment of sorghum under unfavorable soil 
moisture conditions. Seed priming with PEG reduced lipid peroxidation and stabilized 
cell membrane, resulting in elevation of stress tolerance under drought environment 
[135]. Osmopriming or Osmoconditioning is the seed soaking in solutions with low 
water potential. In osmopriming, degree and rate of imbibitions is restricted through 
the exposure of seeds to low external water potential. Osmopriming can maintain the 
integrity of plasma membrane and gives better germination percentage [28].

Osmopriming of rice seeds enhanced starch to improve sugar availability in embryo 
and produced strong seedling growth. Osmopriming economically, technically and 
methodologically is more challenging as it yields easier and faster results than water 
conservation systems. Osmopriming of spinach seeds with PEG increased germination 
percentage, stimulated anti-oxidant defense systems and thereby induced tolerance to 
spinach plants. Osmopriming has advantages which include rapid and uniform germina-
tion and emergence, improved seedling growth and better stand establishment under 
water stress condition [64]. Osmopriming in adequate concentration of PEG improved 
seedling growth and germination in rice [136]. Seed osmopriming with lower dose of 
PEG addressed the inhibitory effects of salinity on green gram plants in terms of greater 
values for osmolytes accumulation, chlorophyll content and better antioxidant defense 
system and osmotic adjustment [137]. Priming of french bean seeds with PEG 0.1Mpa 
enhanced germination, emergence time and seedling vigor index [138]. Osmopriming 
with mannitol mitigated the inhibitory effects of salinity and drought on plant growth 
in chickpea. Plant produced from seeds soaked in different concentration of mannitol 
(2–4%) improved biomass and length of shoot and roots under saline conditions [139]. 
Plants from seeds primed with mannitol had higher activities of antioxidant enzymes and 
minimal electrolyte leakage and malondialdehyde contents [140]. Osmoconditioning of 

S. no Priming agent Crop Attributed improved References

1. Rhizobium 
sp + Trichoderma viride

Green 
gram

Increased germination percentage, synchronized 
seed germination, growth and yield 
components.

[121]

2. Bacillus amyloliquefacians Rice Enhanced activities of peroxidase and 
polyphenol oxidase in seedlings. Improved 
germination percentage, increased leaf area

[122]

3. Bacillus sp. (MGW9) Maize Improved the germination energy, seedling 
length, relative water content, field seedling 
emergence and seedling growth

[123]

4. Trichoderma asperelllum 
(24 h)

Wheat Plant growth promoting activities, uniformity 
in seed emergence, good seedling vigor and 
establishment under stress conditions

[124]

5. Azotobacter chroococuum Chickpea Implant plant growth, and dry weight and yield [125]
6. Azospirillum lipoferum Barley Tolerance to stress and improved plant growth 

and productivity
[126]

Table 5. 
Biopriming priming techniques and their effectiveness in improving growth of various crops under adverse 
condition.
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cucumber (Cucumis sativus L.) seed with 0.7 M mannitol improved the rate of germina-
tion at 25°C and 15°C in water. Osmoconditioning stimulated the rate of radical exten-
sion, seedling emergence and expansion of the cotyledons and first leaf of cucumber [51].

9.3 Priming with plant growth regulators

Presoaking seeds with optimal concentrations of plant growth regulators has shown 
to effectively improve germination as well as growth and yield performances of vari-
ous crop species crops under environmental stress conditions [141]. Growth regulators 
normally used for seed priming include auxins (IAA, IBA, and NAA), gibberellins 
(GA), kinetin, salicyclic acid, abscisic acid, ethylene and ascorbic acids. The use of plant 
hormones and other plant growth regulators as seed pre-sowing treatment can improve 
plant growth under stressful conditions [28]. Pre-soaking GA3 in guava seeds at 100 ppm 
at a temperature range of 32°C/20°C resulted in a significant increase in germination to 
84–88% compared to unprimed seeds [54]. Seed priming with GA3 (100 ppm) for 24 h 
at low concentration and priming temperature at 15°C in cowpea increased the leaf area 
index, relative growth rate, crop growth rate and net assimilation rate under limited soil 
water conditions [142]. Rye seeds soaked with gibberellic acid increased germination 
percentage under water stress conditions [143].

Seed priming with ethylene minimizes the effect of high temperature on lettuce seed 
germination [144]. The pre-treated wheat seeds with salicylic acid improved seed ger-
mination, rate of germination and total chlorophyll content significantly under salinity 
levels [145]. Phytohormonal priming can augment seed germination through enhancing 
some enzymes such as amylase activities and protease that hydrolyzed starch and protein 
molecules into simple forms available for the embryo to germinate [146]. GA3 priming has 
been found to improve seed germination, possibly as a result of nutrients stored inside 
the seeds, and to make embryos available during germination. Seed endosperm is found 
in the embryo through the action of other hydrolase enzymes [147]. It is very important 
that GA3 promotes the synthesis and production of hydrolases, especially α-amylase, 
which leads to seed germination. Seed priming is controlled through suppression effects 
of excess ABA on the expansion of embryo organs caused by inhibition of GA3 effects on 
the growth of radical and hypocotyl [148]. Seeds primed with ascorbic acid improved 
emergence, growth and yield of maize under water deficit [149]. Seed priming with gib-
berellic acid induced an increase in grain yield of wheat plants, modulation of ion uptake 
and partitioning and hormone homeostasis under saline conditions [150].

9.4 Nutrient priming

Nutrient priming or nutripriming means soaking of seeds in nutrient solution of a 
specific concentration, for a certain period of time or duration prior to sowing [151]. Seed 
priming with nutrients (macro or micro) can increase seed nutrient content and improve 
seed quality for better germination, seedling establishment, plant growth, nutrient 
uptake and water use efficiency of several crop species. Nutrient priming is one of the 
methods of priming practices that includes salts like ammonium molybdate, Mg (NO3)2, 
CaCl2, CaSO4, KBr, MgSO4, KH2PO4, ZnSO4, KNO3, sodium molybdate, KCl and NaCl in 
such a way that pre-emergence metabolic functions begin to prevent major outbreaks fol-
lowed by seed drying at the initial humidity level [24]. In this way, the seeds are immersed 
in various salts that promote the germination process and subsequent emergence of 
seedlings even under adverse environmental conditions. Salt priming of hot pepper seed 
induced salinity tolerance at seedling stage, wherein seed priming improved significantly 
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the germination percentage and vigor index, plumule and radical length and dry weight 
of seedling as compared to the non-primed seeds (control) [110]. Nutrient priming in 
3% KNO3 solution for 40 h at normal room temperature increased speed of emergence, 
seedling vigor index, root length and shoot length over hydro priming, and control in 
pepper [152]. Pre-sowing seed treatment with ammonium molybdate (10−3 M) enhanced 
germination, improved vigor and growth of root system, increased drought tolerance 
which helped in higher nutrient uptake in cowpea crop under limited soil moisture 
[46]. Pepper seeds primed in 1% KNO3 recorded the highest germination percentage as 
compared to non-priming [153]. Seed priming with CaCl2 (2%) and sodium molybdate 
(100 ppm) increased the harvest index over dry seed under drought stress situation [154]. 
Nutrient priming is a simple and low cost agro-technique and found suitable to be recom-
mended to the farmers owing to better synchrony of emergence and crop stand under 
various conditions of environment [7]. Seed ripening with CaCl2 has been very successful 
in implanting a high salt tolerance to maize with an improved percentage of germina-
tion and biomass of plants. Plants grown from extracted seeds also raised the cellular 
levels of Ca2+, K+, and Na+. Chloride content was important for maize plants raised from 
seeds incorporated into NaCl and KCl [155]. Effect of seed priming with KNO3 and urea 
increased the seedling growth, germination percentage, germination rate and proline and 
protein content in maize hybrids under severe and moderate salt and drought stress [156]. 
Seed priming with ammonium molybdate (10−3 M) improved germination, stimulated 
growth, seed yield, biological yield and water use efficiency in cowpea under limited 
water supply conditions in cowpea [157]. Seed priming of chickpea seeds in a 0.05% 
solution of zinc sulphate (ZnSO4) has been found quite effective to exhibit 19% higher 
seed yield and 29% more Zn concentration in seeds over that of non-primed seeds [158]. 
Seed priming with potassium nitrate (0.5%) recorded higher emergence, shoot length, 
shoot fresh weight, maximum root length and root fresh weight of dry direct-seeded rice 
compared with non-primed seeds [159]. Seed priming for pepper crop with osmotic solu-
tion KCl (10 mM) for 36 h improved the plant biomass, number of leaves per plant, shoot 
and root length, leaf area and carotenoid content under saline stress [90]. Seed priming 
sorghum seeds with 50 mM Ca Cl2 enhanced the germination potential, germination rate, 
germination index, vigor index, root and shoot length, root and shoot fresh weight and 
root and shoot dry weight under salt stress condition [26].

9.5 Biopriming

Bio-priming of seeds has diverse process to stimulate morphogenesis and plant 
immunity, viz., production of phytohormones, induced expression of plant growth-
promoting genes, mycoparasitism, increased nutrient status into the plant, antibiosis, 
trigger phenolic production, activation of antioxidant production, and systemic defense 
activation. Biopriming plays an important role in improving seed viability, germination, 
uniformity in emergence, plant vigor, growth and yield [160]. Biopriming agents com-
prehend plant growth promoting microorganisms (PGPM), Plant growth promoting 
bacteria (PGPB), plant growth promoting fungi (PGPF) and plant growth cyanobacteria 
(PGPC). PGPC are responsible for enhancing the crop growth through nitrogen fixation 
and release of metabolites, improving soil fertility by soil aggregation and enhancing 
water holding capacity [161]. Rhizoshere microbes play a very crucial role in enhanced 
uptake of three essential nutrients N, P and K [162]. Application of Trichoderma sp. 
through seed biopriming enhanced the enzyme activity through release of metabolites in 
maize plants [163]. Application of Trichoderma harzianum to cucumber seeds as aqueous 
slurry and incubated this mixture for 4 days at 20°C increased seedling emergence [164]. 
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Slurry coating of non-primed cucumber (C. sativus L.) seeds with Trichoderma harzia-
num and Trichoderma viridae or combination of both reduced percentage of damping-off 
disease and increased the final emergence percentage up to 58.10% and greater seedling 
fresh weight [165]. Biopriming is recently used as an alternative method for controlling 
many seed- and soil borne pathogens [166]. Combined effect of Pseudomonas fluorescens 
and Trichoderma harzianum as seed biopriming resulted in significant growth of pepper 
seedlings [167]. Among abiotic stress amelioration by bio priming, Trichoderma spp. has 
been used in controlling salinity and drought stress in maize and wheat which exhibited 
better physiological and morphological parameters when compared to untreated control 
[168]. Biopriming with the biofungicide and clove oil 0.06% or 0.1% was an effective 
seed treatment to improve the vigor and relative speed of germination in hot pepper 
seeds [169]. Seed priming with Rhizobium + Pseudomonas at 10% for 12 h recorded 
significantly higher germination percent and speed of germination, and seedling vigor 
in chickpea [170]. Application of Pseudomonas aureofaciens through drum priming 
system enhanced the stand establishment in tomato [171]. The results showed that seed 
inoculation with plant growth promoting rhizobacteria had significantly effects on grain 
yield, grain 1000 weight, number of grains per plant, plant height and all of grain filling 
parameters such as grain filling period, rate and effective grain filling period inlentil 
[172]. The technique of biopriming to document using two strains including Azospirillum 
brasilense and Bacillus amyloliquefaciens increased drought tolerance in wheat plants 
through regulation of genes related to stress. Biopriming, an amalgamation of seed prim-
ing with application of plant beneficial fungi and bacteria, can remarkably improve seed 
germination and emergence, seedling establishment, crop growth, and yield parameters 
under normal and stress conditions [173]. Thallasso bacillus denorans and Oceano bacillus 
kapialis isolates from salt mine showing halophillic behavior enhanced the growth of fine 
rice variety under varying salinity concentrations and exhibited improvement in mor-
phological and physiological parameters after 15 and 28 days, respectively, when applied 
through biopriming [174]. Bioprimping of Medicago truncatula seeds with Bacillus spp. 
Improved seed germination and seedling biomass and at the molecular level reflected in 
the up regulation of genes involved in DNA damage repair and antioxidant defense [88].

9.6 Solid matrix priming

In solid matrix priming (SMP) or matrix conditioning, solid or semi solid medium 
is used as a substitute in place of liquid medium. This technique is accomplished by 
mixing seeds with a solid or semi solid medium and specified amount of water. In 
solid matrix priming, a small quantity of seed and solid particles are used. During 
solid matrix priming, water is slowly delivered to seeds and thus, slow or controlled 
imbibition occurs, allowing cell repair mechanisms to function [28]. Predominant 
solid matrices are exfoliated vermiculate, expanded calcined clay, bituminous coal, 
sodium polypropionate gel or synthetic calcium silicate. Solid matrix priming using 
saw dust, ground charcoal, green gram seeds responded favorably to shorten incuba-
tion periods. The longer incubation periods and higher water levels were harmful to 
the seeds because they encouraged fungal growth [175].

10. Conclusion and future perspective

Seed priming emerges as a reassuring technology for combating abiotic stress in crops 
and alleviating the detrimental effects of abiotic stress without much influencing its 
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fitness. Seed priming technique is innovative, cheap and simple to apply at farmer’s field 
conditions. Oxidative stress, temperature extremes, salinity, and drought are associated 
and frequently induce similar type of damage. Seed priming stimulates signaling pathways 
earlier and enhances plant defense responses. Experimental results reveal that improved 
germination and vigorous growth of seedlings occur in early seed by combining stored 
nutrients and using genes responsible for the synthesis of essential enzymes. Priming is 
also capable of repairing damage that occurs inside the seed. Seed priming effects on early 
stage of germination, and it modulates the DNA replication, transcription, and transla-
tion. Storage and short shelf life of the primed seeds are a limitation of this technology. 
There is a need to standardize suitable priming methods in different crops to combat 
abiotic stress sustainably. Seed priming may indeed be considered as a valuable strategy 
to improve stand establishment under detrimental agro-climatic conditions (rainfed, dry 
farming and dry land farming regions) with enhanced yield, increased tolerance to stress 
situations, enhanced crop competitiveness against weeds, increased resistance against dis-
eases and increased water use efficiency. In an outline, seed priming acts as an important 
criterion for the induction of tolerance in plants against a wide range of abiotic stresses. 
However, more investigation will be needed in unraveling the mechanism of plant growth 
regulators and their substitutes, especially with stress-responsive genes.
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