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Preface

Hyper soil salinity has emerged as a key abiotic stress factor, and poses serious 
threats to crop yields and quality of produce. Owing to the underlying complexity, 
conventional breeding programmes have met with limited success. The conven-
tional genetic engineering approaches via transferring/overexpressing a single 
‘direct action gene’ per event did not yield optimal results as expected. Nevertheless, 
the biotechnological advents in the last decade coupled with availability of 
genomic sequences of major crops and model plants have opened new vistas for 
understanding salinity responses and improving salinity tolerance in important 
glycophytic crops. Through this two-volume book series entitled ‘Salinity 
Responses and Tolerance in Plants’, we are presenting critical assessments of the 
potent avenues to be targeted for imparting salt-stress tolerance in major crops in 
the post-genomic era.

Specifically, this book series is an attempt to update the state of the art on intrin-
sic mechanisms underlying salinity responses and adaptive mechanisms in plants, 
as well as novel approaches to target them with assistance of sound biotechnologi-
cal tools and platforms for developing salt-tolerant crops to feed the ever-increasing 
global population. Volume 1 deals with plant response to salinity stress and perspec-
tives for improving crop salinity tolerance via targeting the sensory, ion transport 
and signalling mechanisms, whereas Volume 2 will be aimed at discussing the 
potencies of post-genomic-era tools like DNA helicases, RNAi, genomics interven-
tion, genome editing and systems biology in addition to other approaches, which 
together may enable us to develop salt-tolerant crops in the era of climate change.

This book series is an excellent and comprehensive reference material for plant 
breeders, geneticists, biotechnologists, under/post-graduate students of agricultural 
biotechnology as well as for agricultural companies, providing novel and powerful 
options for understanding and targeting molecular mechanisms for producing salt- 
tolerant and high-yielding crops. The chapters are written by internationally reputed 
scientists, and all the chapters underwent review process for assuring scientific 
accuracy and high-quality presentation.
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Chapter 1
Salinity Stress Responses and Adaptive 
Mechanisms in Major Glycophytic Crops: 
The Story So Far

Sunita Kataria and Sandeep Kumar Verma

Abstract In many areas of the world, salinity is a major abiotic stress-limiting 
growth and productivity of plants due to increasing use of poor quality of water for 
irrigation and soil salinisation. Various physiological traits, metabolic pathways and 
molecular or gene networks are involved in plant adaptation or tolerance to salinity 
stress. This chapter deals with the adaptive mechanisms that plants can employ to 
cope with the challenge of salt stress and provide updated overview of salt-tolerant 
mechanisms in major glycophytic crops with a particular interest in rice (Oryza 
sativa), soybean (Glycine max), wheat (Triticum aestivum) and Arabidopsis plants. 
Salt stress usually inhibits seed germination, seedling growth and vigour, biomass 
accumulation, flowering and fruit set in major glycophytic crops. In addition, ele-
vated Na + levels in agricultural lands are increasingly becoming a serious threat to 
the world agriculture. Plants suffer osmotic and ionic stress under high salinity due 
to the salts accumulated at the outside of roots and those accumulated at the inside 
of the plant cells, respectively. Salinity stress significantly reduces growth and pro-
ductivity of glycophytes, which are the majority of agricultural products. Plants 
tolerant to NaCl implement a series of adaptations to acclimate to salinity, including 
morphological, physiological, biochemical and molecular changes regulating plant 
adaptation and tolerance to salinity stress. These changes affect plant growth and 
development at different levels of plant organisation, e.g. they may reduce photo-
synthetic carbon gain and leaf growth rate and increase in the root/canopy ratio and 
in the chlorophyll content in addition to changes in the leaf anatomy that ultimately 
lead to preventing leaf ion toxicity, thus maintaining the water status in order to 
limit water loss and protect the photosynthesis process. Finally, we also provide an 
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updated discussion on salt-induced oxidative stress at the subcellular level and its 
effect on the antioxidant machinery in major glycophyte crops plants. In response to 
salinity stress, the productions of ROS, such as singlet oxygen, superoxide, hydroxyl 
radical and hydrogen peroxide, are enhanced, and overexpression of genes leading 
to increased amounts and activities of antioxidant enzymes like superoxide dis-
mutase (SOD), catalase (CAT) and glutathione-S-transferase (GST)/glutathione 
peroxidase (GPX) increases the performance of plants under stress. The molecular 
mechanism of stress tolerance is complex and requires information at the miRNA/
omics level to understand it effectively. During abiotic stress conditions, the 
advancement of “omics” is providing a detailed fingerprint of proteins, transcripts 
or all metabolites upregulated or downregulated in plant cells. However, the regula-
tory mechanisms of these protein-coding genes are largely unknown; in this regard, 
the microRNAs (miRNAs) may prove extremely important in deciphering these 
gene regulatory mechanisms and the stress responses. Some miRNAs are function-
ally conserved across plant species and are regulated by salt stress. In major crops 
through transgenic technologies, miRNAs represent themselves as potent targets to 
engineer abiotic stress tolerance, due to the critical roles in post-transcriptional reg-
ulation of gene expression in response to salinity and resultant growth attenuation.

Keywords Adaptive mechanisms · Antioxidant activity · Glycophytic plants · 
Stress responses · Salinity stress

Abbreviations

·OH Hydroxyl radical
CAT Catalase
Ci Intercellular CO2 concentration
ETR Electron transport rate
GPX Glutathione peroxidase
gs Stomatal conductance
GST Glutathione-S-transferase
H2O2 Hydrogen peroxide
ICDH NADP-specific isocitrate dehydrogenase
MDA Malondialdehyde
miRNA microRNAs
N Nitrogen
NRA Nitrate reductase activity
O2

− Superoxide
ROS Reactive oxygen species
SOD Superoxide dismutase
SOS Salt overly sensitive signal pathway
SPAD Soil and plant analyser development

S. Kataria and S. K. Verma
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1.1  Introduction

Salinity is one of the most serious factors limiting the productivity of agricultural 
crops, with adverse effects on germination, plant vigour and crop yield (Munns and 
Tester 2008). A major challenge towards world agriculture involves production of 
70% more food crop for an additional 2.3 billion people by 2050 worldwide 
(Srivastava et al. 2016). Salinity is a major stress limiting the increase in the demand 
for food crops. More than 20% of cultivated land worldwide (∼about 45 hectares) is 
affected by salt stress, and the amount is increasing day by day. More than 40% of 
irrigated agricultural land worldwide has been predicted to be soon affected by 
salinity (Munns and Gilliham 2015). Thus crop productivity worldwide is hampered 
by salinity, which is one of the most brutal environmental stresses (Munns and 
Tester 2008). Crops with improved tolerance to salt stress will be required to ensure 
food security into the future.

Salinity stress is also considered as a hyperionic stress. One of the most detri-
mental effects of salinity stress is the accumulation of Na+ and Cl− ions in tissues of 
plants exposed to soils with high NaCl concentrations. Entry of both Na+ and Cl− 
into the cells causes severe ion imbalance and excess uptake might cause significant 
physiological disorder(s). High Na+ concentration inhibits uptake of K+ ions which 
is an essential element for growth and development that results in lower productiv-
ity and may even lead to death (James et al. 2011). Plants are unable to cope, toler-
ate and survive in saline conditions long enough to supply sufficient photosynthates 
to the reproductive organs and produce viable seeds, if the former process pro-
gresses faster than the latter. Based on this two-phase concept, the osmotic effect 
exerted by salts in the medium around the roots would cause the initial growth 
reduction in both salt-tolerant and salt-sensitive genotypes (i.e. osmotic phase). 
However, the salt-sensitive genotypes are much more affected by the ionic phase, 
because of their inability to prevent Na+ build-up in transpiring leaves to toxic levels 
(Munns et al. 2006). Because of this development, crops have been classified into 
two categories: (i) salt-includers and (ii) salt-excluders. Salt-includers take up Na+ 
and translocate it to the shoot, where it is sequestered and used as vacuolar osmoti-
cum (tissue tolerance), whereas the salt-excluders adapt to saline stress by avoiding 
Na+ uptake (Mian et al. 2011). The salt-sensitive genotypes can be differentiated 
from the salt-tolerant ones at ionic phase, and the effect of salinity on crops may 
also be a result of the combination of osmotic and ionic salt effect. The ionic phase 
has been associated with the reduction in the stomatal conductance, photosystem II 
efficiency, decrease in photosynthesis capacity, reduced biomass and poor yield in 
plants (Isla et al. 1998; Tester and Davenport 2003; Netondo et al. 2004; Tavakkoli 
et al. 2011). These changes affect plant growth and development at different levels 
of plant organisation (Munns 2002), e.g. they may reduce photosynthetic carbon 
gain and leaf growth rate (Munns 1993). Osmotic stress in the initial stage of salin-
ity stress causes various physiological changes, such as interruption of membranes, 
nutrient imbalance, impairment of the ability to detoxify reactive oxygen species 
(ROS), differences in the antioxidant enzymes and decreased photosynthetic  activity 
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and decrease in stomatal aperture (Munns and Tester 2008; Rahnama et al. 2010). 
Unlike animals, higher plants, which are sessile, cannot escape from the surround-
ings but adapt themselves to the changing environments by forming a series of 
molecular responses to cope with these problems (Shao et al. 2007). Under saline 
conditions, plants have to activate different physiological and biochemical mecha-
nisms in order to cope with the resulting stress. Such mechanisms include changes 
in morphology, anatomy, water relations, photosynthesis, the hormonal profile, 
toxic ion distribution and biochemical adaptation (such as the antioxidative metabo-
lism response) (Hernández et  al. 2001; Parida and Das 2005; Ashraf and Harris 
2013; Acosta-Motos et  al. 2015). One of the biochemical changes occurring in 
plants subjected to environmental stress conditions is the production of ROS such as 
superoxide radicle, H2O2, singlet oxygen and hydroxyl radicals (Cho and Park 2000; 
Mahajan and Tuteja 2005; Ahmad and Prasad 2011a, b). The ROS can damage 
essential membrane lipid proteins and nucleic acids (Inzé and Van Montagu 1995; 
Garratt et al. 2002). Several studies, however, indicate that levels of ROS in plant 
cells are normally protective by antioxidant activity. Association between saline 
environment and endogenous level of water-soluble antioxidant enzymes has been 
reported (Foyer 1993; Gueta-Dahan et al. 1997; Tsugane et al. 1999). Reports indi-
cate that antioxidant could be used as a potential growth regulator to improve salin-
ity stress resistance in several plant species (Shalata and Neumann 2001; Khan et al. 
2006; Gunes et  al. 2007). Salinity-induced ROS formation can lead to oxidative 
damages in various cellular components such as proteins, lipids and DNA, inter-
rupting vital cellular functions of plants. Genetic variations in salt tolerance exist, 
and the degree of salt tolerance varies with plant species and varieties within a spe-
cies. Among major crops, barley (Hordeum vulgare) shows a greater degree of salt 
tolerance than rice (Oryza sativa) and wheat (Triticum aestivum). This chapter deals 
with the adaptive mechanisms that glycophyte plants can implement to cope with 
the challenge of salt stress. Most of the salinity adaptive mechanisms in plants are 
accompanied by certain morphological, anatomical, physiological and biochemical 
changes (Fig. 1.1).

1.2  Glycophytes

Plants on the basis of adaptive evolution can be classified generally into two major 
types: the halophytes (that can withstand salinity) and the glycophytes (that cannot 
withstand salinity and eventually die). The majority of major crop species belong to 
this second category. Glycophytes or sweet plants are not salt tolerant; most of the 
cultivated crops by humans belong to this group, such as rice, wheat and maize. 
Most of the crop species are glycophytes and, generally, show limited growth and 
development due to salinity. Most of the grain crops and vegetables are glycophytes 
(salt-sensitive flora) and therefore are highly susceptible to soil salinity even when 
the soil ECe is <4dSm−1. Table 1.1 shows how most of our essential food crops are 
susceptible to salinity stress. Different threshold tolerance ECe and a different rate 
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of reduction in yield beyond threshold tolerance indicate variations in salt tolerance 
among those crops (Chinnusamy et al. 2005). However among glycophytes, there is 
considerable variation in salt tolerance; monocotyledonous crops, such as barley 
and wheat, are relatively tolerant, while most dicot crops, and also the model plant 
Arabidopsis thaliana, are at the sensitive end of the range (Munns and Tester 2008). 
With increasing amounts of arable land undergoing salinisation and increasing 
food demand from the growing human population, there is a need to ameliorate 
the harmful effect of salinity using various strategies (Szabolcs 1994). Porteresia 
coarctata or wild rice, an interesting example of the halophyte relative to the 
cultivated rice, is more efficient in the protection of its photosynthesis machinery 
against free radical produced by salinity stress when exposed to the salinity of 
400 mM NaCl (Bose et al. 2013). Rice is the most salt sensitive among cereals 
(Munns and Tester 2008). In rice, it has been observed that the rate of Na+ uptake 
into shoots mediated by the intrusive apoplastic ion transport is considerably 
high under salinity stress (Yeo et al. 1987; Yadav et al. 1996; Ochiai and Matoh 
2002). The growth response of glycophytes to salinity (>40 mM NaCl) occurs in 
two phases: (i) a rapid response to increasing in external salt known as “osmotic 

Fig. 1.1 Schematic summary of the stresses that plants suffer under high salinity growth condition 
and the corresponding responses that plants use in order to adapt the salt stress
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phase” and (ii) slower response with the accumulation of Na+ ions in vacuoles 
referred to as “ionic phase”. At both phases, the growth and yield of crops are 
significantly reduced (Munns and Tester 2008). The osmotic phase of growth 
reduction depends on the salt concentration outside the plant rather than the salt 
in the plant tissues, and growth inhibition is mostly due to a water deficit (drought 
stress) or osmotic stress, with little genotypic differences. However, the ionic 
phase of growth reduction takes time to develop (usually between 2 and 4 weeks) 
as results of an internal salt injury caused by excessive accumulation of toxic 
Na+. At this phase, salinity would cause the plants to close its stomatal apertures 
and consequently reduced the photosynthetic rate due to the negative effect of 
toxic Na+ that accumulated in the thylakoid membranes of the chloroplasts. This 
would increase ROS formation and oxidative stress that would result in leaf 
injury and loss of photosynthetic capacity of the plants. All these responses to 
salinity contribute to the deleterious effects on plants (Hernandez et  al. 1993; 
Mittova et al. 2003).

1.3  Salinity Stress Responses in Major Glycophytic Crops

Soil salinity is a major factor that limits the yield of agricultural crops, jeopardising 
the capacity of agriculture to sustain the burgeoning human population increase 
(Flowers 2004; Parida and Das 2005; Munns and Tester 2008). At low salt 

Table 1.1 Glycophytic crops are susceptible to soil salinity (Mass 1990)

Glycophytic crops
Threshold salinity 
(dSm−1)

Decrease in yield 
(Slope % per dSm−1)

Bean (Phaseolus vulgaris L.) 1.0 19.0
Eggplant (Solanum melongena L.) 1.1 6.9
Onion (Allium cepa L.) 1.2 16.0
Pepper (Capsicum annuum L.) 1.5 14.0
Corn (Zea mays L.) 1.7 12.0
Sugarcane (Saccharum officinarum L.) 1.7 5.9
Potato (Solanum tuberosum L.) 1.7 12.0
Cabbage (Brassica oleracea var. capitata L.) 1.8 9.7
Tomato (Lycopersicon esculertum) 2.5 9.9
Rice, paddy (Oryza sativa L.) 3.0 12.0
Peanut (Arachis hypogaga L.) 3.2 29.0
Soybean [Glycine max (L.) Merr.] 5.0 20.0
Wheat (Triticum aestivum L.) 6.0 7.1
Sugar beet (Beta vulgaris L.) 7.0 5.9
Cotton (Gossypium hirsutum L.) 7.7 5.2
Barley (Hordeum vulgare L.) 8.0 5.0
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concentrations, yields are slightly affected or not affected at all (Maggio et al. 2001). 
As the concentrations increase, the yields move towards zero, since most plants, 
glycophytes, including most crop plants, will not grow in high concentrations of salt 
and are severely inhibited or even killed by 100–200 mM NaCl. The reason is that 
they have evolved under conditions of low soil salinity and do not display salt toler-
ance (Munns and Termaat 1986). Measurements of ion contents in plants under salt 
stress revealed that halophytes accumulate salts, whereas glycophytes tend to 
exclude the salts (Zhu 2001a).

1.3.1  Arabidopsis

Although Arabidopsis is a typical glycophyte in being not particularly salt tolerant, 
various pieces of indirect evidence suggest that it might contain most, if not all, of 
the salt tolerance genes one might find in halophytes (Zhu 2000). It is hypothesised 
that halophytes generally use similar salt tolerance effectors and regulatory path-
ways that have been found in glycophytes but that subtle differences in regulation 
account for large variations in tolerance or sensitivity (Zhu 2000). To test this 
hypothesis directly, the salt tolerance mechanisms operating in halophytes must be 
discovered. Several halophytes have been used extensively in physiological and 
molecular biological investigations (Meyer et al. 1990; Niu et al. 1993). However, 
none of these plants is a suitable genetic model system. To be a genetic model sys-
tem, a plant must have desirable life history traits (small size, short life cycle, the 
ability to self-pollinate and high seed number) and also certain genetic traits (small 
genome and easy transformation and mutagenesis). AtNHX1 is the Na+/H+ anti-
porter, localised to the tonoplast, predicted to be involved in the control of vacuolar 
osmotic potential in Arabidopsis (Apse et al. 1999). The first evidence showed that 
the overexpression of AtNHX1 in Arabidopsis plants promoted sustained growth 
and development in soil watered with up to 200  mM NaCl (Apse et  al. 1999), 
although previously it has been reported that transgenic Arabidopsis do not show a 
significantly improved salt tolerance as compared to that of control plants (Yang 
et al. 2009). In Arabidopsis, ion homeostasis is mediated mainly by the salt overly 
sensitive (SOS) signal pathway. SOS proteins are a sensor for calcium signal that 
turns on the machinery for Na+ export and K+/Na+ discrimination (Zhu 2001a, b). In 
particular, SOS1, encoding a plasma membrane Na+/H+ antiporter, plays a critical 
role in Na+ extrusion and in controlling long-distance Na+ transport from the root to 
shoot (Shi et al. 2000, 2002). This antiporter forms one component in a mechanism 
based on sensing of the salt stress that involves an increase of cytosolic [Ca2+], protein 
interactions and reversible phosphorylation with SOS1 acting in concert with other two 
proteins known as SOS2 and SOS3 (Oh et al. 2010) (Fig. 1.2). Both the protein kinase 
SOS2 and its associated calcium-sensor subunit SOS3 are required for the post-trans-
lational activation of SOS1 Na+/H+ exchange activity in Arabidopsis (Qiu et al. 2002; 
Quintero et al. 2011) and in rice (Martínez-Atienza et al. 2007). The increased expres-
sion in tomato and rice of Arabidopsis arginine vasopressin 1 (AVP1), encoding a 
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vacuolar pyrophosphatase acting as a proton pump on the vacuolar membrane, 
enhanced sequestering of ions and sugars into the vacuole, reducing water potential 
and resulting in increased salt tolerance when compared to wild-type plants 
(Pasapula et al. 2011).

Excess Na+ and high osmolarity are separately sensed by unknown sensors at the 
plasma membrane level, which then induce an increase in cytosolic [Ca2+]. This 
increase is sensed by SOS3 which activates SOS2. The activated SOS3-SOS2 pro-
tein complex phosphorylates SOS1, the plasma membrane Na+/H+ antiporter, result-
ing in the efflux of Na+ ions. SOS2 can regulate NHX1 antiporter activity and 
V-H+-ATPase activity independently of SOS3, possibly by SOS3-like Ca2+-binding 
proteins (SCaBP) that target it to the tonoplast. Salt stress can also induce the accu-
mulation of ABA, which, by means of ABI1 and ABI2, can negatively regulate 
SOS2 or SOS1 and NHX1 (Silva and Gerós 2009) (Figs. 1.2 and 1.3).

1.3.2  Wheat

Wheat plants stressed at 100 to 175 mM NaCl showed a significant reduction in 
spikelets per spike, delayed spike emergence and reduced fertility, which results in 
poor grain yield. However, Na+ and Cl− concentrations in the shoot apex of these 

Fig. 1.2 Signalling pathways responsible for Na + extrusion in Arabidopsis under salt stress

S. Kataria and S. K. Verma



9

wheat plants were below 50 and 30 mM, respectively, which is too low to limit 
metabolic reactions (Munns and Rawson 1999).

Durum wheat is a salt-sensitive species, and germination and seedling stages 
are the most critical phases of plant growth under salinity (Flagella et al. 2006). 
Its sensitivity to salt stress is higher than bread wheat, due to a poor ability to 
exclude Na+ from the leaf blades and a lack of the K+/Na+ discrimination character 
displayed by bread wheat (Gorham et al. 1987; Läuchli et al. 2008). However, a 
novel source of Na+ exclusion has been found in an unusual durum wheat geno-
type named Line 149. Genetic analysis has shown that Line 149 contains two 
major genes for Na+ exclusion, named Nax1 and Nax2 (Munns et al. 2003). The 
proteins encoded by the Nax1 and Nax2 genes are shown to increase retrieval of 
Na+ from the xylem in roots, thereby reducing shoot Na+ accumulation. In particu-
lar, the Nax1 gene confers a reduced rate of transport of Na+ from root to shoot 
and retention of Na+ in the leaf sheath, thus giving a higher sheath-to-blade Na+ 
concentration ratio. The second gene, Nax2, also confers a lower rate of transport 
of Na+ from root to shoot and has a higher rate of K+ transport, resulting in 
enhanced K+ versus Na+ discrimination in the leaf (James et al. 2006). The mecha-
nism of Na+ exclusion allows the plant to avoid or postpone the problem related to 
ion toxicity, but if Na+ exclusion is not compensated for by the uptake of K+, it 
determines a greater demand for organic solutes for osmotic adjustment. The syn-
thesis of organic solutes jeopardises the energy balance of the plant. Thus, the 
plant must cope with ion toxicity on the one hand and turgor loss on the other 
(Munns and Tester 2008). By introgressing Nax genes from Triticum monococcum 
into hexaploid bread wheat (Triticum aestivum), the leaf blade Na+ concentration 

Fig. 1.3 The cellular machinery that contribute to salt tolerance in Arabidopsis thaliana, three salt 
overly sensitive genes (SOS1, SOS2 and SOS3) were found to function in a common pathway
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was reduced by 60% and the proportion of Na+ stored in leaf sheaths was increased. 
The results indicate that Nax genes have the potential to improve the salt tolerance 
of bread wheat (James et al. 2011). Furthermore, overexpression of genes encod-
ing late embryogenesis abundant (LEA) proteins, which accumulate to high levels 
during seed development, such as the barley HVA1 (Xu et al. 1996) and wheat 
dehydrin DHN-5 (Brini et al. 2007), can enhance plant salt tolerance, although 
their function is obscure.

1.3.3  Rice

Na+ exclusion from leaves is associated with salt tolerance in cereal crops includ-
ing rice, durum wheat, bread wheat and barley (James et al. 2011). Exclusion of 
Na+ from the leaves is due to low net Na+ uptake by cells in the root cortex and the 
tight control of net loading of the xylem by parenchyma cells in the stele (Davenport 
et al. 2005). Na+ exclusion by roots ensures that Na+ does not accumulate to toxic 
concentrations within leaf blades. A failure in Na+ exclusion manifests its toxic 
effect after days or weeks, depending on the species, and causes premature death 
of older leaves (Munns and Tester 2008). The effect of salinity on leaf ultrastruc-
ture can vary in relation to the tolerance of the plant to NaCl, as described in two 
rice (Oryza sativa L.) varieties (Flowers et  al. 1985). The sensitive rice variety 
(Amber) showed differences in the integrity of the chloroplast compared with the 
tolerant variety (IR2153). Concretely, in response to high NaCl, most of the chlo-
roplasts in the Amber variety showed signs of damage. In contrast, the chloroplasts 
in the tolerant variety IR2153 did not show any effect of salinity. This response 
correlated with a 30% decline in photosynthesis in Amber, whereas no significant 
change in photosynthesis was observed in IR2153. Many studies have focused on 
mapping QTLs for salt tolerance-related traits in rice because of its requirement for 
irrigation for maximum yield, its sensitivity to salinity and its relatively small 
genome (Flowers et  al. 2000). Better results have been obtained at the seedling 
stage, while the expression and relationship of QTLs detected in different develop-
mental stages are more difficult to study and fully understand at tillering and repro-
ductive stages (Prasad et al. 2000; Alam et al. 2011). Transgenic tobacco plants 
overexpressing GhNHX1 from cotton and transgenic rice overexpressing the Na+/
H+ antiporter gene clone from OsNHX1 exhibited higher salt tolerance (Fukuda 
et  al. 2004; Wu et  al. 2004). The increased expression in tomato and rice of 
Arabidopsis arginine vasopressin 1 (AVP1), encoding a vacuolar pyrophosphates 
acting as a proton pump on the vacuolar membrane, enhanced sequestering of ions 
and sugars into the vacuole, reducing water potential and resulting in increased salt 
tolerance when compared to wild- type plants (Shen et al. 2010). Feng et al. (2007) 
suggested that overexpression of sedoheptulose-1,7-bisphosphatase was an effec-
tive method for enhancing salt tolerance in rice.
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1.3.4  Soybean

Soybean is classified as a moderately salt-tolerant crop, and the final yield of soy-
bean is reduced when soil salinity exceeds 5 dS/m (Ashraf and Foolad 2007). Salt 
damage in soybean results from the accumulation of chloride in stems and leaves 
(Parker et al. 1983; Wang and Shannon 1999). Soybean is a strategic crop plant 
grown to obtain edible oil forage. High sensitivity to soil and water salinity is one 
of the biggest problems with soybean crop. Results have indicated that salinity 
affects growth and development of plants through osmotic and ionic stresses. 
Because of accumulated salts in soil under salt-stressed condition, plant wilts 
apparently, while soil salts such as Na and Cl disrupt normal growth and develop-
ment of plant (Khajeh-Hosseini et al. 2003; Farhoudi et al. 2007). Chen and Yu 
(1995) reported salt stress led to decreased seedling growth of soybean cultivars. 
The reduction in plant growth under saline conditions may either be due to osmotic 
reduction in water availability which resulted in increasing stomatal conductance 
as reported by Günes et al. (1996) or to excessive ions, Na and Cl accumulation in 
the plant tissues (Yousif and Al-Saadawi 1997; Schuch and Kelly 2008). Salt dam-
age in soybean results from the accumulation of chloride in stems and leaves 
(Parker et al. 1983; Wang and Shannon 1999). Salinity stress causes adverse effects 
on soybean growth and yield (Ghassemi-Golezani et al. 2009). Baghel et al. (2016) 
found that salt stress considerably suppressed shoot and root fresh and dry weights, 
leaf area as well as photosynthetic efficiency, nitrogen metabolism and soybean 
yield. Salinity affects plant growth due to changes in many physiological processes 
including photosynthesis (Kalaji and Pietkiewicz 1993; Kalaji and Guo 2008). A 
reduction in chlorophyll content, stomatal conductance and ribulose-1,5-bisphos-
phate carboxylase/oxygenase (RuBisCo) activity and an increase in the chloro-
phyll a/b ratio had been observed under salt stress (Kalaji and Nalborczyk 1991; 
Baghel et al. 2016).

Soybean assimilates significant amounts of nitrogen (N) in symbiosis with rhi-
zobia through N2 fixation. Successful establishment of legume-Rhizobium symbi-
osis is dependent on salinity (Rao et al. 2002). N metabolism is also affected by 
salinity, probably through the depression of the activity of enzymes involved in N 
metabolism (Mansour et al. 2002; Santos et al. 2002). The addition of genistein (a 
nod gene inducer) enhances soybean nodulation and growth under saline condi-
tions (Miransari and Smith 2007, 2009). In chickpea, salt-tolerant genotypes have 
greater nodulation and symbiotic N2 fixation capacity than sensitive genotypes 
(Rao et al. 2002). These studies indicate that salt-induced reduction in growth and 
yield in legume crops including soybean is partly due to depressed N2 fixation 
activity (Van Hoorn et al. 2001). Yasuta and Kokubun (2014) concluded that the 
super-nodulating genotype En-b0–1 was more tolerant to salinity than its parental 
normal-nodulating cultivar, due to its higher capacity for nodulation and better 
ability to prevent excessive accumulation of Na and Cl in shoots while withholding 
these toxic elements in roots and nodules.
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The analysis of variance for seed characteristics of the economic yield of soy-
bean, i.e. number of seeds, the number of seeds per pod, 100 seed weight and seed 
yield per plant, indicated highly significant differences. The increasing salinity lev-
els decrease all the seed characteristics in soybean (Baghel 2017). Similar results of 
reduction in yield under saline conditions have been reported in rapeseed (Rameeh 
et al. 2012; Valiollah 2013). Identification of the genes that improve the salt toler-
ance of crops is essential for the effective utilisation of saline soils for agriculture. 
Guan et al. (2014) used fine mapping in a soybean (Glycine max) population derived 
from the commercial cultivars Tiefeng 8 and 85–140 to identify GmSALT3 (salt 
tolerance-associated gene on chromosome 3), a dominant gene associated with lim-
iting the accumulation of sodium ions (Na+) in shoots, and found a substantial 
enhancement in salt tolerance in soybean. The relationship between increased salt 
accumulations in leaves with decreased soybean yield has been reported (Bustingorri 
and Lavado 2013). Liu et al. (2016) results indicated that GmSALT3 mediated regu-
lation of both Na+ and Cl− accumulation in soybean, and it contributes to improved 
soybean yield through maintaining a higher seed weight under salt stress.

Pi et al. (2016) confirmed the functional relevance of chalcone synthase, chal-
cone isomerase and cytochrome P450 monooxygenase genes using soybean com-
posites and Arabidopsis thaliana mutants and found that their salt tolerance was 
positively regulated by chalcone synthase but was negatively regulated by chalcone 
isomerase and cytochrome P450 monooxygenase. They have proposed a novel salt 
tolerance pathway involving chalcone metabolism, mostly mediated by phosphory-
lated MYB transcription factors. Finally, maybe these flavonoids appropriately 
reduced the ROS or play roles in other functions for enhancing the soybean’s toler-
ance to salinity.

1.4  Salinity Stress and Adaptive Mechanisms  
of Glycophytic Crops

The salinity limits crop plant production which is contrary to the increased demand 
for food all over the world. Therefore, the study of salinity tolerance in plants is of 
special importance. High concentrations of salts cause ion imbalance and hyper- 
osmotic stress in plants. As a consequence of these primary effects, secondary 
stresses such as oxidative damage often occurred. Many plants developed mecha-
nisms either to exclude salt from their cells or to tolerate its presence within the 
cells. During the onset and development of salt stress within a plant, all the major 
processes such as photosynthesis, nitrogen fixation, protein synthesis and energy 
and lipid metabolism were affected severely (Parida and Das 2005; Baghel et al. 
2016).

Under high salinity, plants have to cope with two major stresses, osmotic stress 
and ionic stress (Figs. 1.1, 1.2 and 1.3). The osmotic stress immediately comes over 
plants in accordance with a rise in salt levels outside the roots, which caused the 
inhibitions of water uptake, cell expansion and lateral bud development (Fig. 1.1) 
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(Munns and Tester 2008). The ionic stress phase develops later when toxic ions such 
as Na+ accumulate in excess in plants particularly in leaves over the threshold, 
which leads to an increase in leaf mortality with chlorosis and necrosis and a 
decrease in the activity of essential cellular metabolisms including photosynthesis 
(Fig. 1.1) (Glenn et al. 1999; Munns 2002; Munns et al. 2006; Baghel et al. 2016), 
which in turn significantly reduces growth and productivity of crops. Consequently, 
to cope with salinity stress, the effective strategies for glycophytes are to keep cyto-
solic Na+ levels low at the cellular level and to keep shoot Na+ concentrations low at 
the whole plant level. In addition to these factors, acquisition and maintenance of K+ 
were found to have a considerable impact on plant salt tolerance (Wu et al. 1996; 
Zhu et al. 1998). For salt tolerance of glycophyte plants, the maintenance of high 
cytosolic K+/Na+ ratios has been strongly suggested to be crucial especially in 
shoots (Blumwald 2000; Horie et  al. 2005; Ren et  al. 2005; Yamaguchi and 
Blumwald 2005; Hauser and Horie 2010).

Different adaptive mechanisms may be involved in gradual acclimation to salin-
ity in contrast to adjustment to a sudden shock. The sensitivity to salinity of a given 
species may change during ontogeny. Salinity tolerances may increase or decrease 
depending on the plant species and/or environmental factors. Crop plants differ 
greatly in their salinity tolerance as reflected in their different growth responses at 
different growth stages (Foolad 1999; Takeda and Matsuoka 2008; Baghel et  al. 
2016; Kataria et al. 2017). For some species, salt sensitivity may be greatest at ger-
mination, whereas for other species, sensitivity may increase during reproduction 
(Marschner and Rimmington 1988; Howat 2000).

1.4.1  Seed Germination

Seed germination and seedling establishment are the most vulnerable stages affected 
by salinity, which later affects growth and development of crop plants and results 
into low agricultural production (Garg and Gupta 1997). If the effect of salinity 
stress can be alleviated at the initial crop establishment stage, some economic yield 
can be realised from salinity-affected areas. The harmful effects of salinity on plant 
growth are associated with (1) low osmotic potential of soil solution, (2) nutritional 
imbalance, (3) specific ion effect and (4) a combination of all these factors (Welbaum 
et al. 1990; Ashraf and Wu 1994; Huang and Redmann 1995). Physiological studies 
to distinguish between these effects are limited (Bliss et al. 1986), but evidence sug-
gests that low water potential of the germination medium is a major limiting factor 
(Bradford 1995). Rapid seed germination or early vigour of crop can be an adaptive 
strategy for alleviation of salinity stress under field conditions as the seedling estab-
lishment can be ensured (Sharma and Sen 1989).

Salinity affects the germination process manyfold. Slow rate of imbibition may 
lead to a series of metabolic changes including upregulation or downregulation of 
enzyme activities (Ashraf 2002; Gomes-Filho et  al. 2008), disturbance in the 
 mobility of inorganic nutrients to developing tissues (Ashraf and Wahid 2000; 
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Khan and Weber 2006), perturbance in nitrogen metabolism (Yupsanis et al. 1994), 
imbalances in the levels of plant growth regulators (Khan and Rizvi 1994), reduc-
tion in hydrolysis and utilisation of food reserves (Ahmed and Bano 1992; Othman 
et al. 2006) and accumulation of compatible osmotica such as soluble sugars, free 
proline and soluble protein (Poljakoff-Mayber et al. 1994; Zidan and Elewa 1995; 
Ashraf et  al. 2003). Kaveh et  al. (2011) found a significant negative correlation 
between salinity and the rate and percentage of germination which resulted in 
delayed germination and reduced germination percentage in Solanum lycopersi-
cum. Bybordi (2010) reported that the germination percentage in Brassica napus 
significantly reduced at 150 and 200 mM NaCl. In a recent study, germination per-
centage also decreased on increasing concentration of salinity levels (0 mM NaCl to 
100 mM NaCl) in soybean and maize (Kataria et al. 2017). However, it has been 
established that salinity adversely affects the process of germination in various 
plants like Oryza sativa (Xu et  al. 2011), Triticum aestivum (Akbarimoghaddam 
et al. 2011), Zea mays (Carpýcý et al. 2009; Khodarahmpour et al. 2012), Brassica 
spp. (Akram and Jamil 2007) and soybean (Kataria et al. 2017). In wheat, soybean 
and maize salinity has been shown to negatively affect the rate of starch mobilisa-
tion by causing a decrease in α amylase activity (Lin and Kao 1995; Kataria et al. 
2017). All these processes may lead to a poor or complete lack of seed germination 
under saline conditions (Poljakoff-Mayber et al. 1994; Kataria et al. 2017).

1.4.2  Morphological Adaptations

The harmful effect of salinity can vary depending on climatic conditions, light 
intensity, plant species or soil conditions (Tang et al. 2015). The root system is 
the first which perceived the salt stress and impairs plant growth both in the 
short term, by inducing osmotic stress caused by reduced water availability and, 
in the long term, by salt-induced ion toxicity due to the nutrient imbalance in the 
cytosol (Munns and Gilliham 2015). Salinity caused a significant reduction in 
root length and shoot length. The previous results demonstrated that the response 
of root length to salt stress was more severe than shoot length of wheat 
(Akbarimoghaddam et al. 2011), sorghum (El Naim et al. 2012), soybean and 
maize (Kataria et al. 2017). Demir and Arif (2003) observed that root growth 
was more adversely affected as compared to shoot growth by salinity. Jeannette 
et al. (Bayuelo-Jimenez et al. 2002) reported that total fresh weight of root and 
shoot of radish was reduced with increased salt stress. These results were also 
in agreement of Jafarzadeh and Aliasgharzad (2007) who observed that root 
length was significantly affected by salt composition, cultivars and salinity lev-
els. The reduction in root and shoot development may be due to toxic effects of 
the higher level of NaCl concentration as well as unbalanced nutrient uptake by 
the seedlings.

From the results of the previous studies, which looked at the effect of salt stress 
on growth, one can notice a connection between the decrease in plant length and the 
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increase in the concentration of sodium chloride (Beltagi et al. 2006; Mustard and 
Renault 2006; Gama et al. 2007; Jamil et al. 2007; Houimli et al. 2008; Liu et al. 
2009; Memon et al. 2010). Numerous studies showed the affection of leaf area neg-
atively by using different concentrations of NaCl (Netondo et al. 2004; Mathur et al. 
2006; Chen et al. 2007; Zhao et al. 2007; Yilmaz and Kina 2008; Liu et al. 2009). 
The harmful influence of salinity on leaf number also increases with the increase in 
concentration, according to the studies done by Raul et  al. (2003), Jamil et  al. 
(2005), Gama et al. (2007) and Ha et al. (2008). The fresh and dry weights of the 
shoot system are affected, either negatively or positively, by changes in salinity 
concentration, type of salt present or type of plant species (Jamil et al. 2005; Niazi 
et al. 2005; Saqib et al. 2006; Turan et al. 2007; Saffan 2008; Liu et al. 2009; Memon 
et al. 2010; Baghel et al. 2016).

Munns (1992) found that salt accumulation in the old leaves accelerates their 
death and thus decreases the supply of carbohydrates and/or growth hormones to the 
meristematic regions, thereby inhibiting growth. The fact that plant growth is lim-
ited by a reduction in the photosynthesis rate and by an excessive uptake of salts 
affects the production of specific metabolites that directly inhibit growth (Azza 
et al. 2007). The same negative effects have also been reported by Shereen et al. 
(2001) and Murat et al. (2008). Abd El-Samad et al. (2005) who reported that due to 
decrease in field water capacity, inhibition occurs in plant dry weight. This inhibi-
tion was associated with a decline in nitrate reductase (NR) and nitrogenase (NA) 
activities in both shoots and roots of wheat plants. Researchers showed that environ-
mental stresses may hasten the seed filling rate and decrease grain filling duration 
(Abd EL-samad et al. 2005). This can influence the final yield of all grain crops such 
as soybean, rice, maize, etc. Brevedan and Egli (2003) found that seed filling period 
is under genetic control and it is sensitive to salt stress.

1.4.2.1  Roots and Aerial Part Morphology

The anatomy of the root system (length, root diameter, etc.) determines root perfor-
mance, enabling plants to acquire water and nutrients and thereby increase the 
replacement rate of plant water loss (Passioura 1988). Since roots serve as an inter-
face between plants and the soil, so optimum root systems can support shoot growth 
and improve plant yields (Vamerali et al. 2003). A proliferated root system would, 
therefore, appear to be better for plants, for it allows them to penetrate deeper layers 
of soil to acquire water and nutrients (Franco et al. 2011). The permeability of roots 
to water also determines the other root characteristics, such as the number and 
diameter of xylem vessels, width of the root cortex, number of root hairs and the 
suberin deposition in both the root exodermis and endodermis (Steudle 2000; 
Ranathunge et al. 2010). Furthermore, environmental factors in the soil (changes in 
temperature, lack of O2, mechanical impedance, salinity) can also produce marked 
impacts on root anatomy. The cell walls of root cells of salinised plants are often 
unevenly thickened and convoluted (Shannon et al. 1994). In roots of woody trees, 
salts often promote the suberisation of the hypodermis and endodermis and 
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resultant in the formation of a well-developed Casparian strip closer to the root 
apex, different to that found in non-salinised roots (Walker et al. 1984).

Furthermore, the morphology of some plants shows their sensitivity to salin-
ity. These morphological features limit the distribution of crops to those areas 
where irrigation water is of good quality. Salinity reduces plant growth through 
osmotic and toxic effects, and high sodium uptake ratio values cause sodicity, 
which increases soil resistance, reduces root growth and reduces water move-
ment through the root with a decrease in hydraulic conductivity (Rengasamy and 
Olsson 1993).

Roots seem to be more resistant to soil salinity than aerial biomass which could be 
linked to its low chloride levels. Bustingorri and Lavado (2011) found that leaf senes-
cence and premature leaf abscission were clear symptoms of the effect of salinity on 
aerial biomass. These processes had been assumed to be part of a plant strategy to 
adapt to high soil salinity (Tardieu and Davies 1993; Larcher 2003; Maggio et  al. 
2007). Different nutritional and physiological responses were observed, such as ionic 
regulation, appropriate photosynthetic performance or maintenance of sink strength.

Another typical response to salt stress described in different papers is a reduction 
in total leaf area. Indeed, decreased leaf growth is the earliest response of glyco-
phytes exposed to salt stress (Munns and Termaat 1986). The observed reduction in 
the canopy area may be considered as an avoidance mechanism, which minimises 
water loss by transpiration when the stomata are closed (Ruiz-Sánchez et al. 2000). 
This effect can favour the retention of toxic ions in roots, limiting the accumulation 
of these ions in the aerial part of the plant (Colmer et al. 2006). Under saline condi-
tions, cell wall properties change and leaf turgor and photosynthesis rates (PN) 
decrease, leading to a reduction in total leaf area (Franco et al. 1997; Rodrıguez 
et  al. 2005). Furthermore, high salt concentrations normally reduced the stem 
growth also. Decreases in leaf and stem provoke a reduction in all aerial part sizes 
and in the plant height.

The increase in root-to-shoot ratio or decrease in shoot-to-root ratio is a common 
response to salt stress, related to factors associated with water stress (osmotic effect) 
rather than a salt-specific effect (Hsiao and Xu 2000). A greater root proportion 
under salt stress can favour the retention of toxic ions in this organ, controlling their 
translocation to the aerial parts. This response can constitute a typical mechanism of 
plant resistance/survival under saline conditions (Cassaniti et al. 2009, 2012).

High salt concentrations in the irrigation water result in reduced plant growth 
(Munns and Tester 2008), limiting leaf expansion (Cramer 2002) and changing 
the relationship between the aerial and root parts (Tattini et al. 1995). Under high 
salinity, different plant species have shown a higher dry root mass than shoot dry 
mass, resulting in an increased root-to-shoot ratio which is thought to improve 
the source/sink ratio for water and nutrients under such conditions (Zekri and 
Parsons 1989).

Morphometric analysis performed at the ultrastructural level in maize roots 
demonstrated that the radial width of the Casparian band on a cross-section of a 
root, a morphological parameter that should be related to the effectiveness of the 
Casparian band as an apoplastic barrier, increased under salinity stress, suggest-
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ing that the function of the band is enhanced under salinity stress (Karahara et al. 
2004). A novel protein family mediating Casparian band formation in the endo-
dermis of Arabidopsis root (Roppolo et al. 2011) has shed a new light on the study 
of the Casparian band development, which might also be relevant to salt sensitiv-
ity of plants.

1.4.2.2  Leaf Anatomy and Ultrastructure Changes  
in Leaves Under Salinity

Salinity causes increases in epidermal thickness, mesophyll thickness, palisade 
cell length, palisade diameter and spongy cell diameter in leaves of bean, cotton 
and Atriplex (Longstreth and Nobel 1979). In contrast, Parida et al. (2004) found 
that both epidermal and mesophyll thickness and intercellular spaces decrease 
significantly in NaCl-treated leaves of the mangrove Bruguiera parviflora. 
Intercellular spaces were also reduced in leaves under salinity (Delfine et  al. 
1998). Mitsuya et al. (2000) found that salt stress causes (1) vacuolation devel-
opment and partial swelling of endoplasmic reticulum, (2) decrease in mito-
chondrial cristae and swelling of mitochondria, (3) vesiculation and 
fragmentation of tonoplast and (4) degradation of cytoplasm by the mixture of 
cytoplasmic and vacuolar matrices in leaves of sweet potato. In leaves of potato, 
salt stress causes rounding of cells, smaller intercellular spaces and a reduction 
in chloroplast number (Bruns and Hecht- Buchholz 1990). Romero-Aranda et al. 
(2001) found that salinity causes reduction of plant leaf area and stomatal den-
sity in tomato plants.

Hernández et al. (1995) studied the effect of NaCl on leaf chloroplast ultra-
structure in two different pea cultivars with different levels of sensitivity to NaCl, 
one salt sensitive (cv. Challis) and the other relatively salt tolerant (cv. Granada), 
up to 70 mM NaCl and found that NaCl produced a disorganised thylakoid struc-
ture in both pea cultivars. These authors described two different chloroplast pop-
ulations that showed different densities in Percoll gradients. The authors noticed 
that the higher density band contained higher starch contents than the low-
density band by electron microscopy. Salinity affected the two chloroplast bands 
differently, and even the high-density band disappeared in the salt-treated sensi-
tive plants (Hernandez et al. 1995). In the NaCl-tolerant plants, salinity reduced 
the diameter of the chloroplasts from the low-density band. In both cases, an 
increase in the number and size of plastoglobuli was observed by the effect of 
NaCl, and the change was more evident in the tolerant plants (Hernandez et al. 
1995). Plastoglobuli are omnipresent in chloroplasts and chromoplasts (Austin 
et al. 2006). Hernández et al. (1995) found that NaCl had different effects on the 
starch content in salt-sensitive and salt-tolerant pea plants. Whereas the percent-
age of starch decreased in both chloroplast populations in tolerant plants, no 
change occurred in sensitive plants. These data indicated that tolerant plants 
could use starch for different physiological processes to cope with the salt stress 
challenge (Munns and Gilliham 2015).
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1.4.3  Physiological Adaptations of Plants to Salinity

1.4.3.1  Photosynthesis and Chlorophyll Fluorescence

Plant growth is the result of integrated and regulated physiological processes. 
Physiological processes are affected by a number of environmental factors, and 
they determine the response of plants to stress. Limitation of plant growth by 
environmental factors cannot be assigned to a single physiological process. The 
photosynthesis is a dominant physiological process. Plant growth as biomass 
production is a measure of net photosynthesis, and so environmental stresses 
affecting growth also affect photosynthesis. Salt stress affects photosynthesis 
both in the short and long term. In the short term, salinity can affect photosyn-
thesis by stomatal limitations, leading to a decrease in carbon assimilation 
(Parida and Das 2005). This effect can produce rapid growth cessation, even 
after just a few hours of salt exposure (Hernández and Almansa 2002). In the 
long term, salt stress can also affect the photosynthetic process due to salt accu-
mulation in young leaves (Munns and Tester 2008) and decreases in chlorophyll 
and carotenoid concentrations in glycophyte plants (Parida et al. 2002; Stepien 
and Johnson 2009; Duarte et al. 2013; Baghel et al. 2016). The decrease in chlo-
rophyll content (Jamil et al. 2007) and activity of photosystem can be attributed 
to a reduction in photosynthesis under salinity (Ganieva et  al. 1998; Baghel 
et al. 2016). Baghel et al. (2016) reported that photosynthetic activity decreases 
when plants are grown under saline conditions leading to reduced growth and 
productivity of the soybean crop.

The photosynthesis rate can drop due to stomatal closure and/or other non- 
stomatal limitations, like the disturbance of the photosynthetic electron chain and/
or the inhibition of the Calvin cycle enzymes, such as RuBisCo, phosphoenolpyru-
vate carboxylase (PECP), ribulose-5-phosphate kinase, glyceraldehyde-3- 
phosphate dehydrogenase or fructose-1,6-bisphosphatase (Parida and Das 2005; 
Meloni et al. 2008). Under salinity conditions, it is known that salt-tolerant species 
show increased or unchanged chlorophyll content, whereas chlorophyll levels 
decrease in salt-sensitive species, suggesting that this parameter can be considered 
a biochemical marker of salt tolerance in plants (Stepien and Johnson 2009; Ashraf 
and Harris 2013).

In plant physiology, analysis of chlorophyll fluorescence is an easy and pop-
ular technique used studies that can provide interesting information about the 
state of the PSII (Maxwell and Johnson 2000). Under saline conditions, a gen-
eral decrease in photochemical quenching parameters (Fv/Fm, Y(II), qP) and in 
the electron transport rate (ETR) takes place, but increases in non-photochemi-
cal quenching parameters [qN, NPQ, Y(NPQ)] have also been reported (Maxwell 
and Johnson 2000; Moradi and Ismail 2007; Lee et al. 2013; Shu et al. 2013; 
Ikbal et al. 2014; Acosta- Motos et al. 2015). The response to NaCl stress is cor-
related with decreases in PS II efficiency and increases in non-photochemical 
quenching parameters as a mechanism to safely dissipate excess energy. Salt 
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stress was found to reduce ETR in a salt-sensitive rice cultivar, whereas only a 
slight reduction in ETR occurred in a salt-tolerant cultivar. However, the effect 
of NaCl stress on non-photochemical quenching parameters was somewhat dif-
ferent, since qN increased more substantially in the salt-tolerant cultivar than in 
the salt-sensitive cultivar (Moradi and Ismail 2007). Besides reducing photo-
chemical quenching parameters and ETR, salt stress also reduces non-photo-
chemical quenching parameters in salt-sensitive plants (Lee et  al. 2013; Shu 
et al. 2013). Previous work on durum wheat and soybean showed that salinity 
stress caused a large decrease in stomatal conductance (gs) (James et al. 2002; 
Baghel et al. 2016).

Interestingly, James et al. (2002) found that the efficiency of PS II in the toler-
ant wheat accession was unaffected, while in the sensitive genotype, there was a 
decline in the quantum yield of PS II photochemistry, coinciding with leaf age-
ing, higher Na+ and Cl− concentrations in the leaf and chlorophyll degradation. 
Following stomatal closure, the internal reduction of CO2 decreases the activity 
of several enzymes including RuBisCo (Chaves et al. 2009), thus limiting car-
boxylation and reducing the net photosynthetic rate under salt stress (Baghel 
et al. 2016). To estimate the effects of salinity on photosynthesis, the intercellu-
lar CO2 concentration (Ci) is another parameter that has been used in several 
studies (Seemann and Critchley 1985; Redondo-Gómez et al. 2007; Stepien and 
Johnson 2009).

Under salinity, a salt-tolerant species Eutrema salsugineum was shown better 
maintained CO2 assimilation rate (as a function of Ci) as compared with a sensitive 
species, Arabidopsis (Stepien and Johnson 2009). However, it is difficult to differ-
entiate cause-effect relationships between photosynthesis (source) and growth 
reduction (sink); also, the effects of salinity on photosynthesis can be caused by 
alterations in the photosynthetic metabolism or else by secondary effects caused by 
oxidative stress (Chaves et al. 2009). However, under salinity stress, leaf expan-
sion, associated with changes in leaf anatomy (smaller and thicker leaves), results 
in higher chloroplast density per unit leaf area, which can lead to a reduction in 
photosynthesis as measured on a unit chlorophyll basis (Munns and Tester 2008). 
Noninvasive methods that capture photosynthetic responses include measure-
ments by the infrared gas analyser (IRGA) and pulse-amplitude-modulated (PAM) 
chlorophyll fluorometers. In addition, the use of soil and plant analyser develop-
ment (SPAD) metres to determine the chlorophyll content can also provide an 
estimate of leaf damage under stress. The chlorophyll content can be estimated 
using the SPAD index, which is the ratio between leaf thickness (as determined by 
the transmission of light in the IR range) and leaf greenness (as determined by the 
transmission of light in the red light range). The SPAD index has been shown to 
decrease under salinity compared to control conditions. The extent of this decrease 
has been shown to vary between barley accessions, suggesting a genetic control of 
this effect of salinity on the SPAD index (Adem et al. 2014).
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1.4.3.2  Nitrogen Fixation

Under salt stress, nitrate reductase activity (NRA) of leaves decreases in many plants 
(Baki et al. 2000; Flores et al. 2000). The primary cause of a reduction of NRA in the 
leaves is a specific effect associated with the presence of Cl− salts in the external 
medium. This effect of Cl− seems to be due to a reduction in NO3

− uptake and conse-
quently a lower NO3

− concentration in the leaves, although a direct effect of Cl− on 
the activity of the enzyme cannot be discarded (Deane-Drummond and Glass 1982; 
Flores et al. 2000). The nitrate content of leaves decreases, but it increases in roots 
under NaCl stress, and NRA of leaves also decreases under salinity in Zea mays 
(Baki et  al. 2000). Salinity inhibits nitrogen fixation by reducing nodulation and 
nitrogenase activity in chickpea (Cicer arietinum L.) (Soussi et al. 1999).

Considerable inhibition of nodulation and N2 fixation has also been reported by 
other workers (Bekki et al. 1987). Severe salt stress reduces the leghaemoglobin 
content and nitrogenase activity in soybean root nodules (Comba et al. 1997). The 
exposure of nodulated roots of legumes such as soybean, common bean and alfalfa 
to NaCl results in a rapid decrease in plant growth associated with a short-term 
inhibition of both nodule growth and nitrogenase activity (Serraj et al. 1998). Khan 
et al. (1998) have reported that salinity inhibits nitrate content and uptake and NRA 
in leaves of maize plants. Nitrogenase activity measured with regard to acetylene 
reduction (C2H2) decreases in common bean by short-term exposure to salinity 
(Serraj et  al. 2001). Decrease in NRA activity and in total nitrogen and nitrate 
uptake has been reported in leaves of Bruguiera parviflora (Parida and Das 2004).

NADP-specific isocitrate dehydrogenase (ICDH) is a key cytosolic enzyme that 
links carbon and nitrogen metabolism by supplying carbon skeletons for primary nitro-
gen assimilation in plants. The characterisation of the transcript Mc-ICDH1 encoding 
an NADP-dependent isocitrate dehydrogenase (NADP-ICDH; EC 1.1.1.42) has been 
reported from the facultative halophyte Mesembryanthemum crystallinum L., focusing 
on salt-dependent regulation of the enzyme (Popova et al. 1995). By immune cytologi-
cal analyses, NADP-ICDH proteins are localised to most cell types with the strongest 
expression in epidermal cells and in the vascular tissue. In leaves of salt-adapted plants, 
signal intensities increase in mesophyll cells. In contrast to Mc-ICDH1, the activity and 
transcript abundance of ferredoxin- independent glutamate synthase (EC 1.4.7.1), 
which is the key enzyme of N assimilation and biosynthesis of amino acids, decrease 
in leaves in response to salt stress (Popova et al. 2002).

1.4.4  Biochemical Adaptations

1.4.4.1  Antioxidative Metabolism

Salt stress is complex and imposes a water deficit because of osmotic effects on a 
wide variety of metabolic activities (Greenway and Munns 1980; Cheeseman 1988). 
This water deficit leads to the formation of ROS such as superoxide (O2

−), hydrogen 
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peroxide (H2O2), hydroxyl radical (.OH) (Halliwell and Gutteridge 1985) and sin-
glet oxygen (1O2) (Elstner 1987). These cytotoxic activated oxygen species can seri-
ously disrupt normal metabolism through oxidative damage to lipids (Fridovich 
1986a; Wise and Naylor 1987) and to protein and nucleic acids (Fridovich 1986b; 
Imlay and Linn 1988; Birben et  al. 2012; Krishnamurthy and Rathinasabapathi 
2013). Since internal O2 concentrations are high during photosynthesis (Steiger 
et al. 1977), chloroplasts are especially prone to generate activated oxygen species 
(Asada 1987).

Once (O2
−) produced is rapidly dismutated either enzymatically or non- 

enzymatically, to yield H2O2 and O2. In addition, H2O2 may interact in the presence 
of certain metal ions or metal chelates to produce highly reactive (.OH) (Imlay and 
Linn 1988). Plants possess a number of antioxidants that protect against the poten-
tially cytotoxic species of activated oxygen. The metallo-enzyme superoxide dis-
mutase (SOD; EC 1.15.1.1) converts O2

− to H2O2. The breakdown of H2O2 is 
catalysed by catalase and a variety of peroxidases (Chang et al. 1984). Although 
catalase is apparently absent in the chloroplast, H2O2 can be detoxified in a reaction 
catalysed by an ascorbate-specific peroxidase often present in high levels in this 
organelle (Chen and Asada 1989) through the ascorbate-glutathione cycle (Asada 
1992; Halliwell and Gutteridge 2015). Both ascorbate and glutathione have been 
reported in millimolar concentrations within the chloroplast (Halliwell 1982). 
Ascorbate can also be oxidised by direct reaction with O2

− or by serving as a reduc-
tant of the α-chromoxyl radical of oxidised α-tocopherol (Foyer et  al. 1991). 
α-Tocopherols are affluent in the thylakoid membranes, which disrupts lipid peroxi-
dation reactions not only by reacting with O2

− but also by scavenging hydroxyl, 
peroxyl and alkoxyl radicals (Halliwell 1987).

It is well known that at the subcellular level, salinity induces oxidative stress in 
plants (Acosta-Motos et  al. 2017). Different works have reported that salt stress 
induces an accumulation of (O2

−) and (H2O2) in different cell compartments, includ-
ing chloroplasts, mitochondria and apoplastic space, which correlates with increases 
in some oxidative stress parameters, such as lipid peroxidation and protein oxida-
tion (Acosta-Motos et  al. 2017). In spite of the inhibition of catalase (an H2O2- 
scavenger enzyme) and an increase in the H2O2-producing enzyme glycollate 
oxidase in pea leaf peroxisomes, the concentration of H2O2 was statistically lower 
in the presence of NaCl than in control plants (Kangasjärvi et al. 2012).

Previous reports have been shown that the response of the antioxidative defences 
of the salt-tolerant species is somewhat different to that of salt-sensitive species. For 
instance, some authors have described that in the salt tolerance response, a 
 coordinated upregulation of the antioxidative machinery as one of the mechanisms 
is involved (Acosta-Motos et al. 2017). The significant increases have been observed 
in the antioxidant defences in chloroplasts and mitochondria in salt-tolerant pea 
cultivars (cv. Granada and cv. Puget) (Acosta-Motos et al. 2017). Salt-induced oxi-
dative stress was alleviated by a selective upregulation of a set of antioxidant 
enzymes at the subcellular level in the wild salt-tolerant-related tomato species 
Lycopersicon pennellii. Salt-treated (100  mM NaCl) L. pennellii plants showed 
increases in SOD and the ASC-GSH cycle components in the chloroplasts, mito-
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chondria and peroxisomes, whereas a drop occurred in most of these antioxidant 
defences in the cultivated tomato (Solanum lycopersicum), which is sensitive to 
100 mM NaCl, (Acosta-Motos et  al. 2017). Especially in roots, it has been also 
described that NADPH regeneration systems contribute to maintaining the redox 
state and this seems to be essential in the biochemical mechanisms of plant defence 
against oxidative stress situations (Meneguzzo et al. 1998).

The salt tolerance capability of soybean host is also important for nodulation; 
Comba et al. (1997) indicated a correlation between N fixation and secondary oxi-
dative stress induced by salt treatment. These authors found a dramatic decrease in 
leghaemoglobin content, and nitrogen fixation activity was accompanied with an 
increase in malondialdehyde (MDA) and a decrease in glutathione reductase (GR), 
ascorbate peroxidase (APX), catalase (CAT) and superoxide dismutase (SOD) 
activities when the salt-sensitive soybean cultivar “411” was grown on medium 
containing 150 mM NaCl. No significant changes were observed in nitrogen fixa-
tion activity or leghaemoglobin and MDA contents, but it exhibited an increase in 
GR, APX, CAT and SOD activities when the salt-tolerant cultivar “377” was sub-
jected to the same treatment (Comba et al. 1997). Overexpression of genes leads to 
increased amounts and activities of mitochondrial Mn-SOD, Fe-SOD, chloroplastic 
Cu/Zn-SOD, bacterial catalase and glutathione- S-transferase (GST)/glutathione 
peroxidase (GPX); it can increase the performance of plants under stress (Roxas 
et al. 2000). In leaves of the rice plant, salt stress preferentially enhances the content 
of H2O2 and the activities of SOD, APX and GPX, whereas it decreases catalase 
activity (Lee et al. 2001). On the other hand, salt stress has a little effect on the activ-
ity levels of glutathione reductase (Lee et al. 2001).

In general, salt stress affects ascorbate and glutathione levels much more in sen-
sitive plants than in tolerant plants. In a NaCl-sensitive pea genotype, NaCl stress 
produced a 50% reduction in the total ascorbate pool after 15 days of stress, which 
may be due to the loss of both the oxidised (DHA) and the reduced (ASC) forms. In 
a NaCl-tolerant genotype, salt stress also reduced ASC and DHA levels but less so 
than the sensitive plants (Hernández and Almansa 2002). NaCl stress (100 mM) 
produced a decline in the ASC content in leaves of the salt-sensitive rice cultivar 
IR-29, but no effect was recorded in the leaves or roots of a NaCl-tolerant rice cul-
tivar (Pokkali) (Lee et al. 2013).

1.4.4.2  Proline and/or Glycine Betaine

In glycophytes, proline and/or glycine betaine concentrations are much lower, but if 
partitioned exclusively to the cytoplasm, they could generate a significant osmotic 
pressure and then balance the vacuolar osmotic potential. In durum wheat seedlings, 
proline can contribute for more than 39% of the osmotic adjustment in the cytoplas-
mic compartments of old leaves, while the contribution of glycine betaine can 
account for up to 16% of the osmotic balance in younger tissues, independently of 
nitrogen nutrition, unlike proline (Carillo et al. 2008). Among the best known com-
patible solutes, proline and glycine betaine have been reported to increase greatly 
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under salt and drought stresses (Munns 2002) and constitute the major metabolites 
found in durum wheat under salt stress, as in other Poaceae (Carillo et al. 2005; 
Ashraf and Foolad 2007).

1.4.5  Molecular Mechanism of Salt Tolerance

Physiologic or metabolic adaptations to salt stress at the cellular level are the main 
responses amenable to molecular analysis and have led to the identification of a 
large number of genes induced by salt (Ingram and Bartels 1996; Bray 1997; 
Shinwari et al. 1998). The expression of many plant genes is regulated by the salin-
ity at the transcriptional and post-translational levels. The molecular mechanism of 
plant salt tolerance is very complex (Zhu 2001b; Munns and Tester 2008). Several 
studies have been conducted in many plant models to investigate this mechanism. 
Published analyses showed the expression profiles of many genes and proteins 
involved in salt stress responses in several plants like Arabidopsis thaliana, rice, 
wheat, soybean, tobacco and other plant species (Long et al. 2016). The root is the 
primary tissue involved in salinity perception and is one of the first to be injured 
following exposure to several types of stresses. The productivity of the entire plant 
is often limited due to the sensitivity of the root to stress (Steppuhn et al. 2010). 
Thus, a comprehensive understanding of root molecular responses to salt stress is 
necessary for researchers to be able to increase crop tolerance to salt stress.

Salt tolerance is a multigenic trait, and a number of genes categorised into differ-
ent functional groups are responsible for encoding salt stress proteins:

 (i) Genes for photosynthetic enzymes
 (ii) Genes for synthesis of compatible solutes
 (iii) Genes for vacuolar-sequestering enzymes
 (iv) Genes for radical-scavenging enzymes

Most of the genes in the functional groups have been identified as salt inducible 
under stress conditions. Other genes have been detected by a salt-hypersensitivity 
assay in Arabidopsis, which led to the identification of mutants in potassium uptake 
as being critical in salt sensitivity (Wu et al. 1996). However, other physiological 
systems may be equally limiting under stress conditions, and mutants in these 
 physiological pathways could lead to increased salt toxicity and would affect sur-
vival in a negative manner. Transcript regulation in response to high salinity has 
been investigated for salt-tolerant rice (variety Pokkali) with microarrays including 
1728 cDNAs from libraries of salt-stressed roots (Kawasaki et al. 2001). NaCl at 
150 mM reduces photosynthesis to one-tenth of the prestress value within minutes. 
Hybridisations of RNA to microarray slides were probed for changes in transcripts 
from 15 min to 1 week after salt shock. Beginning 15 min after the shock, Pokkali 
shows upregulation of transcripts. Approximately 10% of the transcripts in Pokkali 
are significantly up- or downregulated within 1 hour of salt stress. The initial differ-
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ences between control and stressed plants continue for hours but become less pro-
nounced as the plants adapted over time.

The “omics” concept including molecular marker technology with the develop-
ment of high-throughput profiling techniques has made it possible to analyse the 
metabolites/solutes/QTLs responsible for salinity tolerance. The identification of 
these components is fundamental for helping the selection efficiency in breeding 
programmes and mapping the major genes controlling salt tolerance in order to 
genetically manipulate using the real candidate genes rather than nonspecific 
abiotic- responsive genes (Sharma et al. 2016). The first evidence showed that in soil 
watered with up to 200 mM NaCl, the overexpression of AtNHX1 in Arabidopsis 
plants promoted sustained growth and development (Apse et al. 1999). Plant salt 
tolerance increases by the overexpression of regulatory genes in signalling path-
ways, such as transcription factors (DREB/CBF) and protein kinases (MAPK, 
CDPK) (Chen et al. 2009). The overexpression of the vacuolar Na+/H+ antiporter 
has shown to improve salinity tolerance in several plants (Silva and Gerós 2009). 
Xue et al. (2009) identified QTL controlling Na+ contents and Na+/K+ ratio in mature 
barley plants grown on salt-treated soil. Similarly, the molecular markers wmc170 
(2A) and cfd080 (6A) are expected to facilitate breeding for salinity tolerance in 
bread wheat, the latter being associated with seedling vigour (Genc et al. 2010). The 
results indicate that Nax genes have the potential to improve the salt tolerance of 
bread wheat (James et al. 2011). Bread wheat (Triticum aestivum L.) has a major 
salt tolerance locus, Kna1, (TaHKT1;5-D, a candidate gene underlying the Kna1 
locus), responsible for the maintenance of a high cytosolic K+/Na +  ratio in the 
leaves of salt-stressed plants. Recent finding shows there is potential to increase the 
salinity tolerance of bread wheat by manipulation of HKT1;5 genes (Byrt et  al. 
2014). Babgohari et al. (2013) suggested that the D genome is more effective regard-
ing Na + exclusion in wheat and wild wheat relatives. Furthermore, in silico pro-
moter analysis showed that TaHKT1;5 genes harbour jasmonic acid response 
elements (Babgohari et al. 2013). It is possible that other levels of NaCl and ABA 
treatments cause a change in the GSTF1 gene in wheat (Niazi et  al. 2014). 
Furthermore, overexpression of genes encoding late embryogenesis abundant 
(LEA) proteins, which accumulate to high levels during seed development, such as 
the barley HVA1 (Xu et al. 1996) and wheat dehydrin DHN-5 (Brini et al. 2007), 
can enhance plant salt tolerance, although their function is difficult to understand.

For improved stress tolerance on the genetic level, the information regarding 
RNA-mediated stress regulatory networks offers an innovative path. In maize, 
miR396, miR167, miR164 and miR156 were found to be downregulated, while 
upregulation in the expression of miR474, miR395, miR168 and miR162 families 
was observed after salt shock in roots (Ding et al. 2009). Recent reports of Zhang 
and Wang (Zhang et  al. 2011) have revealed that manipulation of microRNA 
(miRNA)-arbitrated gene regulations can help to engineer plants for enhanced abi-
otic stress tolerance. miRNAs may prove potent targets for plant improvement, 
with superior tolerance to abiotic stresses due to their central role in complex gene 
regulatory network (Zhang and Wang 2015). Recent findings have established that 
in response to numerous abiotic stresses, plants assign miRNAs as critical post- 
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transcriptional regulators of gene expression in a sequence-specific manner 
(Shriram et al. 2016). The miRNAs are small (20–24 nt)-sized, non-coding, single-
stranded riboregulator RNAs abundant in higher organisms. Several miRNAs have 
been recognised as abiotic stress regulated in important crops under soil salinity 
(Gao et  al. 2011), nutrient deficiency (Liang et  al. 2010), UV-B radiation 
(Casadevall et al. 2013), heat (Goswami et al. 2014) and metal stress (Gupta et al. 
2014). Liu et al. (2008) evidenced a 117 miRNAs expression profiles under three 
abiotic stress conditions in Arabidopsis and found that 14 of them were differen-
tially regulated by one or more stress conditions.  Amongst them 10 were NaCl-
regulated, 4 were drought-regulated, and 10 were cold (4  °C)-regulated. The 
transgenic miRNA 402 lines of Arabidopsis showed better seed germination, and 
seedling growth under salt stress which shows miR402 regulates salt stress toler-
ance in a positive manner (Kim et al. 2010). Interestingly, in Arabidopsis overex-
pression of osa-miR393 resulted into enhanced salt tolerance, suggesting their 
regulatory role in salinity tolerance (Gao et al. 2011). In radish (Raphanus sativus), 
Sun et al. (2015) identified 49 known and 22 novel salt stress-responsive miRNAs, 
and interestingly the target prediction analysis revealed the implication of the tar-
get genes in signalling, regulating ion homeostasis besides modulating the 
decreased plant growth under salt stress. A stress-related NAC1 from Phyllostachys 
edulis was characterised. Its ectopic expression in Arabidopsis indicated that 
PeSNAC1 together with ped-miR164b participated in tolerance to salinity and 
drought stresses through regulation of root development (Wang et al. 2016). In a 
recent study, miRNAs including sly-miR156e-5p, sly-miRn23b, sly-miRn50a, etc. 
were involved in the salt stress response of Solanum pimpinellifolium (Zhao et al. 
2017). Taken together, these results demonstrate that miRNAs act as critical regu-
lators of gene expression for maintaining normal growth and development in adap-
tation to abiotic stresses.

1.5  Conclusions and Future Perspectives

Salt stress causes huge losses of agriculture productivity worldwide. Therefore, 
plant biologists aimed at overcoming severe environmental stresses that needs to be 
quickly and fully implemented. Together with conventional plant physiology, genet-
ics and biochemical approaches to studying plant responses to abiotic stresses have 
begun to bear fruit recently. In agricultural crops, relevant information on biochemi-
cal indicators at the cellular level may serve as selection criteria for tolerance of 
salts. Though there were many transgenic plants with high-stress tolerance gener-
ated, plant abiotic stress tolerance is a complex trait that involves multiple physio-
logical and biochemical mechanisms and numerous genes. Transgenic plants with 
commercial value should at the same time retain relatively high productivity and 
other traits important for agriculture. Moreover, genetic modification should be 
combined with marker-assisted breeding programmes with stress-related genes and 
QTLs, and ultimately, the different strategies should be integrated, and genes 
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representing distinctive approaches should be combined to substantially increase 
plant stress tolerance.

Salinity profoundly affects various aspects of plant cell structure and metab-
olism. Salinity with its osmotic and ionic aspects induces cellular adjustment 
associated with a profound reorganisation of cell structure and metabolism. 
Proteins play a major role in salt stress acclimation and plant cellular adjust-
ment since proteins are involved in a wide array of cellular processes associated 
with salt acclimation including signalling, regulation of gene expression and 
protein metabolism, energy metabolism, redox metabolism, osmolyte metabo-
lism, defence-related proteins, mechanical stress-related proteins, phytohor-
mone, lipid and secondary metabolism. Comparative proteomic analysis has 
enabled the researchers to identify differentially abundant proteins in geneti-
cally related plant materials revealing differential stress tolerance. Besides 
changes in protein relative abundance, changes in protein post-translational 
modification (PTM) pattern, as well as protein activity, have been observed 
under salinity.

The differences between the sensitive (glycophytes) and the tolerant (halo-
phytes) plant at protein level represent only a piece of a complex adaptation to 
salinity found in salt-tolerant plants. It is becoming evident that the differences in 
salinity response at the protein level are conferred by differences at genome and 
transcriptome level including a higher gene copy number and an altered structure 
of promoter sequences in salt-tolerant plants with respect to salt-sensitive ones. 
The differences at genome level are reflected at transcript and protein levels 
resulting in the differential transcript and protein expression levels between sus-
ceptible and tolerant plants. Corresponding to differences at genome level 
(changes in gene copy number and promoter structure and organisation), com-
parative transcriptomic and proteomic studies have revealed that differences in 
transcript and protein levels regarding several stress-induced genes between salt-
tolerant and salt-sensitive plants can be detected even under control (non-stressed) 
conditions similarly to situation reported in other stresses (e.g. COR/LEA pro-
teins under cold). The changes at protein level reveal also a crucial impact on 
plant cell structure and metabolism. Regarding the functional aspects of the 
changes in proteome composition, not only alterations in protein relative abun-
dance but also changes in protein post- translational modification (PTM) and pro-
tein-protein interactions deserve to be studied. Taken together, the results from 
comparative proteomic studies represent an important step to understanding plant 
salt response processes as a whole. To develop the salt- tolerant cultivars which 
will better able to cope with the increasing soil salinity constraints, the use of both 
genetic manipulation and traditional breeding approaches will be required to 
unravel the mechanisms involved in salinity tolerance. The developments in the 
area of plant molecular biology, particularly the complete sequencing of model 
plant genomes and the availability of microarray analysis tools which offer advan-
tages and solutions to the complex interesting questions of salt resistance and 
tolerance, will certainly pave a way towards improvement of crop plants for better 
sustainability in the changing environmental conditions.
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Abstract Nearly 1200 million hectares of land is affected by salinity throughout 
the world, and it is increasing year after year. It is one of the major causes that 
threaten our crop productivity at a time when we need to meet our growing food 
demands with limited land and freshwater resources. This leaves us but to under-
stand the complex salinity tolerance mechanisms adapted by halophytic species 
especially their stomatal conductance (gs), epidermal salt bladders, and water use 
efficiency (WUE) and to utilize the candidate genes associated with them in crop 
plants for better tolerance and crop productivity.
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gs Stomatal conductance
HKT High-affinity potassium transporter
KEA Potassium-efflux antiporter
KIRC Potassium inward-rectifying channel
KORC Potassium outward-rectifying channel
KUP Potassium uptake
NADPH Nicotinamide adenine dinucleotide phosphate (reduced)
NSCC Nonselective cation channels
PIP Plasma membrane intrinsic protein
ROS Reactive oxygen species
SIM SIAMESE
SLA Specific leaf area
SOS Salt overly sensitive
TIP Tonoplast intrinsic protein
WUE Water use efficiency

2.1  Halophytes and Their Significance

Most of the water on the earth is locked up in the oceans, which is salty, and hence 
crop plants cannot grow under such conditions. However, some native floras grow 
in areas like mangrove swamps, marshes, sloughs, and seashores where soil salinity 
is very high (35 g of salt per kilogram of water) and complete their life cycle suc-
cessfully. Such plants are known as salt plants or halophytes. Nearly, 350 halophytic 
species have been identified which are distributed across 256 families (Flowers 
et al. 2010). Understanding the molecular mechanisms underlying salt tolerance in 
halophytic species and identifying the candidate genes that modulate stomatal den-
sity, stomatal conducatnce (gs), epidermal salt bladders, and water use efficiency 
(WUE) are vital to develop crop species with better salt stress tolerance. By the year 
2050, global food grain production should match the projected population growth of 
nearly 9.3 billion (Millar and Roots 2012). But this target cannot be achieved by 
using the arable land that is currently in use. Due to scarcity of freshwater resources, 
in the future, farmers will have to resort to the use of brackish and saline water for 
irrigation purposes (Barrett-Lennard and Setter 2010). To combat this problem, we 
need to breed our crop plants that can grow in arable land by withstanding harsh 
environments. At the same time, it is hard to achieve this goal due to narrow genetic 
resources that are at our disposal currently (Colmer et  al. 2005). Therefore, salt 
stress tolerance genes must be identified in extremophiles like halophytes and trans-
ferred into crop plants by utilizing genetic engineering/gene-editing technologies. A 
review of literature related to halophytes indicates that many differences exist 
between glycophytes and halophytes in traits related to anatomy of leaves, stems, 
stomatal density, gs, epidermal salt bladders, WUE, and cellular processes that 
emphasize the ability of halophytes to tolerate high tissue concentrations of Na+ and 
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Cl−, including regulation of membrane transport, and their ability to synthesize 
compatible solutes to deal with reactive oxygen species (ROS) accumulation. 
Unfortunately, glycophytes, especially Poaceae members, do not possess high tis-
sue tolerance since they are salt excluders. It appears that halophytes play vital roles 
as model plants for understanding plant salt stress tolerance and as genetic resources 
to improve salt tolerance in crop plants and also for revegetation of saline lands 
(Flowers and Colmer 2015). This review focuses mainly on the unique morpho- 
anatomical features like successive cambia, lignified cells, bulliform cells, salt 
hairs, salt bladders, and salt glands, specific stomatal attributes that majority of 
halophytes display, and also the key physiological mechanisms that confer salinity 
tolerance in halophytes and the specific genes that need to be targeted to achieve salt 
tolerance in crop plants.

2.2  Classification of Halophytic Species

The first classification of halophytes was carried out by Steiner in the year 1934 
based on the responses of plants to the internal salt levels, i.e., salt-regulating types 
(excluders) and salt-accumulating types (includers). Albert and Popp (1977) classi-
fied the halophytic species especially that grow in salt marshes as physiotypes. But, 
they are generally classified based on the presence (black mangroves) or absence 
(red mangroves) of salt glands located in the leaves (Popp et al. 1993).

2.2.1  Classification Based on Plant Morphology

While Marschner (1995) noticed that some halophytes have the potential to efflux 
the salt from the leaf surface through salt glands (excretives), Weber (2009) observed 
accumulation of water within the plant leaves to counter high levels of salt toxicity 
(succulents).

2.2.2  Classification Based on Salt Demand

Some of the halophytes require salt for their growth, but all of them that occur in 
nature are not obligates. Hence, they have also been classified as obligate, faculta-
tive, and habitat-indifferent types by Sabovljevic and Sabovljevic (2007) and 
Cushman (2001), respectively. Obligates, mostly the Chenopodiaceae members, 
grow in waters that contain over 0.5% to 1% of NaCl (Ungar 1978) and display 
optimal growth under these conditions. On the other hand, facultative halophytes 
(mostly Poaceae, Cyperaceae, and Juncaceae members) grow both under salt stress 
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and devoid of it (Sabovljevic and Sabovljevic 2007). Habitat-indifferent halophytes 
(Festuca rubra, Agrostis stolonifera, and Juncus bufonius) grow in soils without salt 
and also in salt-affected areas (Cushman 2001; Sabovljevic and Sabovljevic 2007).

2.2.3  Classification Based on Physiological Types

Physiological classification of halophytes is based on salt uptake and storage as 
described by Breckle (1995). Salt-secreting halophytes (exorecretohalophytes and 
endorecretohalophytes), euhalophytes (salt-diluting halophytes), and pseudohalo-
phytes (salt-excluding) fall under this category. While the exorecretohalophytes 
secrete salt from salt glands located in the leaves and stems (e.g., Limonium, Tamarix, 
Spartina, and Avicennia), endorecretohalophytes exclude salt from epidermal blad-
ders present on the leaves (e.g., Atriplex, Chenopodium, and Mesembryanthemum). 
On the other hand, some euhalophytes have succulent stems (e.g., Kalidium, 
Salicornia), while others have succulent leaves as in the case of Suaeda and Salsola 
(Yensen and Biel 2006; Youssef 2009; Aslam et  al. 2011; Zhao et  al. 2011). 
Pseudohalophytes include several species such as Artemisia, Juncus, and Phragmites 
(Zhao et al. 2011).

2.2.4  Classification Based on Ecological Types

Halophytes have been subdivided into different categories by van Eijk (1939) and 
Topa (1939). Euhalophytes are subdivided into three ecological types like mesoha-
lophytes (grow in salt meadows, 0.5–10% NaCl, e.g., Atriplex, Apocynum, Suaeda), 
xerohalophytes (grow in salt deserts, e.g., Tamarix, Kalidium, Suaeda, Zygophyllum), 
and hydrohalophytes (Bucur et al. 1957; Patrut et al. 2005; Youssef 2009; Aslam 
et al. 2011). Hydrohalophytes are further divided into emergent halophytes (grow in 
salt marsh and coastal marsh habitats, e.g., Rhizophora, Acanthus, Nypa, 
Acrostichum, and Salicornia) and submerged halophytes (grow beneath the surface 
of seawater, e.g., Zostera marina, Cymodocea, and Halophila) (Hou 1982; Ramadan 
1998; Zhao and Li 1999; Patrut et al. 2005).

2.3  Anatomical Changes Observed in Glycophytes 
and Halophytes

Two types of halophytes were described by Marius-Nicusor and Constantin (2010) 
based on anatomical adaptations. The first one is called as extreme halophytes and 
the second as mesohalophytes. Extreme halophytes have two subtypes: one is 
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irreversible extreme halophytes (e.g., members of Chenopodiaceae such as 
Petrosimonia oppositifolia, P. triandra, Salicornia europaea, Suaeda mari-
tima, and Halimione verrucifera), and the second is reversible halophytes. In irre-
versible halophytes, succulence in the form of a well-developed water and sugar 
storage parenchyma tissue in aerial organs has been noticed alongside the erect 
position of species with less developed mechanical system (Grigore 2008; Grigore 
et  al. 2010). Succulence helps in minimizing heating of leaves and thus reduces 
transpiration demands (Ehleringer and Forseth 1980). Thus, succulence appears a 
natural strategy adapted by some of the species exposed to harsh environments.

2.3.1  Successive Cambia in Glycophytes and Halophytes

Taxa mentioned in the above paragraphs possess a rare anatomical phenomenon, 
i.e., secondary growth by successive cambia (a developmental oddity) in roots and 
stems (Marius-Nicusor and Constantin 2010). It has been pointed out that, often, 
these successive cambia are organized concentrically (Robert et al. 2011). Working 
on Avicennia, Robert et al. (2011) pointed out that formation of successive cambia 
is an ecologically important characteristic and strongly related with water-limited 
environments. They noticed a complex network of non-cylindrical wood patches in 
Avicennia and its increased complexity with more stressful conditions. Nearly, 85% 
of the woody shrub and tree species have been found with such concentric internal 
phloem in either dry or saline environments (Robert et al. 2011). Such successive 
cambia have also been noticed in several glycophytic species like Ipomoea arbore-
scens, Rivea hypocrateriformis (Convolvulaceae), Hebanthe eriantha 
(Amaranthaceae), and several species of Abuta (Menispermaceae) that grow mostly 
in dry forests and deserts (Tamaio et  al. 2009; Terrazas et  al. 2011; Rajput and 
Marcati 2013; Rajput 2016). This infers that development of successive cambia is 
an adaptive tactics and it provides the necessary advantages for survival in harsh 
environments like salt and drought stress conditions in both glycophytic and halo-
phytic species.

2.3.2  Other Anatomical Anomalies

In halophytic species like Salicornia europaea, tracheoidioblasts in its fleshy tissues 
have been recorded which may be involved in water storage or in giving mechanical 
support (Marius-Nicusor and Constantin 2010). But there are no reports on the 
occurrence of such tracheoidioblasts in glycophytic species. Other halophytes like 
Petrosimonia oppositifolia and P. triandra have foliar Kranz type of anatomy, an 
important feature related to C4 photosynthesis (Marius-Nicusor and Constantin 
2010). Such Kranz type of anatomy has also been noticed in several glycophytic 
species (e.g., Sorghum, maize, etc.), which exhibit better tolerance to abiotic stresses 
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when compared to C3 plants. This type of anatomy may help the plants to reduce 
water loss when exposed to harsh environments. Thus, halophytes and mangrove 
plants occurring in different ecological regions display plasticity in their anatomical 
structures unlike that of glycophytes to better adapt themselves under abiotic stress 
conditions.

Reversible extreme halophytes have been named so, since they can pass from 
much salinized areas through less salinized soils as noticed in Atriplex tatarica, 
Atriplex littoralis, Atriplex prostrata, Bassia hirsuta, Camphorosma annua, and 
C. monspeliaca. Also, these halophytes exhibit either salt hairs, or successive cam-
bia, or Kranz type of anatomy and succulence. Mesohalophytes on the other hand 
are species with intermediary anatomical adaptations between extreme halophytes 
and glycophytes (e.g., Aster tripolium subsp. pannonicus, Lactuca saligna, 
Scorzonera cana, Lepidium cartilagineum subsp. crassifolium, Lepidium latifo-
lium, Lepidium perfoliatum, Iris halophila, Plantago schwarzenbergiana, Trifolium 
fragiferum,  and Spergularia media). Well-developed endodermis, aerenchyma, 
and xerophytic features such as sunken stomata and water storage tissue are the 
usual features in these taxa. Many of these adaptations are also related with other 
ecological factors like flooding, dryness, and humidity. Amphibious halophytes 
possess bulliform cells, which is an adaptation to temporary dry conditions of the 
habitats, despite the fact that these species are hygrophilous (e.g., Scirpus mariti-
mus, Carex distans, Juncus gerardii, Puccinellia distans subsp. limosa, Carex 
 vulpina, and Alopecurus arundinaceus).

2.3.3  Lignified Cells

In some of the halophytic taxa, associated with successive cambia, increased lignin 
content has been noticed (Marius-Nicusor and Constantin 2010) which may confer 
cellular resistance to a high osmotic pressure. In glycophytic species like Morus 
alba, increased epidermal thickness and changes in stomatal distribution and in 
xylem components of both stem and root were observed under NaCl stress condi-
tions (Vijayan et  al. 2008). In the halophytic species like Salvadora persica, 
decreased epidermal cell diameter and cortex thickness but increased thickness of 
hypodermal layer, pith area, and pith cell diameter were observed under salinity 
(Parida et  al. 2016). Such morpho-anatomical modifications including stomatal 
density imply that these changes help the plants in osmotic adjustment and better 
conductivity of water under high saline conditions. In both glycophytic and halo-
phytic species, lignin is involved in supporting and counteracting the high osmotic 
pressure. Also, lignified cells provide the necessary rigidity to the plant organs. On 
the other hand, the phloem could delay the water absorption in such plants. Thick 
cuticular layer covers the epidermis of stems and leaves of desert halophytic species 
like Zygophyllum album and Nitraria retusa. Such an anatomical feature is fully 
justified for better adaptation of desert halophytes exposed to adverse moisture- 
limited conditions (Abd Elhalim et al. 2016). In several of these plants, adaptation 
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is achieved by succulence, development of trichomes, sunken stomata, xylem fibers, 
and storage materials. Further, plants with waxy cuticle in the leaves and stems 
minimize the loss of water under salinity and drought stress conditions. Sunken 
stomata with trichomes arising from the epidermis are another adapting mechanism 
to minimize water loss under stressful habitats. Leaves of several desert shrubs 
exhibit small leaf surface area, well-developed epidermal hairs covering the leaf 
surface, stronger cutinization, and sunken stomata. Such an array of anatomical 
features perhaps can reduce water loss under stressful environments (Yan et  al. 
2002). Identification of candidate genes associated with such phenomena would 
help us to isolate and validate them in glycophytic species.

2.3.4  Bulliform or Motor Cells

Members of Poaceae (Claudia and Murray 2000; Peterson 2000), Cyperaceae 
(Mittler 2006), and Juncaceae (Duval-Jouve 1871) have been found to have bulli-
form or motor cells at the foliar epidermis level. These are large, thin-walled water- 
containing cells seen in many halophytic and glycophytic species. These structures 
enable the plants to roll or curl the leaves during water stress and to reopen during 
favorable conditions. Under water-deficit conditions, they lose turgor and cause 
lamina to fold or roll inward edge to edge (Dickison 2000). Bulliform cells also 
occur in several glycophytic species. Grigore et al. (2010) studied ecological impli-
cations of bulliform cells and found that they are associated with salt and water 
stress conditions. Thus, these structural features help the plants in leaf movements 
during salt and drought stress (Cutler et al. 2007).

2.3.5  Salt Hairs, Salt Bladders, and Salt Glands

Plant epidermis plays a vital role in water relations, in defense, as well as in pollina-
tor attraction. Such a wide spectrum of functions are carried out by specialized cells 
which differentiate from undifferentiated epidermis (Glover 2000). Glover (2000) 
pointed out that interaction between differentiating cells adapting different cell fates 
is the key to the patterning of a multifunctional tissue. Salt-secreting hairs (found in 
halophytes only) are vital devices in salt removal from plant shoots. In Halimione 
verrucifera, Marius-Nicusor and Constantin (2010) have observed salt-secreting 
hairs on the surface of leaves. Such vesicular hairs for salt excretion have also been 
noticed in other halophytic species such as Atriplex tatarica at the foliar limb. It is 
highly interesting to note that the microhair density increases with enhanced salinity 
levels in the soil (Ramadan and Flowers 2004). But Thomson et al. (1988) noticed 
that microhairs do not have glandular function in cereals in contrast to halophytic 
grasses. In cereals, microhairs are smaller in size unlike that of halophytes and 
hence cannot sequester Na+ ions (Shabala 2013). Another structure is salt glands 
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which are specialized epidermal bladder cells (EBCs) or specialized trichomes. 
EBCs sequester excessive Na+ (1000-fold more when compared with epidermal 
cells) away from the mesophyll cells in the leaves. Halophytes that contain salt 
glands are generally termed as salt secretors as pointed out by Liphschitz et  al. 
(1974) or recretohalophytes (Breckle 1990). All salt glands are epidermal in origin 
and in essence specialized trichomes (Esau 1965). Nearly 50% of the halophytic 
species contain salt bladders (Flowers and Colmer 2008) that are ten times larger 
than epidermal cells (Shabala and Mackay 2011) and help to store and exclude salts 
(Flowers and Colmer 2015; Santos et al. 2016). Secretion of salts via salt glands has 
been noticed in more than 50 species in 14 angiosperm families distributed in 
Caryophyllales, asterids, rosids, and grasses (Dassanayake and Larkin 2017).

2.3.6  Salt Secretion by Salt Bladders and Salt Glands

Recretohalophytes (e.g., Chenopodium quinoa) have developed salt glands for 
secreting salt out of a plant under saline environments. Knowledge of salt secretion 
pathways in relation to the function of salt glands and the genes associated with the 
phenomenon helps us in developing crop plants that can be grown in saline-affected 
soils. Two types of salt-secreting structures that are unique to halophytes, namely, 
salt bladders and salt glands, which secrete the ions out of the plants have been 
identified. Such structures are absent in other types of halophytes and in non- 
halophytic species (Shabala et al. 2014; Yuan et al. 2015). Salt bladders (modified 
epidermal hairs) and salt glands differ in certain aspects of their structures. Salt 
bladders are classified as trichomes, glandular hairs, thorns, and surface glands 
(Ishida et al. 2008). Single epidermal cells can function as salt bladders as in the 
case of Mesembryanthemum crystallinum, which are only modified trichomes. Salt 
bladders are composed of one bladder cell, with or without one or more stalk cells. 
Salt bladders sequester not only cations such as Na+ but also anions like Cl− and act 
as secondary epidermis to reduce the loss of water under stress (Shabala and Mackay 
2011). Ramadan (1998) working on a xero-halophyte Reaumuria hirtella found that 
there is diurnal salt excretion pattern from the salt bladders, i.e., during the night 
and also early morning. In other words, the rejection of salts at the roots and the 
secretion mechanism at the shoots allow the plant to maintain its internal salt con-
centration at a constant level in spite of variations in soil salt content. Oh et  al. 
(2015) and Barkla and Vera-Estrella (2015) presented a transcriptomic and metabo-
lomic analysis of bladder cells of M. crystallinum, respectively. While Oh et  al. 
(2015) demonstrated cell-type-specific responses in this plant during salt stress 
adaptation through transcriptomic work, Barkla and Vera-Estrella (2015) identified 
352 different metabolites in bladder cells exposed to salt treatment. Pan et al. (2016) 
demonstrated that increasing of Na+ ion accumulation in bladders of Atriplex cane-
scens enhances salt stress tolerance.

Salt glands form stable structures and contain either bicellular or multicellular 
structures. Salt glands in dicotyledonous recretohalophytes are multicellular and 
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sunken into the epidermis (Yuan et  al. 2016). In Tamarix aphylla, 8 cells were 
noticed (Thomson and Platt-Aloia 1985) and, in Limonium bicolor (Plumbaginaceae), 
16 were observed (Feng et  al. 2015; Yuan et  al. 2015). Interestingly, Yuan et  al. 
(2013) noticed autofluorescence of salt glands under UV excitation, and later it has 
been found that this autofluorescence is localized in the cuticle of salt glands (Deng 
et al. 2015). It has also been considered that cuticle is an essential structure for pre-
venting leakage of ions and for protecting the mesophyll cells from salt damage. 
Though salt glands exclude both cationic (Na+, K+, Ca2+, N, Mg2+, Fe2+, Mn2+, Si2+, 
and Zn2+) and anionic (Cl−, Br−, O, S, P, and C) elements (Sobrado and Greaves 
2000; Ceccoli et al. 2015; Feng et al. 2015; Zouhaier et al. 2015), it has been noticed 
that they exclude more Na+ and Cl− than other types of ions (Ma et al. 2011). Into 
the salt glands, salt is mainly transported through plasmodesmata, vesicles, and ion 
transporters. However, the exact mechanism of transport of ions into salt glands and 
out of them is not clearly known. Transport of Na+ in a typical leaf mesophyll cell 
and a secretory cell are shown in Figs. 2.1 and 2.2, respectively.

It appears that the positioning of inner most cells of the salt glands is crucial. 
They are usually positioned adjacent to the mesophyll cells. Such a unique structure 
of salt glands may help the ion transport into it. But, it is not known how salt is 
transported from mesophyll cells of leaves into the salt glands directionally and if 
the cuticle or ferulic acid present in cuticle surrounding the salt glands plays any 
vital role in this process (Deng et al. 2015). The secretory cells of the salt glands 
adjacent to the mesophyll cells possess many small vesicles as in the case of 
Limonium (Tan et al. 2010, 2013; Yuan et al. 2015; Zouhaier et al. 2015) which may 
play a vital role in transporting salt into the salt glands. It is also known that 

Fig. 2.1 Transport of Na+ 
in leaf mesophyll cell
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 plasmodesmata play critical roles in transporting large molecules between cells 
(Overall and Blackman 1996). Many transporters like HKT1, KUP, KEA, cyclic 
nucleotide- gated channels (CNGC), and nonselective cation channels (NSCCs) 
may enhance Na+ accumulation in cytoplasm (Flowers et  al. 1977; Flowers and 
Colmer 2008), and a low-affinity K+ transporter called AlHKT2;1 plays an impor-
tant role in K+ uptake during salt stress and in maintaining high K+/Na+ ratio 
(Sanadhya et al. 2015) in the cytoplasm of recretohalophyte Aeluropus lagopoides.

Flowers et al. (2010) pointed out that salt glands differ in structural complex-
ity and mechanism of salt exclusion from that of salt bladders. Salt glands 
directly secrete salt out of the plant to the external environment by an active 
process requiring very high energy and are triggered by light (Dschida et  al. 
1992). Under salt stress, upregulation of H+-ATPase was observed (Chen et al. 
2010). But the energy required for this purpose (photoassimilates and NADPH) 
may be provided by mesophyll cells. Yuan et al. (2015) found that mitochondria 
in salt glands differentiated first in order to provide energy for salt secretion. 
The number of mitochondria present in salt glands is more than the mesophyll 
cells, perhaps to discharge this function. It has been discovered that salts are 
excreted along with water and, accordingly, two aquaporin genes (PIP and TIP) 
were found expressed in salt gland cells and water may be reabsorbed during 
salt removal as pointed by Tan et al. (2013). Experiments with halophytic spe-
cies like Chloris gayana (Kobayashi et al. 2007) and Tamarix (Ma et al. 2011) 
revealed the existence of liquid flow in salt glands (possible Na+-ATPase). On 
the other hand, experiments conducted by Feng et  al. (2014) and Yuan et  al. 
(2015) showed that under salt stress conditions, numerous vesicles fuse with the 
plasma membrane for salt exclusion. Also, H+-ATPase and the Na+/H+ antiport-
ers are anticipated to play crucial roles in the process of salt secretion and Na+ 
sequestration of Atriplex marina (Chen et  al. 2010; Tan et  al. 2010). Further, 
candidate genes associated with salt secretion have been discovered using 
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 transcriptomics in recretohalophyte Reaumuria trigyna. Here genes related to 
ion transport have been found relevant to the salt secretion function (Dang et al. 
2013, 2014). In both glycophytes and halophytes, epidermal structural adapta-
tions include cuticle-covered pavement cells which prevent dehydration and 
pathogen attack. Small chloroplasts with high stroma to grana ratio in the pave-
ment cells of Arabidopsis thaliana have been noticed by Barton et al. (2016). 
Identification and validation of genes and generation of mutants will help us in 
finding out their actual contribution to the upkeep and functioning of the aerial 
epidermis and ultimately in developing crop plants with better salt tolerance. 
Other structural adaptations include trichomes, nectaries, prickles, and hyda-
thodes, and they may be made up of single or multiple cellular structures con-
sisting several cell types (Esau 1965). Thus, these studies point out that 
halophytic species have complex salt tolerance mechanisms when compared to 
glycophytes which are being unraveled slowly.

2.3.7  Trichomes and Trichome Patterning

Trichomes can be glandular or nonglandular. Martin and Glover (2007) pointed 
out that the nature of the products that glandular trichomes exude affects their 
functions and consequently their distribution and patterning. In glycophytic spe-
cies such as Arabidopsis thaliana, trichomes appear as large single cells (200–
300 μm in length), with a cuticle and a suite of socket cells (Glover 2000). In 
maize, structurally three distinct types of trichomes such as macrohairs, prickle 
hairs, and bicellular microhairs were noticed (Martin and Glover 2007). The 
main function of trichomes under arid conditions is light reflectance to reduce 
the heat load of the leaves (Ehleringer et al. 1976; Benz and Martin 2006). While 
pubescent leaves of Populus alba reflect 50% of incident light, glabrous leaves 
reflect 20% of it (Johnson 1975). In the adult vegetative phase of Arabidopsis, 
the GLABROUS INFLORESCENCE STEMS (GIS) gene that affects trichome 
production has been identified (Gan et al. 2006). Also, biochemical and genetic 
changes associated with trichome initiation have been well studied (Martin and 
Glover 2007). But in cereals, sharp and pointed trichome structures have been 
observed in contrast to round, balloon-like trichome structures in halophytes 
(Shabala 2013). Trichomes present in halophytes (round and balloon- like) are 
highly efficient for sequestering Na+ ions into them. Therefore, in the future, 
efforts must be made to identify target genes associated with trichome differen-
tiation and formation patterns and for transferring them into glycophytic species 
through genetic manipulation besides increasing trichome density, size, and vol-
ume. It appears that trichome size (determined by the number of endo- 
reduplications) is controlled by SIM and D-type of cyclins in A. thaliana 
(Churchman et al. 2006). But, no efforts have been made so far to transfer such 
genes into crop plants.
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2.4  Stomatal Attributes

The evolution of stomata dates back to Silurian to Devonian, but its structure and 
function predominantly remained the same throughout ~400 million years of higher 
plant evolution (Edwards et al. 1998). Shtein et al. (2017) recently investigated sto-
matal cell wall composition and structural patterns associated with diverse groups 
of plants. They noticed kidney-shaped stomata in Platycerium bifurcatum  (a fern 
with CAM photosynthesis, Polypodiaceae family), Asplenium nidus (a fern with C3 
photosynthesis, Aspleniaceae), Arabidopsis thaliana (angiosperm, dicot, belongs to 
Brassicaceae), and Commelina erecta (monocot, Commelinaceae) but dumbbell- 
shaped stomata in grass species like Sorghum bicolor (C4, Poaceae) and Triticum 
aestivum (C3, Poaceae). In P. bifurcatum and A. nidus, stomatal movement is pas-
sive, but in other abovementioned species, it has been found active. Shtein et al. 
(2017) discovered different spatial patterns of varying cellulose crystallinity, pectin, 
lignin, and phenolics in guard cell walls. In ferns, lignin serves wall strengthening 
function in guard cells; but, in angiosperms, crystalline cellulose has replaced the 
function of lignin. Such varying cell wall modifications clearly indicate different 
biochemical functions for cell walls and that they might have occurred over a period 
of time in response to specific environmental challenges. Unfortunately, the study 
group does not include any halophytic species; therefore, not much information is 
known about the stomatal shape, wall structure of guard cells, and stomatal move-
ments in diverse groups of halophytes. Whether the shape of stomata or varying 
cellulose crystallinity has any role to play in salt stress tolerance especially in halo-
phytes needs, however, further investigations.

2.5  Stomatal Patchiness

On a single leaf blade, different behaviors of small groups of stomata occur which 
is usually termed as stomatal patchiness. It varies depending on the plant species, 
age, leaf position, and stress conditions (Pospisilova and Santrucek 1994). Stomatal 
patchiness is common in plants, but not clearly understood despite its detrimental 
role to water use efficiency. It has been pointed out that occurrence and characteris-
tics of patchiness are difficult to predict (Mott and Peak 2007). In xerophytes, gen-
erally large number of smaller stomata occur which may be related to increased 
need of gs regulation under stress conditions. Aasamaa and Sober (2001) pointed out 
that shoot hydraulic conductance is correlated well with better photosynthesis, gs, 
and stomatal sensitivity to enhanced leaf water potential. Further, Beyschlag and 
Eckstein (2001) analyzed the cause for stomatal patchiness which is a result of 
hydraulic interactions that produce a stomatal closure. Taking the above facts into 
consideration, Delgado et al. (2011) pointed out that in natural conditions, stomatal 
density and distribution are under selective pressure. These phenomena indicate that 
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stomatal density may play a critical role in enhancing the adaptation of plants to salt 
stress/water-deficit conditions.

2.6  Stomatal Density and Stomatal Aperture

Moderate water stress had positive effects on stomatal number, but severe stress led 
to reduced stomatal number and size in a perennial grass, Leymus chinensis (Xu and 
Zhou 2008). Stomatal density was positively correlated with gs, net assimilation rate 
of CO2, and water use efficiency (Xu and Zhou 2008). Enhanced stomatal density 
was reported under stress in glycophytic species like Triticum aestivum (Yang and 
Wang 2001; Zhang et al. 2006) besides decreased stomatal size (Quarrie and Jones 
1977; Spence et al. 1986). On the other hand, in Na2SO4-treated halophytic species 
Prosopis strombulifera, higher stomatal density, transpiration rate, and ABA levels 
were observed. But at high (−2.6 MPa) salinity (Na2SO4) levels, higher epidermal 
cell density with smaller stomata was noticed (Reginato et al. 2013). Under normal 
conditions, no change in stomatal density is usually observed, but salinity-induced 
reduction was recorded in salt-tolerant as well as in a C3, halophytic species, 
Chenopodium quinoa (Shabala et al. 2013). Thus, stomatal abundance and distribu-
tion (leaf micromorphology) vary in diverse plant species. Orsini et  al. (2010) 
noticed shortest stomata in Thellungiella parvula and T. salsuginea and the longest 
in Lepidium virginicum and A. thaliana compared to those in Descurainia pinnata. 
They recorded higher leaf stomatal densities in T. salsuginea, L. virginicum, and D. 
pinnata when compared with Arabidopsis. But, no differences in stomatal width 
(shorter axis) were noticed. The authors could also find a fine correlation between 
lower stomatal sizes and higher stomatal density. Reduced stomatal density and 
stomatal pore area of leaf were noticed in the halophytic species Salvadora persica 
with increasing salinity.

2.6.1  Stomatal Aperture and Ion Accumulation in Glycophytes 
and Halophytes

Unlike glycophytes, some halophytes accumulate salts in their tissues; therefore, 
they prevent desiccation and improve their biomass under salt stress (Greenway and 
Munns 1980; Flowers 1985). Plant biomass depends on stomatal movements since 
the stomatal apertures regulate the entry of CO2. Halophytes should exhibit less 
reduction in gs when compared to glycophytes, since they are salt stress tolerant, but 
the reports are conflicting. Perera et  al. (1994) and Robinson (1996) reported 
decreased stomatal aperture in isolated epidermal strips of halophytic species like 
Aster tripolium and Cochlearia anglica under NaCl stress conditions. Contrarily, in 
glycophytes, enhanced stomatal aperture was reported by Zeiger (1983). X-ray 

2 Deploying Mechanisms Adapted by Halophytes to Improve Salinity Tolerance…



54

microanalysis has revealed higher accumulation of Na+ in epidermal and subsidiary 
cells (mesophyll tissue) when compared to guard cells of A. tripolium (Perera et al. 
1997). This indicates that entry of Na+ ions into guard cells in this halophyte is 
restricted by some mechanism. Perera et al. (1997) also observed higher accumula-
tion of K+ ions in the guard cells compared to Na+. On the other hand, in the glyco-
phyte Commelina communis, guard cells accumulate high amounts of Na+ instead 
of K+ under salt stress. Contrarily, halophytic species may substitute K+ for Na+ in 
their stomata (Shabala and Mackay 2011). Perera et al. (1997) suggested that the 
capacity of guard cells to restrict the intake of Na+ ions is an important component 
of sodium-driven regulation of transpiration and therefore A. tripolium exhibits 
salinity tolerance. While working with Atriplex halimus, Martinez et  al. (2005) 
reported that Na+ added to the plants helps them to cope up with osmotic stress 
conditions as imposed by polyethylene glycol and helps in osmotic adjustment. In 
contrast to other halophytic species, A. tripolium partially closes its stomata in 
response to high Na+ ion concentrations. Such a stomatal response prevents high 
accumulation of Na+ within the shoot via control of the transpiration rate (Very et al. 
1998). They demonstrated that guard cell cation channels are involved in Na+-
induced stomatal closure in halophytic species A. tripolium. While K+ uptake is 
downregulated in this species and guard cell Na+ is increased, it did not happen in 
the non-halophytic species A. amellus, a relative of A. tripolium. Tester (1988) and 
Thiel and Blatt (1991) observed inhibition of inward- and outward-rectifying K+ 
channels by Na+ in plant cells. Niu et al. (1993, 1996) and Tsiantis et al. (1996) 
observed NaCl-induced expression of plasma membrane and tonoplast H+-ATPases. 
It has been documented that Na+ helps in stomatal opening in glycophytes (Pallaghy 
1970). Very et al. (1998) found out that enhanced guard cell cytosolic Na+ in A. 
tripolium lead to delayed deactivation of KIRCs, but not in A. amellus. It appears 
that instead of K+, Na+ ions are used by some halophytic species to increase the 
turgor in guard cells under NaCl stress. Besides KIRCs, striking differences were 
also noticed in the depolarization-activated K+ outward-rectifying channels (KORC) 
between halophytic and glycophytic species under stress. The above observations 
infer that stomata of glycophytic species lose their ability to close due to accumula-
tion of Na+ ions, but not halophytes. So, the genes associated with Na+-induced 
closure of stomata need to be manipulated in glycophytes.

2.7  Water Use Efficiency (WUE) in Glycophytes 
and Halophytes Under Salt Stress

Higher leaf stomatal densities were noticed in Thellungiella salsuginea, L. virgini-
cum, D. pinnata, and T. parvula compared with salt-susceptible species like A. 
thaliana (Orsini et al. 2010). Stomatal patterning was well studied in Arabidopsis, 
but not in halophytes. Orsini et al. (2010) while working with Arabidopsis thaliana 
(glycophyte) and its relatives including halophytes observed much lower 
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whole-plant day/night transpiration rate in halophytes under both saline and nonsa-
line conditions in comparison with A. thaliana. Following salt exposure, decreased 
gs was also recorded in several halophytic species by Lovelock and Ball (2002) and 
Boughalleb et al. (2009). Orsini et al. (2011) and Shabala et al. (2013) observed 
decreased stomatal density in Chenopodium quinoa, a halophyte. Likewise, 
Distichlis spicata (Kemp and Cunningham 1981), Suaeda maritima (Flowers 1985), 
Kochia prostrata (Karimi et al. 2005), Lasiurus scindicus (Naz et al. 2010), and all 
salt-tolerant halophytes display decrease in stomatal density with increasing salt 
stress conditions. Adolf et al. (2012) are of the opinion that reduced stomatal density 
or few fully opened stomata may be beneficial to plants (rather than many partially 
opened stomata) to optimize water productivity under salt stress. On the other hand, 
Omami et al. (2006) noticed more stomata per unit leaf area and larger stomatal 
aperture in the genotypes Amaranthus tricolor (C4 species) and accession ′83 when 
compared to A. hypochondriacus and A. cruentus. They recorded decreased plant 
height, leaf number, and leaf area under NaCl stress in different species of ama-
ranth. Reduction in photosynthetic rate and gs under salinity was also observed. 
Specific leaf area (SLA) was reduced under salt stress, and the extent of reduction 
depended on the genotype. Also, SLA and WUE were negatively correlated. 
Enhanced WUE was recorded at 100 mM NaCl salt stress, and it ranged from 3.9 g 
in A. tricolor to 6.7 g dry mass/kg water in A. cruentus. While halophytes display 
reduction in stomatal density, salt-sensitive lines show 20% increase in stomatal 
density (Shabala 2013). Thus, it appears that reduction in stomatal density plays a 
pivotal role in plant adaptive responses and increases WUE under saline environ-
ments (Shabala et al. 2012). Too many mouths (tmm) mutants obtained by Serna 
(2009) in Arabidopsis are the only mutants available for unraveling the molecular 
mechanisms better about stomatal density and aperture sizes. Unfortunately, we do 
not have such mutants available in halophytes or in glycophytic crop plants to 
understand this phenomenon well. Unless such mutants are available, crop plants 
cannot be targeted for reduced stomatal density and increased WUE.

2.8  Influx of Na+ Ions into the Xylem of Glycophytes 
and Halophytes and Salt Stress Tolerance

Loading of Na+ ions into xylem is highly important for salt stress tolerance. Balnokin 
et  al. (2004) showed that Suaeda altissima, a succulent halophyte, accumulates 
more Na+ ions in leaves than in roots. Balnokin et al. (2005) also reported sustained 
water potential gradient from roots to shoots that corresponds to the Na+ ion distri-
bution pattern among different plant parts. Halophytes need to maintain water 
potential gradient in the soil-root-shoot system when exposed to high levels of soil 
salinity. Hence, halophytes accumulate salt in their cells for maintaining appropriate 
levels of water potentials and to absorb water properly. Na+ ion uptake is higher in 
the shoots and leaves compared to the roots (Balnokin et al. 2005). Balnokin et al. 
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(2005) while working with halophytic members of the family Chenopodiaceae 
observed that Na+ concentration in leaves is higher compared to roots when grown 
under varied NaCl concentrations. In other words, this pattern of Na+ ion accumula-
tion did not change irrespective of the NaCl concentration in the medium. When 
halophytes were grown without NaCl, higher K+ accumulation was noticed again in 
leaves than in roots. This distribution pattern of Na+ and K+ ions among organs in 
halophytes signifies proper absorption of water content by roots and its transport to 
shoots and leaves under high soil salinity (Balnokin et al. 2005).

Loading of Na+ into xylem was compared in pea and barley and two glycophytic 
plants but with contrasting differences in their salinity tolerance. While salt-tolerant 
barley plants loaded higher Na+ content in the xylem within 6 hours of salt stress, 
the entry of Na+ ions into xylem was restricted in pea (Bose et al. 2014). Pea plants 
usually exclude Na+ ions at the plasma membrane level (like all salt-susceptible 
lines) in contrast to that of salt-tolerant lines which use Na+ ions for osmotic adjust-
ment. Shabala et al. (2000) noted that higher Na+ ion concentrations in the xylem 
impose high osmotic stress on the leaf mesophyll cells. Consequently, this results in 
the K+ ion leakage and upregulation of caspase-like proteases and endonucleases 
(Hughes and Cydlowski 1999; Demidchik et al. 2010) leading to the death of the 
cells. Demidchik et al. (2010) reported that such root K+ efflux conductance is acti-
vated by hydroxyl radicals in Arabidopsis under salt stress. Thus, the time- dependent 
loading of Na+ ions into the xylem is critical for salt stress tolerance. Unfortunately, 
how exactly halophytes achieve such a time-dependent Na+ loading into xylem and 
the signaling events leading to the loading of Na+ ions into the xylem are not com-
pletely understood. Discovering such events is crucial for developing glycophytic 
crops with time-dependent loading of Na+ ions into xylem and crop plant stress 
tolerance.

In glycophytic species, loading of Na+ ions into the xylem may be mediated by a 
channel. Wegner and Raschke (1994) investigated voltage-dependent ion conduc-
tance in the plasmalemma of xylem parenchyma cells of barley using patch-clamp 
technique. They suggested that salt is released into the xylem apoplast from the 
xylem parenchyma cells by both anions and cations following electrochemical gra-
dients set by the uptake of ions. In other words, Na+ ion-permeable nonselective 
outward-rectifying channels exist at the xylem parenchyma interface in glycophytic 
species (Shabala 2013). Wegner and De Boer (1997) discovered the properties of 
two outward-rectifying channels in root xylem parenchyma cells. It is known that 
xylem parenchyma cells regulate the transpiration stream and play a role in long- 
distance signaling. Wegner and De Boer (1997) pointed out that KORC mediates the 
release of K+ to the xylem sap and suggested a role in K+ homeostasis and long- 
distance signaling. Pilot et al. (2003) discovered that ABA plays a key role in the 
regulation of these channels. Unfortunately, such channels in halophytic species 
have not yet been discovered. But, how do Na+ ions enter the xylem cells in halo-
phytes and glycophytes? Balnokin et al. (2005) and Lun’kov et al. (2005) observed 
that accumulation of Na+ in the root xylem of halophytes is achieved through the 
Na+/H+ antiporter located at the plasma membrane of parenchymal cells adjacent to 
the xylem. Shi et al. (2002) found out that in glycophytes, Na+/H+ exchanger (SOS1) 
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controls long-distance Na+ transport and is highly expressed at the xylem symplast 
boundary of roots. Further, SOS1 activity has been shown to be inducible under 
NaCl stress conditions in both glycophytic (Shi et al. 2002) and halophytic species 
(Oh et al. 2010). Na+ ions may also enter into xylem through a cation-Cl− cotrans-
porter (CCC) as has been noticed in the case of animals (Delpire and Mount 2002). 
Experiments carried out by Colmenero-Flores et al. (2007) reveal high CCC expres-
sion in xylem parenchyma. It appears that not only loading of Na+ into xylem is 
important but also its timing for improving salt stress tolerance.

2.9  Outlook

Halophytic species accumulate salt in their cells and hence maintain appropriate 
water potentials and absorb water from the soil. In other words, halophytes have 
well-orchestrated mechanisms in place to cope with salt stress. Unfortunately, we 
have been making efforts or breeding crops for salt exclusion for the past several 
years. But, we should try to identify the genes associated with tissue tolerance of 
salts and transfer such traits into crop plants for better performance like that of halo-
phytes. Crop plants must be targeted for reduced stomatal density, increased exter-
nal Na+ sequestration using trichomes, limiting xylem Na+ loading, and increased 
WUE like that of halophytes by developing mutants for such traits. Also, the distri-
bution pattern of Na+ and K+ ions among organs in halophytes signifies proper 
absorption of water content by roots and its transport to shoots and leaves under 
high soil salinity which is not observed in crop plants. This character is vital, and 
hence, attempts must be made in the future for proper distribution pattern of these 
ions in the crop plant systems. However, the in-depth mechanism of halophyte salt 
tolerance is not known. Hence, it must be unzipped before we realize the dream of 
developing crop plants that can withstand soil salinities like that of halophytic 
species.
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Chapter 3
Targeting Aquaporins for Conferring 
Salinity Tolerance in Crops

Kundan Kumar and Ankush Ashok Saddhe

Abstract Salinity is one of the well-known abiotic stresses which affects crop pro-
ductivity through imposing ion imbalance and disrupting the metabolic pathways. 
Soil salinity is dramatically increasing throughout the world because of climate 
change, rise in sea levels, excessive irrigation, and natural leaching process. To 
overcome this problem, many approaches were reported including selection of 
natural salt-tolerant variety, breeding program, and genetic-engineered plants. 
Membrane intrinsic proteins (MIPs; also called aquaporins) are membrane channel 
proteins initially discovered as water channels, but their roles in the transport of 
small neutral solutes, metal ions, and gasses are now well established. Based on 
homology and subcellular localization, plant MIPs are divided into four major 
subfamilies: plasma membrane intrinsic proteins (PIPs), tonoplast intrinsic proteins 
(TIPs), NOD26-like intrinsic proteins (NIPs), and small basic intrinsic proteins 
(SIPs). Besides these four subfamilies, some unique subfamilies were reported such 
as GlpF-like intrinsic proteins (GIPs), hybrid intrinsic proteins (HIPs), and the 
uncategorized X intrinsic proteins (XIPs). In plants, MIPs are involved in diverse 
physiological roles such as seed germination; fruit ripening; leaf, petal, and stomata 
movement; phloem loading and unloading; reproduction; and stress response. 
However, a large number of studies have suggested the involvement of MIPs in 
various abiotic stresses, including drought, salt, and cold stress. PIPs and TIPs have 
shown differential regulation pattern in roots and shoots of Arabidopsis, barley, and 
maize in salinity stress. Moreover, overexpression studies of various PIPs and TIPs 
in plant suggest their possible role in salt tolerance. Transcriptome analyses of citrus 
under salt stress showed that in addition to PIPs and TIPs, most of the NIPs, XIPs, 
and SIPs were differentially regulated in root tissues. In the present chapter, we 
discussed roles of plant aquaporins in salinity stress and exploitating the same for 
genetic engineering approach.
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Abbreviations

GIPs GlpF-like intrinsic proteins
HIPs Hybrid intrinsic proteins
McMipA and McMipC Mesembryanthemum crystallinum MIP-related genes
MIPs Membrane intrinsic proteins
NIPs NOD26-like intrinsic proteins
PIPs Plasma membrane intrinsic proteins
SIPs Small basic intrinsic proteins
TIPs Tonoplast intrinsic proteins
XIPs Uncategorized X intrinsic proteins

3.1  Introduction

Abiotic stresses such as drought, salinity, heat, cold, and anaerobic stress are impos-
ing negative effect on plant growth and productivity (Cavanagh et al. 2008; Munns 
and Tester 2008; Chinnusamy and Zhu 2009; Mittler and Blumwald 2010; Kumar 
et al. 2013). Compared to other abiotic stresses, soil salinity is one of the brutal 
climatic factors which would impose hyperionic and osmotic stress, disrupting met-
abolic activities and thus limiting the productivity of crop plants (Munns and Tester 
2008). Soil salinity is a global issue which affected approximately 45 million hect-
ares of irrigated land, and about 1.5 million hectares of productive land turned into 
non-fertile lands (Munns and Tester 2008). Salt stress is affecting plants in several 
ways such as ion imbalances due to Na+ and Cl accumulation, nutritional disorders, 
oxidative stress, alteration of metabolic processes, membrane disorganization, 
enhanced lipid peroxidation and increased production of reactive oxygen species, 
and reduction of cell division and expansion (Kumar et al. 2013). Recent studies 
have identified various adaptive responses to salinity stress at cellular, molecular, 
physiological, and biochemical levels. The plant molecular responses towards salt 
stress involve interactions and cross talks between numerous metabolic and signal-
ing pathways. The pathways that are involved in various plants include transcription 
factors, photosynthesis, antioxidant mechanisms, hormone signaling, and osmolyte 
synthesis (Atkinson et  al. 2013; Iyer et  al. 2013; Prasch and Sonnewald 2013; 
Rasmussen et al. 2013).

Till date many approaches have been incorporated from classical to most advance 
techniques to develop salt-resistant plant variety. But unfortunately not a single 
approach fulfilled the criteria, and still researchers are hunting for the best possible 
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approach. Here, we discussed recent advancement in the membrane intrinsic protein 
(aquaporins) research during salt stress. Major intrinsic proteins (MIPs) are a unique 
class of membrane channel proteins which are ubiquitously distributed in all 
kingdoms such as bacteria, archaea, protozoa, yeast, and plants (Fortin et al. 1987; 
Calamita et al. 1995; Mitra et al. 2000; Carbrey et al. 2001; Kozono et al. 2003; 
Srivastava et al. 2016; Deshmukh et al. 2016, 2017). It is mainly involved in water 
homeostasis and transport, in addition to a wide range of low-molecular-weight 
solutes across membrane such as glycerol, urea, ammonia (NH3), methyl ammonium, 
hydrogen peroxide, formamide, acetamide, lactic acid, CO2, and metalloids such as 
boron (B), silica (Si), arsenic (As), and antimony (Sb) (Forrest and Bhave 2007; 
Maurel et al. 2008; Srivastava et al. 2016; Deshmukh et al. 2016). Major intrinsic 
proteins (MIPs), as a broader term, are used currently to describe aquaporins 
because they are not only water channels but are also involved in transport of small 
uncharged and cation molecules (Yool et al. 1996; Forrest and Bhave 2007; Byrt 
et al. 2017). Plant MIP is considered as one of the largest superfamilies with more 
than 30 isoforms, almost three times more compared to animal MIP family members. 
The multiple isoforms suggest that MIPs have important roles in plant life, but the 
functions of some subfamilies and individuals are still unknown. For instance, 
Arabidopsis thaliana, rice (Oryza sativa), and maize (Zea mays) have more than 30 
MIPs, which were further phylogenetically categorized into subfamilies. Genome- 
wide analysis of dicot genome predicted 35 MIPs in Arabidopsis, 55 in Populus, 
55  in Chinese cabbage, 71  in upland cotton, 66  in soybean, and 41  in potato 
(Johanson et  al. 2001; Gupta and Sankararamakrishnan 2009; Park et  al. 2010; 
Zhang et al. 2013; Venkatesh et al. 2013; Tao et al. 2014; Deshmukh et al. 2015). 
Similarly monocot MIPs have 38 members in rice, 36  in maize, 41  in sorghum, 
47  in banana, and 40  in barley (Chaumont et  al. 2001; Forrest and Bhave 2007; 
Reddy et al. 2015; Hu et al. 2015; Hove et al. 2015; Deshmukh et al. 2015, 2016) 
(Fig.  3.1). Membrane intrinsic protein (MIP) family is categorized into seven 
different subfamilies based on their intracellular locations and sequence similarities 
such as the plasma membrane intrinsic proteins (PIPs), tonoplast intrinsic proteins 
(TIPs), NOD26-like intrinsic proteins (NIPs), small basic intrinsic proteins (SIPs), 
GlpF-like intrinsic proteins (GIPs), hybrid intrinsic proteins (HIPs), and the 
uncategorized X intrinsic proteins (XIPs) (Forest and Bhave 2007; Deshmukh et al. 
2017; Secchi et  al. 2017). The GlpF-like intrinsic protein (GIP) was reported in 
Physcomitrella patens which was homologous to bacterial glycerol channel. The 
HIP subfamily shared characteristic features of the PIP and the TIP subfamilies, 
hence called hybrid intrinsic proteins. The GIPs, XIPs, and HIPs were restricted to 
moss, but XIPs were reported in various dicots such tobacco, potato, tomato, soy-
bean, and poplar (Danielson and Johanson 2008; Lopez et al. 2012) (Fig. 3.2). PIPs, 
NIPs, and XIPs are prevalently localized to the plasma membrane. TIP localization 
is confined to the vacuolar membrane also called as “tonoplast.” The SIPs localized 
to endoplasmic reticulum (ER) were observed during the processes of posttranscrip-
tional and translational modification (Maurel et al. 2015). However, XIPs and GIPs 
were localized to plasma membrane of plant cell. Three additional subfamilies have 
been recently reported.
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Fig. 3.2 Classification of membrane intrinsic proteins (MIPs) into seven different subfamilies 
based in their subcellular localization. PIPs plasma membrane intrinsic proteins, TIPs tonoplast 
intrinsic proteins, NIPs NOD26-like intrinsic proteins, SIPs small basic intrinsic proteins, GIPs 
GlpF-like intrinsic proteins, HIPs hybrid intrinsic proteins, XIPs uncategorized X intrinsic 
proteins, ROS reactive oxygen species

Fig. 3.1 Distribution of membrane intrinsic proteins (MIPs) into plant kingdom represented by 
bar diagram. X-axis values are represented as number of aquaporins in plant species and Y-axis 
represent plant species
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The plant AQPs are highly conserved structures, in which six membrane- spanning 
α-helices are linked by five short loops and N- and C-termini facing toward the 
cytosol. Two loops such as loops B and E consist of highly conserved Asp-Pro- Ala 
(NPA) motifs which play a major role in the formation of water-selective channels. 
Other important residues in aquaporin sequences are the ones forming the aromatic/
arginine selectivity filter (ar/R). This region is formed by four residues toward the 
extracellular side approximately 8 Å from the NPA region. Four residues of aro-
matic/arginine (Ar/R) helix 2 (H2), helix 5 (H5), loop E1 (LE1), and loop E2 (LE2) 
regions contribute to a size-exclusion barrier. The N-terminal has AEF (Ala- Glu- 
Phe) or AEFXXT motif and two highly conserved NPA (asparagines-proline- 
alanine) motifs in the loops B and E (Forrest and Bhave 2007; Deshmukh et  al. 
2016). The substrate specificity of MIPs is depending on Ar/R filter and two NPA 
motifs which can form narrowest pore around 8 Å in diameter (Forrest and Bhave 
2007; Deshmukh et al. 2015).

Plant aquaporins are considered as multifunctional proteins involved in several 
physiological functions such as water homeostasis, small neutral solutes, metal 
ions, gasses, and nutrients (boron (B), silicon (Si)) (Srivastava et al. 2016; Mosa 
et al. 2016; Deshmukh et al. 2017; Groszmann et al. 2017). They are regulating seed 
germination; growth and development; fruit ripening; leaf, petal, and stomata move-
ment; phloem loading and unloading; reproduction; and stress response. Genetically 
altered plants with aquaporins (PIPs, TIPs, and NIPs) are now tested for their ability 
to improve plant tolerance to abiotic stresses.

3.2  Role of PIPs in Salinity Stress

The plasma membrane intrinsic proteins (PIPs) are one of the biggest subfamilies 
of aquaporins, and their localization is confined to plasma and thylakoid mem-
brane. Their distribution in plants ranged from 3 in Selaginella, and the highest 22, 
was recorded in Glycine and Brassica species. They are involved in water and 
small molecule homeostasis and played important roles during several abiotic 
stresses. Multiple PIP isoforms are present in a plant species and can be further 
classified into two subgroups PIP1 and PIP2 (Chaumont et al. 2000; Secchi et al. 
2017). The role of PIPs during salinity stress in glycophytes as well as halophytes 
is well studied.

The up- and downregulation pattern of PIP genes in the roots and aerial parts 
of the Arabidopsis plants subjected to abiotic stress (salt, drought, and cold stress) 
implied that lower or higher expression of these aquaporin genes was beneficial to 
keep a suitable status of water under stress conditions. Many Arabidopsis PIP genes 
including PIP1;1, PIP1;2, and PIP2;3 were upregulated, whereas PIP1;5 and PIP2;6 
were downregulated during salt treatment. During salt stress, in the aerial parts, 
PIP2;2 and PIP2;3 were upregulated, but PIP2;6 was downregulated. Similarly, 
in root tissues, PIP1;1, PIP1;2, PIP1;3, and PIP2;7 showed upregulation pattern, 
and transcript abundance of PIP1;5 was decreased. It revealed that PIP1;2 gene 
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was downregulated by drought in the aerial parts but was upregulated under salt 
stress in the roots. The lower expression of PIP1;2 gene in the aerial parts was to 
curb water loss and the same aquaporin gene expression increases in the roots to 
increase water uptake from environment and to maintain reasonable water status 
during salt stress (Jang et al. 2004). Further correlation between salinity stress and 
aquaporin response based on microarray experiment claimed that the hybridiza-
tion signal of PIP1;1 and PIP1;2 was decreased with time point and subcellular 
relocalization was observed in both PIPs (Boursiac et  al. 2005). The differential 
down- or upregulation of aquaporin gene expression during salt stress may play 
roles in limiting initial water loss during early stage of salt stress and assisting 
the subsequent uptake of water to maintain water homeostasis in high-cellular salt 
conditions. Overexpression studies of Arabidopsis PIP1;2 in tobacco plants have 
shown that overexpression improves plant vigor under normal condition but has 
no significant effect under salt stress (Aharon et al. 2003). In rice (Oryza sativa), 
OsPIP1;3 gene was involved in water homeostasis under salt-stressed condition 
(Abdelkader et al. 2012). However, overexpression of either OsPIP1;1 or OsPIP2;2 
genes in the Arabidopsis showed increased tolerance to salt stress (100  mM of 
NaCl) (Guo et  al. 2006). The preliminary studies on effect of salt stress on bar-
ley seedling root tissue-based transcript level underscored the involvement of PIPs 
such as HvPIP1;2, HvPIP1;3, and HvPIP2;2, and their mRNA were accumulated. 
Accumulation of HvPIP1;2, HvPIP1;3, HvPIP1;4, HvPIP2;1, HvPIP2;2, and 
HvPIP2;3 was significantly reduced in response to 200 mM salt stress. These results 
showed that the low transcript level of six HvPIP under severe salinity stress leads 
the barley plants unable to manage stress and normal growth (Horie et al. 2011). 
Heterologous expression of banana MaPIP1;1 in Arabidopsis conferred tolerance 
to salt and drought stress and transgenic plant showed increased primary root elon-
gation, root hair numbers, and survival rates compared to wild type (Xu et al. 2014). 
Transgenic banana plants overexpressing a native PIP, MusaPIP1;2 showed high 
tolerance levels to various abiotic stresses such as drought, cold, and salt stresses 
(Sreedharan et al. 2013). Overexpression of MusaPIP2;6 enhanced the salt tolerance 
in transgenic banana and displayed better photosynthetic efficiency and lower mem-
brane damage under salt-stressed conditions (Sreedharan et al. 2015). Maize PIP 
members ZmPIP1 and ZmPIP2 showed downregulation pattern during salt stress. 
However, a transient upregulation pattern was observed in ZmPIP1;1, ZmPIP1;5, 
and ZmPIP2;4 members, preferentially in the outer parts of the roots (Zhu et al. 
2005). The effects of salinity stress on two cultivars of tomato were observed with 
respect to the transcript levels of the LePIP1 and LePIP2 genes which showed 
higher transcript accumulation in the salt-sensitive tomato cultivar than in the salt-
tolerant cultivar (Zhao et al. 2015). Under salt stress, high transcript abundance of 
all Brassica BrPIP were observed except BrPIP1;1a and BrPIP1;1b. However, most 
of the BrPIP transcript showed initial downregulation and subsequent upregulation 
pattern, and highest expression was recorded at 24 h of salt stress (Kayum et al. 
2017). Effect of salt stress on radish seedling PIP through an immunoblot analysis 
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showed that the RsPIP2–1 protein level was increased by NaCl treatment (Suga et al. 
2002). Osmotic and salt stress exposure to cucumber seedlings led to the decrease 
in hydraulic conductivity of leaves which may be attributed to downregulation of 
the two most highly expressed isoforms of PIPs, CsPIP1;2 and CsPIP2;4 (Qian 
et al. 2015). Constitutive overexpression of GmPIP1;6 in soybean examined under 
normal and salt stress conditions resulted in enhanced leaf gas exchange, higher net 
assimilation, and increased growth under 100 mM salt stress (Zhou et al. 2014). The 
expressions of the three genes such as GhPIP1;1, GhPIP2;1, and GhPIP2;2 were 
significantly upregulated or downregulated under different stresses such as salt and 
cold stress; PEG (polyethylene glycol) treatments indicated that they were involved 
in modulating all these stresses (Li et al. 2009).

High-throughput analysis of the grapevine under drought and salinity stress 
showed that salinity significantly increased the abundance of transcripts of PIP2;1, 
whereas water deficit significantly reduced the transcript abundance of these genes 
relative to control plants (Cramer et al. 2007).

Few halophytic aquaporins have been well characterized in order to understand 
their roles in abiotic stresses. The ice plant (Mesembryanthemum crystallinum) 
showed that the transcript accumulation of McMipA and McMipC (MIP-related 
genes) correlated with turgor recovery following salt-induced water stress (Yamada 
et al. 1995). Overexpression of the euhalophyte Salicornia bigelovii SbPIP1 gene 
into wheat confers tolerance against salinity stress which could increase the accu-
mulation of the osmolyte proline, decrease the MDA content, and enhance the 
soluble sugar biosynthesis in the early period (Yu et  al. 2015). However, salt-
induced genes were isolated and well characterized from true mangroves 
Rhizophora apiculata using suppression subtractive hybridization and reported 
highest transcript abundance of aquaporin recorded at 6 h of salt stress (Menon and 
Soniya 2014). A plasma membrane intrinsic protein from Atriplex canescens 
(AcPIP2) overexpressed in the Arabidopsis enhanced plant growth and abiotic 
stress (salt and drought) tolerance (Li et al. 2015). The salt stress triggered repres-
sion of PIP2;7 promoter activity which led to a significant decrease in transcript 
abundance within 2  h, and aquaporin internalization led to alter root cell water 
conductivity in the Arabidopsis (Pou et al. 2016). A model forage grass species 
such as tall fescue (Festuca arundinacea Schreb) and meadow fescue (Festuca 
pratensis Huds) were subjected to droughts, salt, and cold stress and performed 
transcript abundance of MIP family. It was revealed that high salt-tolerant geno-
types showed reduction of PIP1;2 transcript level and an increase of TIP1;1 tran-
script abundance in both F. arundinacea genotypes (Pawłowicz et al. 2017). The 
halophyte Sesuvium portulacastrum SpAQP1 belongs to PIP2 subfamily and was 
significantly induced by NaCl treatment and inhibited by abscisic acid (ABA) 
treatment. Heterologous expression of SpAQP1 in yeast and tobacco enhanced the 
salt tolerance of yeast strains and tobacco plants under salt stress in transgenic 
plants (Chang et al. 2016) (Table 3.1).
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Table 3.1 (A) Role of PIPs in salinity stress

Sr. No Plant species PIP Role in salinity References

1 Arabidopsis AtPIP1;2 and 
AtPIP2;1

Role in salinity at 
100 mM

Luu et al. (2012)

PIP1;1, PIP1;2, 
PIP1;3, PIP1;5, 
PIP1;2, PIP2;2, 
PIP2;3, PIP2;6, 
PIP2;7

Role in salinity at 
100 mM

Jang et al. (2004)
Boursiac et al. 
(2005)

2 Arabidopsis 
thaliana

PIP2;7 Repress transcriptional 
activity under salt stress

Pou et al. (2016)

3 Rice OsPIP1 and OsPIP2 Role in salinity at 
100 mM

Guo et al. (2006)

OsPIP1–3 Role in salinity at 
150 mM

Abdelkader et al. 
(2012)

4 Maize ZmPIP1;1, 
ZmPIP1;5, and 
ZmPIP2;4

Role in salinity at 
100 mM

Zhu et al. (2005)

5 Barley HvPIP1;2, 
HvPIP1;3, 
HvPIP2;1, 
HvPIP2;2, and 
HvPIP2;3

Role in salinity at 
200 mM

Horie et al. (2011)

6 Banana MaPIP1;1 Role in salinity at 
350 mM

Xu et al. (2014)

MaPIP1;2 Role in salinity at 
250 mM

Sreedharan et al. 
(2013)

MaPIP2;6 Role in salinity at 
250 mM

Sreedharan et al. 
(2015)

7 Brassica rapa BrPIP1;3b, 2;4b, 
2;6, 2;7a, and 2;7c, 
BrPIP2;1, 2;2a, and 
2;2b

Role in salinity at 
200 mM

Kayum et al. (2017)

8 Tomato LePIP1 Role in salinity at 
100 mM

Zhao et al. (2015)

9 Cucumber CsPIP1;2, CsPIP2;4 Role in salinity Qian et al. (2015)
10 Soybean GmPIP1;6 Role in salinity at 

100 mM
Zhou et al. (2014)

11 Cotton GhPIP1;1, 
GhPIP2;1, and 
GhPIP2;2

Role in salinity at 
250 mM

Li et al. (2009)

12 Grape wine VvPIP2;1, VvPIP2.2 Role in salinity at 
100 mM

Cramer et al. (2006), 
Mohammadkhani 
et al. (2012)

13 Radish RsPIP2;1 Role in salinity at 
150 mM

Suga et al. (2002)

14 Salicornia 
bigelovii

SbPIP1 Role in salinity at 
250 mM

Yu et al. (2015)

(continued)
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Sr. No Plant species PIP Role in salinity References

15 Citrus CsPIP Role in salt stress Martins et al. (2015)
16 Festuca species PIP1;2 Reduced transcript level 

under salt stress
Pawłowicz et al. 
(2017)

17 Atriplex 
canescens

AcPIP2 Overexpressed in 
Arabidopsis improved 
tolerance against salt 
stress

Li et al. (2015)

18 Sesuvium 
portulacastrum

SpAQP1 (PIP2) Heterologous expressed 
in yeast- and plant- 
conferred salinity stress 
tolerance

Chang et al. (2016)

(B) Role of TIPs in salinity stress

Sr. No Plant species TIP Role Reference

1 Rice OsTIP1;1, OsTIP1;2, 
OsTIP2;2, OsTIP4;1, 
OsTIP4;2, and 
OsTIP4;3

Role in salinity at 
150 mM NaCl

Li et al. (2008), 
Sakurai et al. (2005), 
Liu et al. (1994)

2 Maize ZmTIP1–1, ZmTIP1–
2, ZmTIP2–1, 
ZmTIP2–2, 
ZmTIP2–4

Role in salinity at 
100 mM NaCl

Zhu et al. (2005)

3 Salicornia ShTIP and ShTIP Role in salinity at 
300 mM NaCl

Ermawati et al. 
(2009)

4 Glycine soja GsTIP2;1 Role in salinity at 
100 mM NaCl

Wang et al. (2011)

5 Tomato TIP2;2 Role in salinity at 
200 mM NaCl

Xin et al. (2014)

6 Panax ginseng PgTIP1 Role in salinity at 
100 mM NaCl

Pang et al. (2007), 
Li and Cai (2015)

7 Thellungiella 
salsuginea

TsTIP1;2 Role in multiple 
stresses such as salt 
stress

Wang et al. (2014)

8 Populus TIP1;1, TIP1;2, 
TIP2;3, and TIP2;4

Downregulated under 
salt stress

Cohen et al. (2013)

9 M. crystallinum TIP gene (MIP-F) Downregulated under 
salt stress

Kirch et al. (2000)

10 Festuca species TIP1;1 Upregulate transcript 
abundance

Pawłowicz et al. 
(2017)

11 Glycine max GmTIP2;1, 
GmTIP1;7, 
GmTIP1;8

Conferred salt stress 
200 mM in transgenic 
Arabidopsis

Zhang et al. (2017)

12 Citrus CsTIP2;1 Overexpression in 
tobacco-conferred salt 
stress

Martins et al. (2017)

Table 3.1 (continued)
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(C) Role of NIP, SIP, and XIP in salinity stress

Sr. No Plant species MIPs Role Reference

1 Wheat TaNIP Upregulation during salt stress Gao et al. (2010)
2 Citrus CsNIPs Upregulation during salt stress Martins et al. (2015)
3 Citrus CsSIPs Upregulation during salt stress Martins et al. (2015)
4 Citrus CsXIPs Upregulation during salt stress Martins et al. (2015)
5 Poplar PtXIP2;1 Response to abiotic stresses Lopez et al. (2012)
6 Glycine max GmSIP1;3 Oxidative stress Zhang et al. (2017)

PIP2;1 is a plasma membrane localized water channel that regulates water 
uptake, and it is constitutively trafficked between the plasma membrane and the 
trans-Golgi network (TGN) in Arabidopsis thaliana (Ueda et al. 2016). Under salinity 
stress PIP2;1 was internalized from plasma membrane into the vacuole intracellular 
compartments and possibly involved in decreasing the water uptake of the root 
(Ueda et al. 2016).

3.3  Role of TIPs in Salinity Stress

Tonoplast intrinsic proteins (TIPs) are subclass of MIPs, confined localization to the 
vacuolar membrane also called as “tonoplast” (Maurel et al. 2015). Identification of 
multiple vacuolar compartments were detected by immunofluorescence experi-
ments in root tips and mature embryos of different plant species (Paris et al. 1996; 
Jauh et al. 1998, 1999; Gillespie et al. 2005; Poxleitner et al. 2006). These experi-
ments confirmed the localization of TIP1;1 to vegetative vacuole, TIP3;1 to lytic-
type vacuoles, and TIP2;1 with protein storage vacuoles. Based on Arabidopsis 
proteomic studies, TIPs have been predicted to localize to the inner envelop and 
thylakoids, while it has also been found that AtTIP5;1 is located to tonoplast (Maurel 
et al. 2015; Wudicke et al. 2014). Many reports have claimed the relocalization of 
aquaporins under salt stress, in Arabidopsis salt stress-induced relocalization of 
AtTIP1;1 into intravacuolar invaginations (Boursiac et al. 2005). Presence of several 
TIP isoforms on separate tonoplasts provided evidence for multiple, functionally 
different vacuolar compartments within plant cells. TIPs are ubiquitous in distribu-
tion throughout plant kingdom, and they are ranged from lowest 3 TIPs in Selaginella 
moellendorffii to highest 23 TIPs in Glycine max (Deshmukh et  al. 2015). The 
Arabidopsis genome encodes ten TIP isoforms, further classified into five subgroups 
such as TIP1, TIP2, seed-specific TIP3, TIP4, and TIP5 (Gattolin et al. 2009). The 
main role of TIPs has been described in the permeability of water. AtTIP1;1 was 
identified, and its roles was proved in high water permeability. In addition to water 
transport, TIPs have been involved in facilitating transport of glycerol, urea, H2O2, 
NH4+/NH3, methyl ammonium, and formamide (Afzal et al. 2016). Moreover, many 
studies reported that TIP expression is regulated by salinity, drought, gibberellic 
acid (GA3), and abscisic acid (ABA) (Afzal et al. 2016).

Table 3.1 (continued)
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Specific TIP isoforms of rice, maize, and Arabidopsis also show differential 
responses to several abiotic stresses such as water stress, salt, and cold stress. 
Systematic analysis of TIP expression in response to abiotic stresses was conducted 
in Arabidopsis and maize (Alexandersson et al. 2005; Zhu et al. 2005). The results 
indicated that most TIPs were repressed by drought and salinity stress in Arabidopsis 
and maize. Rice TIP expression patterns under various abiotic stress conditions 
including dehydration, high salinity, and ABA during seed germination were 
investigated by real-time PCR.

In rice, the expression of OsTIP1;1 was increased under drought, salt stress, and 
exogenous ABA (Liu et al. 1994). OsTIP1;1 and OsTIP2;2 expression was repressed 
by chilling stress and recovered following warming. In rice, the expression of 
OsTIP1;1 was downregulated in response to cold stress but upregulated during 
response to water and salinity stress (Sakurai et al. 2005; Liu et al. 1994). Similarly, 
in rice, NaCl induced the expression of four TIPs (OsTIP1;1, OsTIP1;2, OsTIP2;2, 
and OsTIP4;3) and repressed the expression of OsTIP2;2 and OsTIP4;3 in roots (Li 
et al. 2009). In maize, no change in expression of ZmTIPs was observed under salt 
stress experiments (Zhu et al. 2005). The correlation between TIP mRNA level and 
the bleeding volume suggested a relationship between root water uptake and TIP 
expression (Sakurai et al. 2005). At the posttranscriptional level, TIP activities can 
be regulated by phosphorylation and glycosylation. The Mesembryanthemum 
crystallinum TIP1;2 was glycosylated and redistributed to endosomal compartments, 
which served to maintain osmotic balance within the cytoplasm by mediating the 
stress-induced uptake of specific solutes or ions into these vesicles during osmotic 
stresses (Vera-Estrella et al. 2004).

A tonoplast AQP gene (TsTIP1;2) from halophyte Thellungiella salsuginea is 
possibly involved in the survival mechanism under multiple stresses such as drought 
and salt (Wang et al. 2014). Ligaba et al. (2011) studied the expression patterns of 
seven MIP genes from barley under different abiotic stresses using quantitative real- 
time PCR (RT-PCR), indicating that abiotic stress modulates the expression of 
major intrinsic proteins in barley. Tomato SlTIP2;2 expressed in transgenic 
Arabidopsis could enhance the tolerance to salt stress and interact with its homolo-
gous proteins SlTIP1;1 and SlTIP2;1 (Xin et al. 2014). Wang et al. (2011) cloned 
the novel Glycine soja tonoplast intrinsic protein gene GsTIP2;1, and the overex-
pression of GsTIP2;1 in Arabidopsis repressed/reduced tolerance to salt and dehy-
dration stress, suggesting that GsTIP2;1 might mediate stress sensitivity by 
enhancing water loss in plants.

TIPs are also involved in the accumulation of ions in vacuoles in response to salt 
stress. The overexpression of AtTIP5;1 in Arabidopsis resulted in the tolerance of 
transgenic plants to high levels of borate and influxing into vacuolar compartment 
(Pang et al. 2010). The overexpression of the Panax ginseng aquaporin, PgTIP1, in 
Arabidopsis showed significant plant growth and enhanced tolerance to salt and 
drought stress (Peng et al. 2007). PgTIP1 is a functional water channel protein, but 
the mutation of Ser128 abolished water channel. PgTIP1 confers salt stress tolerance 
to Arabidopsis, but mutation of Ser128 in PgTIP1 nullifies this phenotype and alters 
the expression of stress-related genes in transgenic Arabidopsis (Li and Cai 2015). 
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In Populus TIP1;1, TIP1;2, TIP2;3, and TIP2;4 were downregulated under salt 
stress in root tissues (Cohen et al. 2013). A salt-tolerant ice plant (M. crystallinum) 
showed downregulation of TIP gene (MIP-F in roots and leaves, respectively) under 
salt stress. In contrast, upregulation of MIP-C in the plasma membrane of roots, 
which might be controlled by endosome trafficking, may increase the cellular 
uptake of water in the plants (Kirch et  al. 2000). A novel TIP homolog from 
Salicornia herbacea showed involvement in salt stress in a different way compared 
to that of Arabidopsis TIP (Ermawati et  al. 2009) (Table  3.1). Heterologous 
expression of the citrus CsTIP2;1 in the tobacco plant enhanced growth, antioxidant 
activity, and physiological adaptation under drought and salt stress (Martins et al. 
2017). The bamboo aquaporin family member, PeTIP4;1–1, was involved in shoot 
growth and when overexpressed in Arabidopsis led to drought and salinity tolerance 
(Sun et al. 2017). The heterologous expression of Glycine max TIP2;1 in yeast and 
overexpression of GmTIP2;1, GmTIP1;7, and GmTIP1;8 in Arabidopsis enhanced 
salt and drought stress tolerance. Further, it was identified that GmTIP2;1 forms 
homodimers as well as interacts with GmTIP1;7 and GmTIP1;8 proteins (Zhang 
et al. 2017a).

3.4  Role of NIPs in Salinity Stress

The NOD26-like intrinsic proteins (NIPs) are a unique subfamily of MIPs, and the 
archetype reported first time in soybean was nodulin 26 protein (Fortin et al. 1987). 
These members are expected to be involved in homeostasis of metabolites between 
the host and the symbiont. NIPs are not restricted to legume crops but are widely 
distributed in both leguminous and nonleguminous plants and showed that plant 
NIP functions are not limited to nodule symbiosis (Wallace et al. 2006). The lowest 
NIPs observed in Physcomitrella patens (5) and Arabidopsis thaliana encode 9, and 
Oryza sativa genomes encode 11, and highest 23 NIPs were recorded in Glycine 
max (Deshmukh et al. 2015). Based on the ar/R regions of aquaporins, NIPs can be 
divided into three distinct groups such as NIP I, NIP II, and NIP III (Rouge and 
Barre 2008). NIP I proteins in Arabidopsis have been reported to transport water, 
glycerol, and lactic acid; NIP II proteins are permeable to larger solutes than NIP I 
protein. They are involved in transport of a wide but specified range of small solutes 
such as glycerol, silicic acid, antimony, arsenite, boron, silicon, and urea (Wallace 
et al. 2006). In addition to PIPs and TIPs, being small solute and ion transporters, 
NIPs have also been found to be involved in salinity stress. Wheat TaNIP, an AQP 
gene, was identified, and it showed upregulation pattern during salt stress. Further 
TaNIP was cloned and overexpressed in Arabidopsis which could enhance tolerance 
of Arabidopsis to various abiotic stresses (Gao et al. 2010). Transcriptome analyses 
of citrus roots and leaves under salt stress revealed that in addition to CsPIPs and 
CsTIPs, most of the CsNIPs, CsXIPs, and CsSIPs are also upregulated in roots, 
whereas in leaves both up- and downregulation patterns were observed for some 
homologs of each aquaporin family except CsSIPs (Table 3.1).
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3.5  Other Aquaporin Members and Their Role  
in Salt Stress Tolerance

Small basic intrinsic protein (SIP) is the smallest subfamily of plant MIPs; they are 
called small basic intrinsic proteins because of their small molecular size (compared 
to PIP, TIP, and NIP) and they are relatively rich in basic amino acid such as lysine. 
There was very scarce information available on SIPs, but, recently, some reports 
have revealed that SIPs were localized to the endoplasmic reticulum membrane and 
were related to mammalian AQP11 and AQP12 (Johanson and Gustavsson 2002; 
Maeshima and Ishikawa 2008). SIPs tagged with green fluorescent protein (GFP) 
and transiently expressed in Arabidopsis cells, showed subcellular localization of 
SIPs to ER (Ishikawa et al. 2005). SIP1;1 and SIP1;2 may function as water chan-
nels in the ER, while SIP2;1 might act as an ER channel for other small molecules 
or ions (Ishikawa et al. 2005). SIPs have moderate water transport activity and may 
also function in original pore conformation. SIPs are distributed throughout plant 
kingdom and their distribution ranged from three SIPs members in Arabidopsis and 
maize and two members in rice (Chaumont et al. 2001; Johanson et al. 2001; Sakurai 
et al. 2005). Overexpression of Glycine max SIP1;3 in Nicotiana tabacum showed a 
short root phenotype, growth retardation, and significant tolerance to oxidative 
stress both in yeast and plant systems (Zhang et al. 2017b).

However, physiological roles of SIP members except as water channel are very 
scarce, and no definite evidences are available on their roles in abiotic stresses. An 
uncategorized X intrinsic protein (XIP) is a unique class of MIPs which share less 
similarities with other identified aquaporin subfamilies and is recently reported in 
the nonvascular moss Physcomitrella patens (Danielson and Johanson 2008; Lopez 
et al. 2012). They are uncharacterized proteins, and their further molecular charac-
terization will be required (Lopez et al. 2012). XIPs are found in protozoa, fungi, 
and certain land plant species, such as Populus trichocarpa, Nicotiana tabacum, 
Solanum lycopersicum, and Solanum tuberosum (Gupta and Sankararamakrishnan 
2009; Shelden et al. 2009; Bienert et al. 2011; Lopez et al. 2012). It was initially 
assumed that XIPs were nonfunctional as water channels but recent studies sug-
gested their involvement in transport of hydrophobic solutes (Danielson and 
Johanson, 2008; Gupta and Sankararamakrishnan, 2009). These predictions were 
confirmed in XIPs from three Solanales members such as Nicotiana tabacum, 
Solanum lycopersicum, and Solanum tuberosum. Poplar has largest number of XIPs 
(9) with significant amino acid diversity. Expression analyses using quantitative 
real-time PCR reported that only two PtXIP genes such as PtXIP2;1 and PtXIP3;2 
were expressed in vegetative tissues and PtXIP2;1 was differentially and signifi-
cantly modulated in response to abiotic stresses. In situ hybridization experiments 
observed that the PtXIP2;1 and PtXIP3;2 genes showed tissue-specific high expres-
sion in poplar. Eventually, PtXIP2;1 and PtXIP3;3 were functionally characterized 
as being the poplar XIPs able to transport water through Xenopus oocyte expression 
assays (Lopez et  al. 2012). Recently, two different splice variants (α and β) of 
NbXIP1;1 from Nicotiana benthamiana were studied and showed that NbXIP1;1α 
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was permeable to boric acid and phosphorylated at N-terminal domain (Ampah-
Korsah et al. 2016). Moreover, a mutant study of NbXIP1;1α using single amino 
acid substitutions in selectivity filter and deletions in loops C and D rendered water 
permeability (Ampah-Korsah et al. 2017). Transcriptome analyses of citrus roots 
and leaves under salt stress revealed that in addition to CsPIPs and CsTIPs, most of 
the CsNIPs, CsXIPs, and CsSIPs are also upregulated in roots, whereas in leaves 
both up- and downregulation patterns were observed for some homologs of aquapo-
rin family except CsSIPs (Martins et al. 2015).

3.6  Conclusion and Future Perspective

The discovery of novel plant aquaporin family opened new research horizon and 
established their roles in water as well as small molecule homeostasis. The emerging 
research also strengthens our understanding about roles of aquaporins during plant 
growth, development and several biotic and abiotic stresses. In plant kingdom, MIPs 
are one of the biggest families divided into seven subfamilies, and multiple isoforms 
were recorded which help to understand their importance in diverse physiological 
functions as well strengthen their survival rate during adverse conditions. Moreover, 
most of MIP members of glycophytes as well as halophytes were well characterized 
and confirmed their involvement in water homeostasis along with small uncharged 
molecules and improve tolerance during various abiotic stresses such as drought, 
salt, and cold stresses. Comparatively, plant PIP and TIP members were actively 
involved in salt stress tolerance mechanism, but on the other hand, very few reports 
were available on plant NIPs, XIPs, and SIPs role in abiotic stress. Interestingly, 
halophytic Salicornia TIP homologs are involved in the salt stress tolerance and 
have different mechanism from glycophytic plants under salt stress. This new find-
ing will open new research pathways and definitively help to understand salt toler-
ance mechanism of halophytic plants under salt stress. An aquaporin family 
expression analysis from tree species such as Populus revealed involvement of PIPs 
and TIPs along with few XIPs as well orchestrated under abiotic stresses. Nowadays 
most of aquaporin family members are cloned and well characterized from plant 
kingdom and established their roles under normal as well as environmental stresses, 
but their mechanism of providing salt tolerance is still lacking. In upcoming future, 
it will be very useful to explore MIP mechanism and pathways under normal devel-
opmental and stress condition. However, comparative mechanism in glycophytes 
and halophytes during salt stress will help us to understand different control mecha-
nisms which will mitigate into crop plants to improve salt tolerance trait. Plant 
“omics” such as transcriptomics, proteomics, and metabolomics of halophyte inves-
tigation relative to commercial crops are required in order to complete understand-
ing of mechanisms underlying salt tolerance.
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Chapter 4
Strategies to Mitigate the Salt Stress 
Effects on Photosynthetic Apparatus 
and Productivity of Crop Plants

Sonia Mbarki, Oksana Sytar, Artemio Cerda, Marek Zivcak, Anshu Rastogi, 
Xiaolan He, Aziza Zoghlami, Chedly Abdelly, and Marian Brestic

Abstract Soil salinization represents one of the major limiting factors of future 
increase in crop production through the expansion or maintaining of cultivation area 
in the future. High salt levels in soils or irrigation water represent major environ-
mental concerns for agriculture in semiarid and arid zones. Recent advances in 
research provide great opportunities to develop effective strategies to improve crop 
salt tolerance and yield in different environments affected by the soil salinity. It was 
clearly demonstrated that plants employ both the common adaptative responses and 
the specific reactions to salt stress. The review of research results presented here 
may be helpful to understand the physiological, metabolic, developmental, and 
other reactions of crop plants to salinity, resulting in the decrease of biomass 
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 production and yield. In addition, the chapter provides an overview of modern 
studies on how to mitigate salt stress effects on photosynthetic apparatus and pro-
ductivity of crop plants with the help of phytohormones, glycine betaine, proline, 
polyamines, paclobutrazol, trace elements, and nanoparticles. To understand well 
these effects and to discover new ways to improve productivity in salinity stress 
conditions, it is necessary to utilize efficiently possibilities of promising techniques 
and approaches focused on improvement of photosynthetic traits and photosyn-
thetic capacity, which determines yield under salt stress conditions.

Keywords Salinity · Photosynthesis apparatus · Yield · Adaptative response

Abbreviations

ABA Abscisic acid
APX Ascorbate peroxidase
BRs Brassinosteroids
CAT Catalase
DW Dry weight
EBL 24-Epibrassinolide
FW Fresh weight
GPX Guaiacol peroxidase
JA Jasmonic acid
MeJA Jasmonate
MDHAR Monodehydroascorbate reductase
MDA Malonic dialdehyde
NPs Nanoparticles
Pn Photosynthetic rate
PAs Polyamines
RWC Relative water content
SA Salicylic acid
SOD Superoxide dismutase
WUE Water use efficiency

4.1  Introduction

The progressive soil degradation, especially soil salinization, will represent one of 
the major obstacles to increase the crop production through the expansion of culti-
vation area in the future (Munns and Gilliham 2015). In many regions of the world, 
where precipitation is insufficient to leach soluble salts from the root zone, high salt 
levels in soils or irrigation water represent major environmental concerns for 
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agriculture, the severity of which can increase in conditions of climate change 
(Lachhab et al. 2013).

Salinity of soil is one of the main abiotic stresses limiting the growth of crops 
(Munns and Tester 2008). The high salt concentration in the root zone can be natural 
or induced by agricultural activities such as irrigation with low-quality water or the 
use of certain fertilizers (Bartels and Nelson 1994). Nearly 400 million hectares of 
land is affected by salinization, 80% of which are of natural origin and 20% of 
anthropogenic origin (FAO 2015).

Globally, no less than 10 million hectares of agricultural land is abandoned annu-
ally (Berthomieu et al. 1988) due to the acclimatization over time of small quantities 
of salts contained in the irrigation water. About 15% of the cultivated land has an 
excess of salt (Berthomieu et al. 1988), and large quantities of water are of very poor 
quality (Aissaoui and Reffas 2007). Globally, salinity affects more than 6% of the 
land; in case of irrigated lands, it is over 40% (Chaves et al. 2009).

In salt zones covering 16 million hectares (Hamdy 1999), plants are often sub-
jected to strong sunlight and low rainfall. In these areas, salinity is not only related 
to climatic conditions but also to the often poorly controlled use of irrigation. 
Therefore, the high evaporation demand and low infiltration due to precipitation 
lead to the accumulation of salt on the soil surface (Gucci et  al. 1997). Soils in 
affected areas contain high concentrations of soluble salts, mainly NaCl, but also 
Na2SO4, CaSO4, and KCl (Hachicha 2007).

The presence of salts in the soil causes a limitation and decline in yield in many 
regions, in which the salt concentration of the soil solution exceeds 100 mM, inhib-
iting the growth of plants (Shahbaz and Ashref 2013). Salt accumulation in soils 
induces changes in plant physiology and metabolism. It affects germination, seed-
ling growth, vegetative phase, flowering, and fruiting leading to decreased yields 
and quality of production (Zid and Grignon 1991; Vicente et al. 2004; Parida and 
Das 2005).

Salt tolerance has been broadly studied in numerous plant species and varieties 
and in halophytes to understand the mechanisms developed for their adaptation 
(Abdelly 2006; Messedi et  al. 2004; Slama et  al. 2017; Ben Hamed et  al. 2013; 
Flowers and Colmer 2015). Salt tolerance is a complex trait that involves a set of 
mechanisms in plants (Lachhab et al. 2013). Different studies have shown that cul-
tivation of specific plant species or varieties may improve productivity of marginal 
areas affected by salinity. This can be important, especially in conditions where 
complementary irrigations are often carried out with water containing high concen-
trations of soluble ions. In many cases, this has been done without taking into 
account the tolerance of the different varieties, resulting in poor crop production. 
Therefore, the breeding for better salt tolerance in crops has become a critical 
requirement for the future of agriculture in arid and semiarid regions (Owens 2001).

The identification of salt-tolerant genetic resources would certainly contribute to 
crop improvements, subsequently supporting the agricultural production of sali-
nized areas or areas irrigated with brackish water. In this respect, the knowledge on 
different adaptative mechanisms, morphological, physiological, biochemical, and 
other strategies, with which different plants cope with the challenges of the salt 
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stress is critical for success in crop improvement. Although the topic of salt toler-
ance is very broad and complex, this chapter will be specifically focused on the 
mechanisms contributing to the protection of the photosynthetic processes against 
detrimental effects of the salt stress.

4.2  Origin of Soil Salinization

Salts are composed of the different mineral elements of the soil, and some of them 
represent the essential nutrients needed for plant life. Their concentrations can 
become very high due to natural processes and/or poor management. In any part of 
the world, when evaporation exceeds precipitation, salts tend to be accumulated in 
soils, leading to increased concentrations (Hachicha 2007). Also, salinity increases 
due to poor drainage and poor water use in irrigation.

Salty soils are rich in soluble salts that affect plant growth and productivity 
(Mermoud 2006; Hachicha et al. 2017). Generally, in soils where drainage is weak 
or absent due to their impermeability, salts accumulate in the superficial horizons.

Salinity is a common phenomenon in arid and semiarid regions. Although iden-
tification of the natural processes that lead to salinization is essential for under-
standing the status of salt in any habitat, identification of the origin of salinity and 
its progression in the wild is important to cope with this constraint. Soluble salts can 
have three major sources.

4.2.1  Marine Origin

The salts of marine origin are transported and deposited in the continents in three 
ways. Cyclic salts, brought to the continents in the form of salty spray, are solubi-
lized by rainwater, then redistributed, and transported to the oceans by drainage. 
Infiltration salts, brought to coastal habitats by seawater infiltration, are the main 
local source. Fossil salts, precipitated for a long time in certain localities, are led to 
the rhizosphere or to the surface of the earth by capillarity.

4.2.2  Lithogenic Sources

Some sedimentary rocks contain high levels of chloride and sulfate. The extent of 
salinization of groundwater and soils depends on the rate of alteration of these sedi-
mentary rocks, which, in turn, varies considerably by region and climate zone. 
Generally, these rocks release more sulfate than chloride. The weathering of these 
rocks also releases significant amounts of carbonates, calcium, and magnesium. It 
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was documented that these rocks may represent important sources for the local for-
mation of saline lands (Siadat et al. 1997; FAO 2000).

4.2.3  Anthropogenic Sources

During the last centuries, large quantities of soluble salts accumulated in soils due 
to human activity. In some areas, poor-quality irrigation with intense evaporation in 
arid and semiarid regions and the use of inappropriate cultivation practices have led 
to the accumulation of large quantities of salt in the upper layers of the soil ground 
(Qadir et al. 2008). Following the development of the industry and the extensive use 
of fuels, another source of soluble salts has been added. The use of urban water 
leads to an increase in salinity. Similarly, the reuse of wastewater causes consider-
able salinization of groundwater (Shakir et al. 2017).

Saline soils are characterized by the predominance of Ca and Mg ions, as well as 
Na. The presence of salts leads to an increase in the osmotic pressure of the circulat-
ing solution, making it difficult for the plant roots to absorb water and nutritive 
elements and may cause the plasmolysis of the root cells. The excessive presence of 
certain anions or cations may affect the absorption and development of some plant 
species, while other ions (Cl, B, and Na) may also be toxic.

In Table 4.1 is the situation presented by FAO about the total area of saline soil 
in the world (FAO 2008).

4.3  Effects of High Salinity on Plants

Accumulation of electrolytic solutes in water and soil in higher concentrations is 
stressful to many plants. As stated before, saline soils occur in different regions of 
the world, although the majority of their occurrence is in semiarid and arid regions. 
There, as a result of insufficient downward percolation and lack of salt leaching, the 
soluble minerals can accumulate in the root zone. In hot and dry areas, the meager 

Table 4.1 The areas of salt-affected soils in different parts of the world (FAO 2008)

Region Total area (M ha)
Saline soils Sodic soils
M ha % M ha %

Africa 1.899 39 2.0 34 1.8
Asia, the Pacific, and Australia 3.107 195 6.3 249 8.0
Europe 2.011 7 0.3 73 3.6
Latin America 2.039 61 3.0 51 2.5
Near East 1.802 92 5.1 14 0.8
North America 1.924 5 0.2 15 0.8
Total 12.781 397 3.1 434 3.4
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rainfall is accompanied by high temperature and low air humidity, leading to exces-
sive evaporation. Moreover, in many places, such as river valleys, these conditions 
are associated with the presence of salt-bearing sediments, and shallow, brackish 
groundwater, resulting in gradual conversion of rich and fertile soils into barren 
saline soils (Hillel and Vlek 2005).

Presence of high salt concentrations in soil or water leads to osmotic stress, 
which is one of the most severe stress factors worldwide, with particular importance 
for numerous regions located in semiarid and arid climate zones. Figure 4.1 briefly 
illustrates the different ways by which the salinity affects plant functions. In addi-
tion to physical (osmotic) effects of soluble particles limiting water uptake by roots, 
the salinity effects are associated also with toxicity of individual ions and nutritional 
imbalance or interactions of these factors (Ashraf and Harris 2004).

4.3.1  Effect of Salinity on Germination and Emergence

Salt stress can limit plant growth, by changing the balance between availability and 
needs. The scarcity of rains in many regions of the world accentuates salinization of 
irrigated land and makes them unsuitable for cultivation and abandoned (Yan et al. 
2015). Salinity is a limiting factor in agriculture (Qadir et al. 2014). Generally salin-
ity causes a decrease in soil hydraulic conductivity and root aeration and an increase 
in resistance to root penetration. Moreover, roots meet greater difficulty in suction 
of water and absorption of nutritional elements.

The salinity results in most of plants in reduction of growth and development 
(Munns  and Tester 2008). A large number of alterations occur in plants (e.g., 

Fig. 4.1 Overview of salt stress effects on plants (Adapted from Evelin et al. 2009)

S. Mbarki et al.



91

osmotic adjustments and various reactions) which affect the various organs from 
the roots to the stems and leaves and which may actually prevent plant growth. 
This adverse effect is translated by physiological, morphological, molecular, and 
biochemical changes which negatively affect plant growth and production (Qadir 
et al. 2014).

Dynamics of germination depends on genetic predispositions and health status, 
but it is strongly influenced by environmental conditions, including soil water avail-
ability (Gutterman 1993). Abdelly (2006) showed that most plants are more sensi-
tive to salinity during their germination and emergence, when the harmful osmotic 
or toxic effects of salts are very direct and strong.

Germination of seeds represents often the critical step in the establishment of 
crop canopy, and thus, it can determinate successful agricultural production. Indeed, 
under salt stress, a late development favors the accumulation of toxic ions that can 
kill plants before the end of their development cycle (Munns 2002). Salt tolerance 
can therefore be evaluated by the precocity of germination.

The response to salt of plant species depends on several variables, starting with 
the species itself and specific genotypes, but also on salt concentration, growing 
conditions, and developmental stage of the plant. The decrease of the soil osmotic 
potential prevents the imbibition of the seed following a decrease in enzymatic 
activities and a strong absorption of Na+ compared to K+, leading to embryonic 
toxicity and delay in metabolic processes (Pires et al. 2017). Percentage of germina-
tion under salt stress depends on the level and duration of salinity applied (Fig. 4.2). 
In addition to final percentage, the salinity influences also the germination dynam-
ics and vitality of the seedlings (Wang et al. 2011).

Fig. 4.2 Relationship between rate of germination and time after sowing at different salinity levels 
(Modified from Ibrahim 2016)
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4.3.1.1  Plant Responses on the Different Levels of the Salt Stress

The salinity of soils and waters is induced by the presence of too high concentra-
tions of ions, especially Na+ and Cl-. Salinity has three effects, reduces water poten-
tial, affects ionic homeostasis, and induces toxicity. At the same time, salt stress 
affects by different ways different levels of plant organization (Fig. 4.3) and various 
plant organs (Fig. 4.4).

Excess salt induces osmotic and ionic stress (Yan et al. 2015). The fast response 
to salt stress is the slowdown of leaf expansion that ceases at high concentrations 
(Wang and Nil 2000) and affects negatively plant growth (Hernández et al. 1995). 
The reduction in growth has been shown to be correlated with the salt concentration 
and the osmotic potential of soils (Flowers and Colmer 2015). The harmful effect of 
salt is remarkable and causes the death of plants or reduces their productivity. 
However, growth reduction occurs in most of plant species, but a level of tolerance 
or sensitivity varies widely among species. For example, for Raphanus sativus (rad-
ish) plants, 80% of the growth reduction under salt stress is attributed to loss of leaf 
area (Chartzoulakis and Klapaki 2000).

The action of salinity on the growth leading to both an imbalanced nutritional 
value of essential ions and a high uptake of toxic ions by the plant (Munns 2002) is 
connected with stress inducing low osmotic potential of soil solution (Munns and 
Tester 2008; Yan et al. 2013). Growth reduction in Poaceae can be attributed to an 
excessive uptake of Na+ ions (Tester and Davenport 2003, Gu et al. 2016). In tomato, 
salinity significantly reduces the mass of aerial parts, the number of leaves, the 
height of plants, and the plant root area and length (Mohammad et al. 1998).

However, in other obligatory halophytes, growth is increased with the salinity of 
the medium. These plants require a certain concentration of salt to express their 
maximum growth potential. In fact, the growth optimum is obtained at 200 mM 
NaCl in Salicornia rubra (Khan et al. 2010) and at 50 mM NaCl in Alhagi pseudal-
hagi (Fabaceae) (Kurban et al. 1999). In a non-excretory mangrove (Bruguiera par-
viflora), optimal growth is obtained at 100 mM NaCl, but 500 mM NaCl may be 
often lethal for these species (Parida et al. 2004). Optimal growth is achieved at 50% 
seawater in Rhizophora mucronata (Aziz and Khan 2001). The beneficial effect of 
salt was also observed in Sesuvium portulacastrum and Batis maritima (Messedi 
et al. 2004).

Growth of different organs of the same plant does not have the same degree sen-
sitivity to salinity (Negrão et al. 2017). In fact, salt stress reduces the growth of aerial 
parts by decreased carbon allocation for the foliar growth in favor of root growth 
(Yeo et al. 1991; Huez-López et al. 2011). On the other hand, other studies (Hajlaoui 
et al. 2010, Lv et al. 2015) report the opposite; the roots are the most affected.

According to Munns and Rawson (1999), the effect of salinity usually results in 
a reduction in vegetative growth (reduction in height, number of tillers and leaves) 
which is a function of division and cell elongation. The growth of shoots is more 
sensitive to salts than the roots (Fig. 4.4).

Salinity affects the growth of plant roots (Kamiab et  al. 2012; Rewald et  al. 
2012). It have shown that salt stress increases the PR/PA ratio. Indeed, plants main-
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Fig. 4.3 Changes in plant growth under salinity effects (Modified from de Oliveira et al. 2013)

Fig. 4.4 Effect of salt 
stress on the different 
organs of plants
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tain relatively high root growth under high saline stress; the increase in the PR/PA 
ratio that follows seems to be associated with an increase of their tolerance to salt.

Kafkai (1991) suggests that under salt stress, the plant spends more photosyn-
thetic energy to maintain high water status and for production of roots for reduction 
of water loss. In these conditions, it seems that the arrest of leaf growth is triggered 
by hormones (Munns and Tester 2008) and a significant proportion of assimilates is 
then relocated to root growth (Fig. 4.5). This is one of the key anatomical responses 
to osmotic stress in many species, whose adaptative nature is evident since an 
increase conditions, it seems that the arrest of leaf growth is triggered by of the root 
mass/mass ratio of the canopy maximizes the water absorption area in decreasing 
the evaporation surface (Munns 2002).

The mechanisms of salt tolerance include the changes of low as well as of high 
complexity. The low complex mechanisms are associated with the expression of 
particular biochemical pathways. On the other hand, the mechanisms of high com-
plexity modify the activities of key processes of energy metabolism, such as photo-
synthesis and respiration, as well as processes related to water uptake and transpiration 
and stomatal activity. The highly complex responses involve also the processes 
related to changes in the cell wall, cytoskeleton, and plasma membrane, related to 
water use efficiency, and securing the key cell elements (Botella et al. 1994).

4.3.2  Effects on the Anatomy of the Leaf

Salinity causes the increased thickness of epidermis, palisade and spongy paren-
chyma, and mesophyll, cell length, and cell diameter of the leaves of Atriplex, Faba, 
and Gossypium (Longstreth and Nobel 1979). However, it was shown that in 
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Fig. 4.5 Plant physiological, biochemical, and molecular response to salt stress
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mangroves (Bruguiera parviflora), the thickness of the epidermis and mesophyll, 
and the intercellular space in the leaves, is reduced (Parida et al. 2004). In wheat, 
area of flag leaf was significantly lowered in conditions of salt stress, significantly 
limiting yield (Ahmad et al. 2005). Salt causes increased vacuolation, development 
of the endoplasmic reticulum and mitochondria, vesicle formation and tonoplast 
fragmentation, and cytoplasmic degradation by mixing the matrices of cytoplasm 
and vacuole in the potato leaves (Mitsuya et  al. 2000). It induces a reduction in 
intercellular spaces and number of chloroplasts in potato (Bruns and Hecht-
Buchholz 1990) and stoma density in tomato (Romero-Aranda et al. 2001).

4.3.3  Plant Mineral Nutrition

In salt stress conditions, the mineral nutrition of the plant is disturbed. Indeed, the 
Na+ ions disrupt cation (K+, Ca2+) absorption (Haouala et al. 2007). At the root level, 
Na+ moves Ca2+ from cell walls (Zhu 2002). For example, in the isolated cell walls 
of barley roots, Na+ and Ca2+ are competing for the same site absorption, while K+ 
is fixed on other sites. As a result, the K+/Na+ ratio at the surface of cells depends on 
competition with Na+/Ca2+ (Stassart et al. 1981).

4.3.4  Effect of Salinity on Agronomic Yield

Components of crop performance, such as the number of tillers per plant, the num-
ber of ears, the number of spikelets per ear, and the grain weight, are usually influ-
enced by the presence of salinity stress. Ahmad et al. (2005) have shown that all 
performance parameters are reduced under the salinity and that the higher the salin-
ity, the higher yield decrease is observed.

The barley plants under salt stress during heading or differentiation of the ear 
have shown the reduced plant height and leaf area (Singh et al. 1994), as well as 
decrease in stem weight, stem length, and shoot dry matter. The number of spikelets 
per spike is decreased, as well as the number of grains. Salinity has a detrimental 
effect on the remobilization of reserves during the filling of the grains. Salinity 
decreases yield more often by reducing the number of spikes bearing the spikelets, 
ear weight, and 1000-seed weight (Munns and Rawson 1999). Mass and Grieve 
(1990) observed the changes in the final capacity of spike, associated with lower 
number of spikelets and grains per spike, as well as a decrease in spike length. Salt 
stress led to an increase of the phyllochron. In addition, the number of leaves on 
main stem was lower, and a vegetative period of stem meristem was shorter (Mass 
and Nieman 1978).

In case of rice, screening of cultivars for salt tolerance has been based mostly on 
growth rate and grain yield (Kafi et al. 2013). In this respect, it was shown that yield 
under salt stress was well correlated with panicle weight, number, height, and tiller 
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number. The significant variability in salt resistance and yields in salt stress condi-
tions was observed among families of rice, providing promising background for salt 
stress studies and breeding in this crop (Souleymane et al. 2017).

The effect of irrigation with saline water was tested by Lamsal et al. (1999) in 
wheat, observing decreases of grain yield and of all yield components and growth 
parameters, including flag leaf area, plant height, grain per spike, number of spikes 
per plant, grain weight per spike, 1000 grain weight, as well as total dry matter 
accumulation.

4.3.4.1  Photosynthetic Responses and Acclimations on Salt Stress

Photosynthesis is strongly involved in plant productivity (reduction of production of 
biomass, leaves) and nutrient flows in plants. Salinity affects the physiological 
activity of the leaf, particularly photosynthesis, which is the main cause of reduced 
plant productivity (Alem et al. 2002). The adaptation of photosynthesis under salt 
stress is presented in Fig. 4.6.

In specific environments, the resistance to drought and salinity are important 
traits determining the yield of main crops (Munns and Tester 2008; Munns, et al. 
2010). The phenotypic effects of these two stresses are often very similar, and, 
therefore, the similar screening methods and tools can be used for both stresses. 
Important and relatively fast response to salinity is stomatal closure, associated 
partly with the osmotic effect of salts on the capacity of roots to absorb the soil 
water (Munns and Tester 2008). Insufficient uptake of the water due to salinity is 
denoted as “chemical drought” (Munns et al. 2010). In the early stages of the stress, 
the decrease of photosynthetic rate is caused by stomatal closure. The standard mea-
surements of stomatal conductance or screening based on photosynthetic parame-

Fig. 4.6 Photosynthesis 
adaptation to salt stress
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ters are usually quite slow, and the reproducibility is often low (Munns et al. (2010). 
Therefore, there is still a need for fast and reliable methods of monitoring photosyn-
thesis in salt stress conditions. Chlorophyll fluorescence measurements can be used 
in plant phenotyping and breeding programs to monitor different biotic and abiotic 
stresses including mineral deficiencies, soil salinity, and pathogenic diseases 
(Brestic and Zivcak 2013; Kalaji et al. 2017).

Under moderate salinity, the photosynthetic efficiency can reach the values simi-
lar to the control, but under high salinity, photosynthesis is significantly inhibited, 
as it was found in Desmostachya bipinnata (L.) Staph. (Asrar et al. 2017). At high 
concentrations of salt, the photosynthetic pigments, photochemical quenching, and 
electron transport rate were significantly decreased, whereas at moderate salt stress, 
the decrease was not observed. The content of MDA increased at high salinity, doc-
umenting excessive accumulation of ROS. Under increasing salinity treatments, a 
subsequent decrease of Rubisco content was also observed. The proteins of photo-
synthetic complexes were overexpressed (D1, AtpA, PetD) or remained unaffected 
(PsbO) under moderate salinity but decreased at higher concentrations, except of 
AtpA. Severe salt stress caused damages to PSII photochemistry and downregula-
tion of chloroplast proteins connected with biochemical limitations in D. bipinnata 
(Asrar et al. 2017). The rate of photosynthesis increases for low levels of salinity 
and decreases in high level, without modification on stomatal conductance Bruguiera 
parviflora (Parida et al. 2004).

Salinity stress induces for the majority of plants a reduction in production of 
biomass essentially due to a decrease in photosynthesis (Kalaji et al. 2018). These 
changes are mostly connected with changes of carboxylation processes, but not 
photophosphorylation, which are most affected by salt stress. The response of plants 
to salt stress is heavily dependent on genotype. The salt stress has both short- and 
long-term effects on photosynthetic processes. The early effects can be observed 
after a few hours or days of exposure of the plants to salinity, and there can be a full 
cessation of carbon uptake for a few hours. The long-term effect appears after sev-
eral days of salt treatment. The reduction of photosynthesis is caused by the accu-
mulation of salt in the leaves (Munns and Termaat 1986). Whereas some studies 
indicate a reduction in photosynthesis by salinity (Chaudhuri and Choudhuri 1997; 
Soussi et al. 1998; Romero-Aranda et al. 2001; Kao et al. 2001), others show that 
carbon assimilation is not affected by salt stress or, in some cases, also enhanced by 
moderate salt concentrations (Rajesh et al. 1998; Kurban et al. 1999).

In the mulberry tree, the net assimilation of CO2 (PN), the stomatal conductance 
(gs), and the rate of transpiration (E) are reduced under salt stress, whereas the 
intercellular concentration of CO2 (Ci) is increased (Agastian et  al. 2000). In 
Bruguiera parviflora, PN increases at low salinity but decreases at high salinity, 
whereas at low salinity, it remains comparable to that of control plants and falls at 
high concentrations (Parida et al. 2004).

Many studies showed, however, a major role of salt stress in limiting osmotic 
conductance and reducing reactive oxygen species (ROS) and main enzymes of 
detoxification of ROS. According to Munns and Tester (2008), the reduction in pho-
tosynthesis is related to the decrease in leaf water potential, which is responsible for 
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the closure of stomata (Allen et al. 1985), which causes the reduction of photosyn-
thesis and stomatal conductance (Orcutt and Nilsene 2000).

Salt stress reduces chlorophyll content and increases respiration, but has no sig-
nificant effect on carotenoid levels in alfalfa (Khavari-Nejad and Chaparzadeh 
1998). In Atriplex lentiformis, uptake of CO2 and the ratio of Rubisco to phospho-
enolpyruvate carboxylase (PEPC) activity decreased under salt stress. 
Phosphoenolpyruvate carboxylase (PEPC) activity increases linearly with salinity, 
whereas that of ribulose bisphosphate carboxylase/oxygenase (Rubisco) is not 
changing significantly (Zhu and Meinzer 1999). The reduction in photosynthesis is 
caused also by a decrease in stomatal conductance which restricts the access of CO2 
for Calvin-Benson cycle (Brugnoli and Bjorkman 1992). Stomata closure mini-
mizes transpiration and affects light capture by chloroplasts and photosystems lead-
ing to impaired activity of these organelles (Iyengar and Reddy 1996).

In the process of photosynthesis, two key complex events occur: light reactions, 
in which light energy is converted into ATP and NADPH and oxygen is evolved, and 
light-independent, dark reactions, in which CO2 is fixed into carbohydrates by uti-
lizing both of the products of light reactions (Allakhverdiev et al. 2002).

Pigment analysis showed that salt stress resulted in a significant decrease in chlo-
rophyll a content, whereas the content of chlorophyll b remained unaffected. It 
appeared that chlorophyll b tolerated more the salinity than chlorophyll a. However, 
total carotenoid contents were increased. For some crops carotenoid concentration 
can be increased in conditions with low salinity and on the other hand under high 
salinity can be significantly decreased.

CO2 assimilation rate (Chaves et al. 2011; Kalaji et al. 2011; Kanwal et al. 2011; 
Chen et al. 2015; Hniličková 2017; Dąbrowski et al. 2017) and photosynthetic oxy-
gen evolution can be also inhibited (Dąbrowski et al. 2016). Increases in Fo have 
been attributed to physical separation of the PSII from associated pigment antennae 
and decreases in the number of active RCs (Strasser et  al. 2010). In the present 
study, the salt-induced increase in Fo indicates that some active RCs were inacti-
vated by salt stress. This inactivation of RCs by salt stress was further evidenced by 
the increase in the ABS/RC value and the decrease in the values of RC/CSO and 
TRO/ABS after salinity treatment. Specific chlorophyll a fluorescence transient 
parameters derived from OJIP test (φEo, φPo, ψO, RC/CS, RC/ABS, PIABS, and 
PICS) were decreased under salt stress, while dVo/dto(Mo), Vj, and φDo were 
increased. The decrease of ETRmax and yield and the change of chlorophyll a fluo-
rescence transients showed that salt stress had an important influence on photosyn-
thesis. These results indicated that the effects of salinity stress on photosynthesis 
may depend on the inhibition of electron transport and the inactivation of the reac-
tion centers, but this inhibition may occur in the electron transport pathway at the 
photosystem II (PSII) donor and acceptor sites (Mehta et al. 2010). Salt stress can 
damage active reactive centers of PSII and destroys the oxygen-evolving complex 
(OEC) and impairs the electron transfer capacity on the donor side of PSII (Misra 
et al. 2001; Mehta et al. 2010; Sun et al. 2016; Kan et al. 2017; Kalaji et al. 2018).

The major consequences of salt stress on the main photosynthetic parameters in 
the various crop plants are presented in Table 4.2.
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According to Munns and Tester (2008), the reduction of photosynthesis is related 
to decreased leaf water potential, which is responsible for stomatal closure (Price 
and Hendry 1991; Allen et al. 1985), which causes the reduction of stomatal con-
ductance (Orcutt and Nilsen 2000). The diffusion of CO inside the stomata then 
becomes limited, and its binding at the chloroplast level consequently decreases; the 
regeneration of RuBP (ribulose bisphosphate) becomes limited.

4.3.5  Effects of Salt Stress on Ultrastructure of Chloroplasts

The diffusion of CO2 inside the stomata then becomes limited, and its binding at the 
level of chloroplasts decreases (Graan and Boyer 1990); consequently the regenera-
tion of RuBP (ribulose bisphosphate) becomes limited (Gimenez et  al. 1992). 
Stomatic control and regulation involve cell turgor but also root signals, such as 
abscisic acid (ABA) (Zhang and Davies 1989). Cellular turgor occurs more or less 
directly in the chloroplast: directly by maintaining the volume of the chloroplast and 
indirectly by its effect on the stomatal opening, which controls the conductance and 
conditions the use of energy photochemical (ATP, NADPH) in chloroplasts (Gupta 
and Berkowitz 1987).

Salt causes disorganization of the thylakoid structure, increases the number and 
size of plastoglobules, and reduces starch ranges (Hernández et al. 1995, 1999). In 
mesophyll potato cells, thylakoid membranes are distended, and most are altered 
under severe salt stress (Mitsuya et al. 2000). Salinity reduces the number and thick-
ness of the stack of thylakoids by grana (Bruns and Hecht-Buchholz 1990a, b). In 
NaCl-treated tomato plants, chloroplasts are assembled, cell membranes are 
deformed and wavy, and the structure of grana and thylakoids is affected (Khavari- 
Nejad and Mostofi 1998). Ultrastructural changes of chloroplasts under salt stress 
are well studied in Eucalyptus microcorys. These changes include the appearance of 
large starch grains, dilation of thylakoid membranes, almost complete absence of 
grana, and development of mesophyll cells (Keiper et al. 1998).

4.3.5.1  Effect of Salinity on Reproduction Process

Salinity reduces the growth rate of the plant and its reproductive organs (Hu et al. 
2017). They studied the effect of salinity on the physiology of reproduction; they 
found that the number of pollen in two different types of barley cultivars was 
reduced from 24 to 37%. Studies by Munns and Rawson (1999) on the effect of salt 
accumulation in the meristem of barley on reproduction and development show that 
short periods of salt stress during organogenesis may have irreversible consequences 
on the fertility of the ear; it causes the abortion of the ovaries.

It was observed higher floret fertility contributed to higher seed set and grain 
yields in tolerant genotypes, whereas higher spikelet sterility led to poor seed set 
and lower grain yields in sensitive to salt stress genotypes. It is important to do 

4 Strategies to Mitigate the Salt Stress Effects on Photosynthetic Apparatus…
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screening at reproductive stage for morphological traits like floret fertility are thus 
more useful to identify plant genotypes tolerant to salinity stress (Rao et al. 2008).

Floral phenology, pollen quality, and seed set of Plantago crassifolia plants were 
optimal in plants grown in non-saline conditions. Same positive tendency was 
observed in the presence of 100  mM NaCl. But progressive reduction of pollen 
fertility, seed set, and seed viability has been observed by higher salt concentrations 
(Boscaiu et al. 2005).

4.3.5.2  Symptoms of Toxicity Connected with Ionic and Nutritional 
Balance in Plants

Saline solutions impose ionic and osmotic stress in plants. The effects of this stress 
can be observed at different levels. In sensitive plants, the growth of aerial parts and 
to a lesser extent that of roots is rapidly reduced. This reduction phenomenon 
appears to be independent of the tissue Na+ concentration but would rather be a 
response to the osmolarity of the culture medium (Munns 2002). The specific toxic-
ity of Na+ ions is related to the accumulation of these ions in the leaf tissues and 
leads to necrosis of the aged leaves. Generally, this necrosis begins with the tip and 
the edges to finally invade the entire leaf. The reduction in growth is due to a reduc-
tion in leaf life, and thus there will be a reduction in growth and productivity (Munns 
1993 and 2002). In saline soils, Na+ ions induce deficiency in other elements 
(Silberbush et al. 2005). The effects of Na+ are also the result of deficiency in other 
nutrients and interactions with other environmental factors, such as drought, which 
increase the problems of Na+ toxicity. The excess of Na+ ions inhibits the uptake of 
other nutrients either by competition at the sites of the root cell plasma membrane 
transporters or by inhibition of root growth by an osmotic effect. Thus, the absorp-
tion of water and the limitation of the nutrients essential for the growth and the 
development of the microorganisms of the soil can be inhibited.

Leaves are more sensitive to Na+ ions than roots because these ions accumulate 
more in the aerial parts than in the roots. These can regulate the concentration of Na+ 
ions by their export either to the aerial parts or to the ground. The metabolic toxicity 
of Na+ is mainly related to its competition with K+ at sites essential for cell function. 
Thus, more than 50 enzymes are activated by K+ ions; Na+ ions cannot replace K+ in 
these functions (Bhandal and Malik 1988; Tang et al. 2015; Gu et al. 2016). For that, 
a high concentration of Na+ can affect the functioning or the synthesis of several 
enzymes. In addition, protein synthesis requires high K+ concentrations for tRNA 
binding on ribosomes (Blaha et al. 2000) and probably for other ribosome functions 
(Wyn Jones et al. 1979). The disruption of protein synthesis by the high concentra-
tion of Na+ represents the major toxic effect of Na+ ions. Osmotic stress could occur 
following an increase in Na+ concentration at leaf apoplasm (Oertli 1968). This 
result was verified by microanalyses (R-X) of Na+ concentration in apoplasm of rice 
leaves (Flowers et al. 1991). The presence of high concentrations of Na+ in the cells 
allows the plant to maintain its water potential lower than that of the soil to maintain 
its turgor and water absorption capacity. This leads to an increase in osmotic con-
centration either by absorption of solutes from the soil or by synthesis of compatible 
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solutes. The former, usually Na+ and Cl-, are toxic, while the latter are compatible 
but energetically expensive for the plant.

4.4  Specific Adaptative Strategies of Plants Under Salt Stress

Several studies have shown that plants adapted to salt stress use one or more mecha-
nisms to mitigate the effect of NaCl such as (i) the Na+ reabsorption by transfer cells 
or vascular parenchyma (Karray-Bouraoui 1995); (ii) the compartmentalization of 
ions between the organs (roots/aerial parts), tissues (epidermis/mesophyll), or cel-
lular compartments (vacuole/cytoplasm) (Cheeseman 1988); and (iii) the dilution of 
Na+ by the material produced growing leaves (Tester and Davenport 2003).

The mechanism by which a plant tolerates salt is complex, and it differs from 
species to species (Munns and Tester 2008; Bueno et al. 2017). The main effects of 
salt stress and development of plant adaptation of various crop plants are presented 
in Table 4.3.

Salt affects seed germination through osmotic effects (Khan et  al. 2000), ion 
toxicity, or a combination of the two (Khan and Ungar 1998; Munns and Tester 
2008). Osmotic stress can result in inhibition of water uptake that is essential for 
enzyme activation, breakdown, and translocation of seed reserves (Ashraf and 
Foolad 2007; Munns and Tester 2008). Furthermore, ionic stress can inhibit critical 
metabolic steps in dividing and expanding cells and may be toxic at high concentra-
tions (Munns and Tester 2008). The excess Na+ and Cl− have the potential to affect 
plant cell enzymes, resulting in reduced energy production and some physiological 
processes (Munns and Tester 2008; Morais et al. 2012). The degree of salt tolerance 
varies among plant species and, for a given species, also at different developmental 
stages (Ahmad et al. 2013; Bueno et al. 2017). Some plants have adapted to grow in 
high-salinity environments due to the presence of different mechanisms in them for 
salt tolerance, such plants are known as salt-tolerant plants or halophytes (Ahmad 
et al. 2013), but a large majority of plant species grown in non-saline areas are salt- 
sensitive (glycophytes). Glycophytic and halophytic species differ greatly in their 
tolerance to salt stress (Munns and Tester 2008).

With the degree of salinity of soil solution, glycophytes in general are exposed to 
changes in their morphophysiological (Bennaceur et  al. 2001) and biochemical 
(Grennan 2006) behavior. So the plants react to these variations in salinity in the 
biotope to set off resistance mechanisms. Among these mechanisms, the osmotic 
adjustment plays a vital role in the resistance or the tolerance of the plant to stress 
(Munns 2002). The plant will have to synthesize organic solutes to adjust its water 
potential. A salinity adaptation strategy consists of synthesizing osmoprotective 
agents, mainly amino compounds and sugars, and to the accumulated in the cyto-
plasm and organelles (Ashraf and Foolad 2007; Chen et  al. 2010; Sengupta and 
Majumder 2010; Yan et al. 2013). Identification and understanding of plant toler-
ance mechanisms to salinity therefore have a clear interest in varietal improvement. 
The objective of this study is to determine certain morphological and physiological 
criteria allowing early identification of saline-tolerant plants.

4 Strategies to Mitigate the Salt Stress Effects on Photosynthetic Apparatus…
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4.4.1  Morphological and Anatomical Adaptations of Plants

Native plants in saline and desert environments have developed, over time, certain 
traits that give them the ability to develop in these stressful conditions. These traits 
are often of morphological and anatomical types. However, scientific studies have 
been done on the development and role of these morpho-anatomical features and 
also studies with other adaptative reactions of plants to the salt stress.

The most obvious morphological adaptations of plants in saline desert habitats 
are the reduction in leaf size and the number of stomata per unit leaf area, the 
increase in succulence and cuticle thickness of the leaf, and the formation of a layer 
of wax (Gale 1975; Mass and Nieman 1978). These adaptations play a crucial role 
in the conservation of water for the development of the plant in saline conditions. 
More recently, it has been shown that there is variability among the Cenchrus cili-
aris ecotypes that allows it to withstand severe salinity conditions especially during 
drought periods (Hameed et al. 2015).

These are the most visible adaptations found throughout the plant (Dickison 
2000). At the leaf level, there are certain structures that allow the plant to secrete 
excess salt. The most important are the secretory trichomes (Atriplex spp.) and the 
salt glands found in many plants of desert flora and coastal habitats. The latter are 
characteristic of a few families, including Poaceae, Avicenniaceae, Acanthaceae, 
Frankeniaceae, Plumbaginaceae, and Tamaricaceae (Mauseth 1988; Thomson et al. 
1988, Marcum and Murdoch 1994).

Desert plants have usually succulent stems characterized by a well-developed 
water storage tissue in the cortex and marrow (Lyshede 1917; Dickison 2000). A 
multilayered epidermis may have thick walls, covered with thick cuticle surmounted 
by wax. For example, at Anabasis sp. the epidermis is formed of 8 to 11 layers. The 
stem of Salicornia fruticosa consists of a single cortex and an epidermis with a 
single thin-walled cell base. The palisadic and parenchymal tissue of photosynthetic 
organs is used for water storage (Fahn 1990).

The roots of xerohalophytes reduced the cortex to shorten the distance between 
the epidermis and the stele (Wahid 2003). The Caspari band is larger in dry-habitat 
plants than in mesophytes (Wahid 2003). In saline environment plants, the endo-
derm and exoderm represent barriers of variable resistance to the radial flow of 
water and ions, from the cortex to the stele (Hose et al. 2001; Taiz and Zeiger 2002).

4.4.2  Salt Tolerance Mechanisms

The physiological characterization of plant tolerance to salinity results from pro-
cesses that allow the plant to absorb water and mineral salts from substrates with 
low hydric potential but also to live by accepting the important presence of the 
sodium in its tissues; halophytes, which accumulate the most sodium (Elzam and 
Epstein 1969, Guerrier 1984a), are distinguished by a strong capacity development 

S. Mbarki et al.
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of organic compounds (Briens and Larhe 1982), these two factors allowing the 
maintenance of a high internal osmotic pressure which favors the water exchange 
between the external and cellular compartments (Guerrier 1984b).

All plants do not react in the same way to salt stress; according to their produc-
tion of biomass in the presence of salt, four main trends have been discerned: The 
first is true halophyte, whose production of biomass is stimulated by the presence of 
salt. These plants (Atriplex sp., Salicornia sp., Sueda sp.) present extensive adapta-
tions and are naturally favored by soil salinity. Optional halophytes can show a 
slight increase in biomass at levels low in salts: Plantago maritima and Aster tripo-
lium. Nonresistant halophytes can support low concentrations of salts: Hordeum sp. 
Glycophytes or halophytes can be sensitive to the presence of salts: Phaseolus vul-
garis (Cheeseman 2015).

The adaptation reaction of various glycophytes to different salt stress treatments 
is presented in Table 4.4.

According to Munns et al. (2006), tolerance of cereals to salinity depends on 
variability genetics such as some species that resist this type of abiotic stress than 
others. In particular, the toxic effect of salts is less pronounced in common wheat 
than in durum wheat. This character is conferred by the presence of Kna1, a gene 
responsible for the exclusion of sodium. In addition barley can grow normally under 
conditions considered as limiting. Indeed, in addition to the exclusion of sodium, 
the barley plant uses another salinity tolerance mechanism that manifests itself by 
the imprisonment of salts in a very specific compartment in the leaf. This not only 
spares their effects toxic but also counteracts the osmotic pressure of the soil (Munns 
and Tester 2008).

4.4.3  Ion Exclusion and Compartmentalization Mechanisms 
of Plant Tolerance to Salinity

According to Berthomieu (1988), the plant prevents salt from rising up to leaves. A 
first barrier exists at the level of the endoderm, an inner layer of the root. However, 
this barrier can be interrupted, especially during emergence ramifications of the 
root. Other mechanisms limit the passage of salt from the roots to leaves, but the 
genes that govern them are still largely unknown.

It is also indicated that the exclusion capacity of Na+ and/or Cl− stems is good 
correlated with the degree of salt tolerance. Maintaining a low concentration of Na 
in the leaves may be due to an exclusion mechanism that causes an accumulation of 
Na in the roots, avoiding excessive translocation to the stems; but it can also be 
linked to a high mobility of this element in the phloem. However, some physiologi-
cal measures concord to suggest the existence of an active expulsion of cytoplasmic 
sodium apoplasm or to the vacuole, thus protecting enzymatic equipment from the 
cytoplasm in aerial organs (Greenway and Munns 1980).

4 Strategies to Mitigate the Salt Stress Effects on Photosynthetic Apparatus…
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An organism can hardly exclude the Na+ completely of its tissues. At the plants, 
one of the best-known salinity tolerance strategies is compartmentalization ions 
(Na+, Cl−) in excess in the tissues. This controlled redistribution is mainly in vacu-
oles (Niu et al. 1995) and possibly at the whole-plant scale, in the oldest or least 
sensitive organs (Cheeseman 1988a, b; Munns 1993).

To be controlled, the movement of ions through the membranes involves an 
active transport, energy consumer, who uses different carriers (in variable density) 
to the surface of cell membranes (Orcutt and Nelen 2000; Tyerman and Skerret 
1999; Al-Khateeb 2006). Once vacuolated, the excess Na+ contributes to the 
osmotic adjustment without altering the process metabolic rate (Levitt 1980; Yeo 
1983, 1998).

The best way to maintain a low cytoplasmic concentration in Na+ is to compart-
mentalize this ion in the vacuole. This intracellular compartmentalization can be 
associated with succulence, which increases the volume of vacuoles in which 
Na+ ions accumulate. These ions are pumped into the vacuole before being concen-
trated in the cytoplasm. Ion pumping is provided by Na+/H+ antiports. The differ-
ence in pH is restored by H+-ATPase and pyrophosphatases (Blumwald 2000). 
Anti-Na+/H+ activity was increased following the addition of Na+ in wheat roots 
(Garbarino and DuPont 1989), tomato (Wilson and Shannon 1995), and sunflower 
(Ballesteros et al. 1997). Stimulation of activity is greater in the tolerant species, 
Plantago maritima, than in susceptible species, Plantago media (Staal et al. 1991). 
In sensitive rice, however, salinity does not induce the activity of anti-Na+ /H+ anti-
bodies in tonoplasts (Fukuda et al. 1998). Salinity also induces the activity of H+ 
vacuolar pumps in tolerant and sensitive plants (Hasegawa et al. 2000). To maintain 
the osmotic balance between the vacuole and the cytoplasm, there will be synthesis 
of compatible organic compounds. Generally these compatible compounds protect 
the biochemical reactions against high concentrations of inorganic compounds 
(Shomer et al. 1991). These compatible compounds are neutral and highly soluble 
and contain secondary metabolites such as glycine betaine, proline, and sucrose (Hu 
and Schmidhalter 2000). There is a close correlation between the synthesis of these 
organic compounds and tolerance to salinity or drought. This correlation has been 
noted in maize (Saneoka et al. 1995). These compounds appear to be very effective 
in maintaining a negative osmotic potential in the cytoplasm and in protecting pro-
teins and ribosomes against the deleterious effects of Na+ ions. Although organic 
compounds give the plant some tolerance to salinity, they need to be accompanied 
by strong regulation of Na+ pumps.

4.4.4  Tolerance of Halophyte Plants to Salinity

Plants in salt-exposed (e.g., costal) environments have certainly acquired character-
istics to adapt to soils whose chemical composition varies in time and space, 
depending on salinity and associated stress (Ben Hamed et al. 2013). Therefore, the 
adaptations of these coastal plants are complex and different. Nowadays, many 
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112

authors study halophytes as plant object with developed mechanisms of salt resis-
tance. Halophytes are plants which can be productive under stress (Ben Hamed 
et al. 2013; Llanes et al. 2013; Slama et al. 2015).

Salinity tolerance reflects the ability of plant halophytes to grow and complete 
their life cycle in environments containing soluble salts at high concentrations. 
Halophytes are characterized by low morphological and taxonomic diversity. At the 
same time, halophytes require salt for optimal growth. The high concentrations of 
the ions in the tissues of halophytes suggest that their metabolic process may be 
more tolerant to salt stress compared to the glycophytic metabolism.

4.4.5  Regulation of Salt Loads in Aerial Parts

4.4.5.1  Salt Release in Aerial Parts

Soluble substances pass from the inside of the leaves to the outside where they are 
accumulated. These substances are released from the leaves through the epidermis 
and stored in the cuticle. It is called pseudo-secretion (Klepper and Barrs 1968). The 
sodium is the most flexible element among osmotic cations. However, chlorine is 
the most flexible element among anions (Tukey et  al. 1958; Tukey and Morgan 
1962). The release of electrolytes is highly dependent on the plant water status. The 
salts released from the leaves of Atriplex sp. normally present half of the leaf con-
tents. The phenomenon of salt release in coastal areas where mangroves and other 
native halophytes grow is based on the desalination process with halophyte 
participation.

4.4.5.2  Guttation

Salt glands are not the only structures through which salt is removed from the plant. 
Hydathodes are structures which can also eliminate water. Guttation is a common 
phenomenon in young leaves. The liquid obtained is not a direct secretion of the 
xylem sap. In fact, the content of nutrient ions in the xylem sap liquid is much lower 
compared to the sap liquid from the other plant tissues.

Guttation liquid contains mainly calcium, carbonate, sodium, and silicate. In 
some plant species, hydathodes can function as salt glands and participate in the 
selective removal of ions. The secretion of salt in this way may be important in 
young halophytes that develop under humid conditions.

4.4.5.3  Elimination of Organs Saturated with Salt

It is a phenomenon that can eliminate a large amount of salt in halophytes. In some 
species such as Juncus maritimus or Juncus gerardii, leaves fall after being loaded 
with unwanted ions. Some succulent plants such as Halocnemum or Salicornia get 
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rid of part of the cortex. This part of the cortex released large amount of salt, which 
allows the plant to survive (Chapman 1960).

4.4.5.4  Remobilization of Salt

The substances accumulated in the aerial parts can be transported by the phloem 
vessels to the roots and after into the rhizosphere. This has been verified for sodium 
(Cooil et al. 1965). A similar process has been observed for Suaeda monoica and 
Salicornia europaea (Von Willert 1968). Salt recirculation also exists in non- 
excretory mangroves (Scholander et al. 1962; Atkinson et al. 1967).

4.4.5.5  Accumulation of Salt in Secretory Epidermic Hairs

In some species, epidermic hairs remove salt from sensitive sites of leaf mesophyll. 
The epidermic hairs work for a short time, but they are very effective. Salt accumu-
lation by vesicle traffic under salt stress is widely known in semi-halophytic and 
halophytic species of the family Chenopodiaceae. For example, in Atriplex, salt 
hairs or trichomes are formed by two cells: a small basal cell and a large vesicle 
(Osmond et al. 1969, Mozafar and Goodin 1970). The basal cell has a high struc-
tural similarity with the cells of the salt glands. It is characterized by a dense cyto-
plasm rich in mitochondria, endoplasmic reticulum, and numerous small vesicles. It 
differs from glandular cells by the presence of chloroplasts.

4.4.5.6  Excretion of Salt

Salt excretion is the most important mechanism which supports halophyte resis-
tance to salinity (Waisel 1972). It allows plants to eliminate excess salt and prevents 
excessive buildup without reaching toxic levels inside the tissues. It is typical for 
several halophyte species: Convolvulaceae, Frankeniaceae, Poaceae, Primulaceae, 
Tamaricaceae, Avicenniaceae, and Plumbaginaceae.

4.4.6  Salt-Secreting Structures

4.4.6.1  Trichomes

The secretory trichomes of salt are typical for Atriplex spp. These are vesicles that 
emerge at the leaf surface. They consist of a large secretory cell or vesicle at the 
apex or vesicle from one or a few cells on a pedicel (Smaoui 1971; Dickison 2000). 
These cells have mitochondria, dictyosomes, ribosomes, endoplasmic reticulum, 
and a large flattened nucleus. Chloroplasts are found also but rudimentary or 
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partially developed. In the secretory cell or vesicle is present a large vacuole, while 
the cell on the pedicle contains the several small vacuoles (Osmond et al. 1969). A 
symplasmic continuity exists between the mesophyll cells and the secretory cell, for 
the movements of the ions. The outer walls of vesicular and pedicellar cells are 
cutinized, while the inner walls are not (Thomson and Platt-Aloia 1979). The salts 
are externally released by the removal of the leaf.

4.4.6.2  Salt Glands

The glands of herbaceous plants are usually bicellular and formed of an apical and 
basal cell. They can be submerged, semi-sunken, extended outside the epidermis 
(Liphschitz and Waisel 1974; Marcum and Murdoch 1994), or lying on the leaf 
surface in parallel lines on the ridges (Marcum et  al. 1998). In dicotyledons 
(Fig. 4.7), salt glands are multicellular, consisting of basal cells and secretory cells. 
The number of cells can vary from 6 to 40 depending on the plant genus (Fahn 
1990). For example, in Tamarix spp., salt glands are composed of two basal and 
internal collecting cells and six external secretory cells (Mauseth 1988). The glands 
of Avicennia and Glaux contain several secretory cells surmounting a discoidal 
basal cell (Rozema and Riphagen 1977).

At the ultrastructural level, glandular cells in dicotyledonous herbaceous plants 
contain some lipid bodies, a large flattened nucleus, an endoplasmic reticulum, ribo-
somes, several mitochondria, rudimentary plastids, and small vacuoles (Thomson 
1975). The glands are covered with an elongated cuticle at the level of the excretory 
cell to form a collecting chamber, in which the salt accumulates before being excreted 
outside. There is continuity between the basal cell and the apical cell and between the 
basal cell and the mesophyll cells, thanks to plasmodesmata (Zeigler and Lüttge 1967).

Fig. 4.7 Salt excretion on adaxial leaf side of Aeluropus littoralis plants treated with 0, 200, 400, 
600, and 800 mM NaCl observed with a magnifying glass (×4) (a). Note that leaves were more or 
less rolled. SEM micrographs of salt crystals observed on adaxial leaf surface from 400 mM NaCl- 
treated plants (b). Adaxial leaf surface of 400  mM NaCl-treated plant which was washed and 
observed 2 h later. The appearance of salts indicates location of salt glands (c)
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4.4.7  Osmotic Adjustment

The one of the main physiological traits of tolerance to environmental stress is the 
osmotic adjustment. This one is realized, thanks to an accumulation of osmoregula-
tory compounds that may be ions such as K+ and Cl− or organic compounds such as 
soluble sugars (fructose, glucose, trehalose, raffinose, fructans) and certain amino 
acids (proline, glycine betaine, β-alaninebetaine, proline betaine) leading to a reduc-
tion of the osmotic potential, thus allowing the maintenance of the turgor potential 
(Zivcak et  al. 2016). The accumulation of these compounds has been evident in 
several plant species subjected to salt stress. It varies in large proportions depending 
on the species, the stage of development, and the degree of salinity. The differences 
in solute accumulation (free amino acids, proline, and total soluble sugars) between 
control plants and plants subjected to salt stress are very important. This phenome-
non allows the maintenance of many physiological functions (photosynthesis, tran-
spiration, growth, etc.) and can intervene at all stages of plant development. It 
allows protection of membranes and enzymatic systems especially in organs where 
proline appears to play a role in maintaining cytosol-vacuole pressures and pH regu-
lation (El Hassani et al. 2008).

4.4.8  Regulation of Growth by Phytohormones  
Under Salt Stress

They have been shown to have physiological responses to various stresses such as 
drought or salinity and have similar characteristics. They cause a whole increase in 
the ABA concentration in the aerial part or a reduction in concentrations in cytoki-
nin (Itai 1999). According to Zhu (2001), the reduction of growth is an adaptative 
capacity necessary for survival of a plant exposed to abiotic stress. Indeed, this 
delay in plant development can support energy accumulation and resources to limit 
the effects of stress before that the imbalance between the inside and outside of the 
plant body does not increase until a threshold where the damage is irreversible. To 
illustrate this trend, in nature, growth is inversely correlated with salt stress resis-
tance of a species or variety (Zhu 2001). In more control of growth by hormonal 
signals, the reduction of growth results from the expenditure of resources in adapta-
tion strategies and cytosol-vacuole and pH regulation (Hassani et al. 2008).

4.4.9  Mechanism of Membrane Control Under Salt Stress

Adaptation to salt stress is also taking place at the level of membrane cell (plasma 
membrane, tonoplast). The qualitative and quantitative modification of aquaporins 
(transmembrane proteins) is, for example, a process capable of modifying the water 
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conductivity of the plant and promoting restricting water movements (Yeo 1998). In 
terms of ion transport, the salinity resistance strategy is qualitative and quantitative. 
The selectivity of the ions at the input constitutes the component which is defined 
from the different recent membrane transporters (Na+/H+). In the diffusion facili-
tated as in the active transport, the membrane proteins can be very specific to certain 
solutes. Nevertheless, several solutes can compete for the same transport protein 
(Na+ and K). From a point of quantitative view, Na+ membrane permeability and 
activity, quantity, and sensitivity of the membrane Na+/H+ antiports evolve to adapt 
to sodium stress at long term (Niu et al. 1995; Tyerman and Skerrett 1999).

4.4.10  The Biological Compounds, Trace Elements Useful 
for Mitigation of Salt Stress Effects

4.4.10.1  Jasmonic Acid and Salicylic Acid

Generally, under stressful conditions such as salinity stress, plants employ multiple 
mechanisms to increase their tolerance (Borsani et al. 2003). One of the adaptative 
plant responses to salt stress is the production of phytohormones such as abscisic 
acid, salicylic acid (SA), and jasmonates that might be involved in the alleviation of 
salinity stress (Wang et al. 2001; Yoon et al. 2009). It was observed that SA reduced 
salt stress injuries via enhancing antioxidant enzyme activities. Antagonistic effects 
of abscisic acid and jasmonates on salt stress-inducible transcripts have been found 
(Moons et al. 1997).

Plant hormones such as methyl jasmonate (MeJA) and jasmonic acid (JA) have 
an ameliorating effect on different plant species under salt stress (Yoon et al. 2009; 
Manan et al. 2016). Jasmonates play a role of cellular regulators in the response to 
stress factors, such as salt, drought, and heavy metal (Anjum et al. 2011; Poonam 
et al. 2013; Qiu et al. 2014).

Jasmonic acid (JA) and methyl jasmonate (MeJA), which is the methyl ester of 
JA, are natural plant growth regulators, involved in regulation of the morphological, 
biochemical, and physiological processes in plants. Their exogenous plant treat-
ment under conditions of high salinity can support the development of biomass 
yield (Sheteawi 2007).

The several studies have shown that methyl jasmonate can diminish the inhibi-
tory effect of NaCl on photosynthesis rate and can enhance the growth and develop-
ment of plants (Hristova and Popova 2002; Javid et al. 2011). Application of JA 
after the stress decreased the adverse effect of high salinity on photosynthesis and 
growth of barley (Tsonev et al. 1998). In addition, exogenous pretreatment of JA 
could ameliorate salt-stressed rice seedlings, particularly in salt-sensitive cultivars, 
and could decrease sodium concentration remarkably (Kang et al. 2005).
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4.4.10.2  Brassinosteroids

One of the promising options to mitigate the detrimental effects of salt stress is the 
exogenous application of plant protectants such as brassinosteroids (BRs) (Vardhini 
and Anjum 2015). BRs belong to plant polyhydroxysteroids, which are important 
for the regulation of plant growth and development.

The ability to protect the cellular structures was documented for 24- epibrassinolide 
(EBL), which reduced damage to membrane lipids, and hence a low MDA concen-
tration. MDA, a product of polyunsaturated fatty acid decomposition, is used as a 
marker to assess the lipid peroxidation in plasmalemma or organelle membranes, 
which typically occurs in stress conditions (Sharma et al. 2012). The peroxidation 
of lipids disturbs the bilayer structure, affecting the membrane fluidity, permeabil-
ity, bilayer thickness, and other membrane properties due to oxidative damage of 
lipids and membrane proteins. This may alter ion gradients, strongly influencing the 
metabolic processes. The lipid peroxidation caused by salt stress is probably one of 
the major reasons inhibiting plant growth.

In perennial ryegrass exposed to salt stress, it was observed that the treatment by 
exogenous brassinosteroids led to higher K+, Ca2+, and Mg2+ content and lower Na+/
K+ ratio (Sun et al. 2015). The exogenous brassinosteroid application led also to 
upregulation of antioxidant enzyme (SOD, CAT, and APX) activity, keeping the 
level of plant hormones at a physiologically favorable level and an increase of pro-
line and ion content (K+, Ca2+, and Mg2+). Exogenous brassinosteroids could prevent 
the nutritional imbalance and ion toxicity under salt stress (Wu et al. 2017). The 
main effects of brassinosteroid use have been presented in Table 4.5.

4.4.10.3  Amino Acids: Glycine Betaine and Proline

Amino acids glycine betaine and proline are effectively used for exogenous treat-
ment to mitigate salt stress effects on plants (Sobahan et al. 2012; Li et al. 2014). 
Improvements of salt tolerance can be partly attributed to more favorable water 
status, as well as to activity of antioxidative enzymes in leaves, especially of peroxi-
dase. It was found that mitigative effects of exogenous proline in salt stress condi-
tions are more efficient than exogenous application of betaines (Hoque et al. 2007). 
The proline compared to the betaine can directly scavenge superoxide (O2

•) or 
hydrogen peroxide (H2O2) and induce an increase of antioxidant enzyme activities 
(Demiral 2004; Ashraf and Foolad 2007; Nawaz and Ashraf 2010). At the same 
time, the unequal reaction of antioxidative enzymes has been observed under differ-
ent level of salt concentrations. Treatment of 5 mM proline significantly reduced 
POX3 activity, which resulted in modulating salinity stress compared to 200 mM 
concentration (Varjovi et al. 2016). Therefore, it is obvious that the effect of proline 
in plants exposed to salinity is specific, at least to some extent.

The role of proline and also betaine in maintaining the plant water status under 
salt stress is important, as the initial slowdown of plant growth after salt imposition 
is a result of salt osmotic effects (Munns and Tester 2008; Yang and Lu 2006). The 
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water-retaining ability can enhance salt tolerance by preventing too high concentra-
tion of ions (Romero-Aranda et al. 2006).

In rice, it was found that exogenous application of glycine betaine and proline 
may suppress the Na+ uptake from the apoplast, preventing the detrimental effects 
of salts (Yang and Lu 2005; Sobahan et al. 2012). Proline inhibits opening of sto-
mata, which keeps the transpiration and Na+ uptake low. Moreover, in rice treated 
with betaine, the cells of the root tip and root cap produced numerous vacuoles, 
playing a role of storage vessels for Na+ (Rahman et al. 2002). Thus, the specific 
functions of proline and betaine can contribute to improvements of salinity 
tolerance.

The use of exogenous proline can balance grain and straw yields under increased 
salinity levels. The production of grain and straw yields under salt stress conditions 
after the use of exogenous proline was kept on the significant level. Foliar  application 
of proline and betaine decreased the sodium content and uptake by plants. Thus, it 
can be concluded that the exogenous application of proline and betaine may miti-
gate significantly the salt stress effects in crop plants (Siddique et al. 2015; Athar 
et al. 2015).

Table 4.5 Use of exogenous brassinosteroids to mitigate the salt stress effects on plants

Plant species Mitigation effects on development of salt stress References

Cucumis 
sativus L.

Increasing the contents of free proline and soluble sugar
Increasing the activity of antioxidative enzymes (SOD, POX, 
CAT)
Effective protection of membrane from salt stress

Shang et al. 
(2006)

Pisum 
sativum L.

Increasing FW and DW, seedling height, enhanced 
photosynthesis rate (Pn), stomatal conductance (gs), total 
chlorophyll contents (Chl), proline contents
Increasing the activity of antioxidative enzymes (SOD, POX, 
CAT)
Increasing the activity of nitrate reductase activity (NRA) and 
nitrite reductase activity (NiRA)

Shahid et al. 
(2011)

Oryza sativa 
L.

Improvement in the growth, level of protein, and proline 
content
Increasing the activity of antioxidative enzymes (SOD, APX, 
CAT, GPX, and MDHAR)

Sharma et al. 
(2012)
Özdemir et al. 
(2004)

Brassica 
juncea L.

Enhancing level of pigments and photosynthetic parameters
Improving membrane stability index and relative water content
Increasing the activity of antioxidative enzymes (SOD, POX, 
CAT)

Ali et al. (2008)

Capsicum 
annuum L.

Increasing relative growth rate and water use efficiency
Improving photosynthesis by increasing stomatal conductance

Samira et al. 
(2012)

Lolium 
perenne L.

Decrease of electrolyte leakage (EL), malondialdehyde 
(MDA), and H2O2 contents
Enhancing the leaf relative water content (RWC), proline, 
soluble sugar, and soluble protein content
Reducing the accumulation of Na+ and increased K+, Ca2+, and 
Mg2+ contents

Sun et al. 
(2015)
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4.4.10.4  Polyamines

Polyamines (PAs) are abundant compounds, present in plant cells in concentrations 
from 10 μM to 10 mM (Roychoudhury et al. 2011). They represent low-molecular- 
weight, straight-chain, aliphatic amines, including the diamine putrescine (Put2+), 
triamine spermidine (Spd3+), and tetramine spermine (Spm4+), and are involved in 
various biochemical and physiological processes related to the regulation of plant 
growth and development (Puyang et al. 2015). Thanks to their polycationic nature 
at physiological pH, these compounds can interact with membrane phospholipids, 
proteins, nucleic acids, and constituents of cell walls, which stabilize these mole-
cules (Roychoudhury et al. 2011).

In the last period, the role of polyamines as second messengers was investigated, 
especially in response to environmental stresses like osmotic stress, salinity, 
drought, heat, mineral nutrient deficiency, heavy metals, pH variation, UV irradia-
tion, etc. (Liu et al. 2015). It was documented that exogenous spermidine applica-
tion diminished the oxidative stress induced by salinity, leading to lower MDA, 
H2O2, and O2

·− concentrations in cultivars of bluegrass. Results indicated that exog-
enous spermidine treatment is able to improve quality of turfgrass, thanks to pro-
moting the tolerance to salinity by eliminating the oxidative damages and 
upregulating activities of antioxidative enzymes directly or through gene expression 
(Puyang et al. 2015).

Spermidine efficiently alleviated the inhibitory role of alkaline ions on plant 
growth and inhibited related oxidative stress (Zhang et al. 2015). At the same time, 
the exogenous spermidine treatment had positive effects on nitrogen metabolism 
and activity of its enzymes in tomato seedlings under salt stress (Zhang et al. 2013). 
Exogenous spermidine application helps tomato seedlings to overcome salinity 
stress by regulation of protective mechanism of plant cells, including activating of 
detoxification, which may protect the cellular structures from oxidative damage 
under salinity stress. Exogenous spermidine is also able to increase salt tolerance of 
Panax ginseng by upregulation of scavenging enzyme activities, which eliminates 
the oxidative impairment (Parvin et al. 2014).

4.4.10.5  Paclobutrazol

The enhancement of salt tolerance in plants can be achieved through exogenous 
application of plant growth regulators with specific effects on the content of key 
plant phytohormones and signal molecules (Kishor et  al. 2009; Hu et  al. 2017). 
Paclobutrazol [(2RS,3RS)-1-(4-chlorophenyl)-4,4-dimethyl-2-(1,2,4-triazol-1-yl) 
pentan-3-ol] is a triazole fungicide which regulates the plant growth mostly by 
antagonizing the hormone gibberellin (Hajihashemi et al. 2006; Kishor et al. 2009). 
Paclobutrazol and other triazole compounds are synthetic plant growth regulators, 
which cause different physiological responses in plants, such as increasing content 
of chlorophylls, promoting net photosynthesis, regulating cytokinin biosynthesis, 
inhibiting ABA biosynthesis, reducing free-radical damage, and enhancing the 
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peroxidase and SOD activities and proline content (Kishor and Sreenivasulu 2014; 
Khunpon et al. 2017).

Paclobutrazol has also morphological effects on the leaf thickness, cuticle and 
epidermis, palisade layer, and spongy layer. It can reduce the diameter of xylem 
vessels; however the phloem elements had shown an increased diameter (Tehranifar 
et  al. 2009). Exogenous treatment has also stimulated effect on root growth and 
decreasing shoot growth (Banon et  al. 2003; Nivedithadevi et  al. 2012). Some 
authors suggest that the paclobutrazol minimizes the absorption of toxic ions such 
as Na+ and Cl−, which eliminates the negative effects of NaCl. Moreover, the experi-
mental results supported the role of paclobutrazol in upregulating the K+ uptake 
(Kishor and Sreenivasulu 2014; Hu et al. 2017). We can conclude that paclobutrazol 
can improve important plant responses and increase crop production with a conse-
quent benefit to saline agriculture.

4.4.10.6  Trace Elements and Nanoparticles

During the last few years, rapid advances of nanotechnology are associated with 
release of different types of nanoparticles. Some of them may be accumulated in 
soil or natural environment with negative effects on biota (Alharby et  al. 2016; 
Yassen et al. 2017). The authors have reported the detrimental effects of nanopar-
ticles (usually at relatively high concentration) on plant health. However, there is 
an evidence about the positive effects of nanoparticles, which is achieved at rela-
tively low concentrations. This provides the scope for possible agricultural appli-
cations of nanoparticles (Siddiqui et  al. 2014; Siddiqui and Al-Whaibi 2014; 
Askary et al. 2016).

One of the promising ways is the use of nanofertilizers. Applying the nutrients in 
the form of nanoparticles improves the nutrient use efficiency, with low risk of tox-
icity for soil microbiota and roots. Moreover, such a way of application reduces the 
frequency of the application and prevents the risk of overdosage. Hence, the poten-
tial of nanotechnology to support the sustainable farming is high, including devel-
oping countries (Naderi and Danesh-Shahraki 2013; Yassen et al. 2017).

The second way of application relates to exogenous use of trace elements and 
nanoparticles to mitigate stress effects by influencing some specific plant processes 
(Zhao et al. 2012; Rico et al. 2013; Rossi et al. 2016). For example, the zinc treat-
ment led to lower MDA and H2O2 concentration in tissues in the experimental plants 
under salt stress, which was associated with upregulation of total APX, CAT, POD, 
and PPO activities under salt stress (Weisany et al. 2012). Decreasing of lipid per-
oxidation and proline contents under salinity by applying Fe2O3NPs has been 
found in the peppermint plants. The appropriate concentration of iron nanoparticles 
can be used for stress resistance of the peppermint (Askary et al. 2017). Fathi et al. 
(2017) and Soliman et al. (2015) have demonstrated the positive influence of Zn and 
Fe and their NPs in stress conditions. Nanoparticles were more efficient than other 
tested forms of these micronutrients. It can be caused by their size, shape, distribu-
tion, and other physical characteristics. Latef et al. (2017) reported that priming of 
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seeds with ZNPs is a useful strategy to increase the salt tolerance of lupine plants. 
The most efficient was concentration of ZnO NPs 60 mg L−1.

It has been also shown that exogenous nanoparticles such as cerium oxide 
nanoparticles (CeO2-NPs) positively influence plant growth and production under 
normal growth conditions. Depending on soil moisture content, CeO2-NPs sup-
ported photosynthesis, which led to increase of water use efficiency (WUE), espe-
cially in water-restricted conditions (Cao et al. 2017). Under salinity, it was found 
that CeO2-NPs application led to improved plant growth and physiological responses 
of canola, improving the salt stress responses. However, the stress effects were not 
fully alleviated by CeO2-NPs (Rossi et al. 2016).

Adding SiO2 nanoparticles was found to be able to improve germination and 
seedling early growth under salinity stress (Sabaghnia and Janmohammadi 2014; 
Siddiqui and Al-Whaibi 2014). In similar, nano-silicon (N-Si) was shown to improve 
seed germination, plant growth, and photosynthesis under environmental stresses in 
tomato (Almutairi 2016a, b).

Also in the case of application of AgNPs, the alleviative effects in conditions of 
salt stress were found, including positive influence on seed germination, growth of 
roots, and thus the overall growth and dry mass increase in tomato seedlings under 
NaCl stress (Almutairi 2016a). The combined application of AgNPs and salinity 
increased the soluble sugars and proline contents. On the other hand, it decreased 
catalase activity and increased peroxidase activity compared to the respective AgNP 
treatments alone. AgNPs enhanced the salt tolerance in wheat, but the long-term 
response of AgNPs under salt stress needs further investigation.

El-Sharkawy et al. (2017) have demonstrated that application of K nanoparticles 
in alfalfa may be more efficient than the use of conventional fertilizers, as the nutri-
tion can be more adequate and this way of application may prevent the negative 
effects of salt stress in some specific conditions.

The abovementioned results suggest that the application of different nanoparti-
cles is a promising strategy to stimulate the plant tolerance to salt stress. According 
to the many researchers, engineered nanoparticles have a great chance of getting 
into agricultural lands (Delfani et al. 2014; Benzone et al. 2015; Liu et al. 2015; Liu 
and Lai 2015; Mastronardi et al. 2015; Rastogi et al. 2017). We report that a com-
mon industrial nanoparticle could in fact have a positive impact on crops. Modern 
nanofertilizers are expected to contribute to the improvement of crop growth, pho-
tosynthesis, and tolerance to environmental stress, which will result to better nutri-
ent and water use efficiency and yield increase.

4.5  Conclusion

Nowadays, the advances in research aimed at salt stress effects on plants at different 
levels, described broadly in this chapter, provide great opportunities to develop 
effective strategies to improve crop tolerance and yield in different environments 
affected by the soil salinity. It was clearly demonstrated that plants employ both the 
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common adaptative responses and the specific reactions to salt stress. Presented 
data may be helpful to understand the physiological, metabolic, developmental, and 
other reactions of crop plants to salinity, resulting in the decrease of biomass pro-
duction and yield. In addition, the chapter provides an overview of modern studies 
on how to mitigate salt stress effects on photosynthetic apparatus and productivity 
of crop plants with the help of phytohormones, glycine betaine, proline, polyamines, 
paclobutrazol, trace elements, and nanoparticles. Plant production in saline agricul-
ture can avoid or, at least, diminish the negative salt effects with use of different 
approaches and tools, which can have an economic impact worldwide but, espe-
cially, in most endangered developing countries.
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Chapter 5
Potassium Uptake and Homeostasis  
in Plants Grown Under Hostile  
Environmental Conditions, and Its Regulation 
by CBL- Interacting Protein Kinases

Mohammad Alnayef, Jayakumar Bose, and Sergey Shabala

Abstract Abiotic stresses impose major penalties on plant growth and agricultural 
crop production. Understanding the mechanisms by which plants perceive these 
abiotic stresses, and the subsequent signal transduction that activates their adaptive 
responses, is therefore of vital importance for improving plant stress tolerance in 
breeding programs. Among the plethora of second messengers employed by plant 
cells, calcineurin  B–like proteins (CBLs) and CBL-interacting protein kinases 
(CIPKs) have emerged as critical components of the signal transduction pathways 
and regulators of plant ionic homeostasis under stress conditions. This chapter sum-
marizes the current knowledge on interaction between CIPKs and K+ transport sys-
tems, and the role of the former in regulating cell ionic relations and K+ homeostasis 
in plants grown under adverse environmental conditions.
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Abbreviations

ABA Abscisic acid
AKT Arabidopsis potassium transporter
[Ca2+]cyt Cytosolic concentration of calcium
CaM Calmodulin
CBL Calcineurin B–like protein
CIPK CBL-interacting protein kinase
CDPK Ca2+-dependent protein kinase
CML CaM-like protein
CPDK Calcium-dependent protein kinase
Ek Equilibrium potential
GORK Guard cells outward-rectifying potassium channel
HAK High-affinity potassium transporter
KAT Inward-rectifying Shaker-like potassium channel
KC1 Silent Shaker-like potassium channel
KUP K+ uptake permease
mRNA Messenger RNA
NADPH Reduced nicotinamide adenine dinucleotide phosphate
NO Nitric oxide
PCD Programmed cell death
PEG Polyethylene glycol
PLP Pyridoxal-5'-phosphate
PP2C 2C-Type protein phosphatase
RBOH Respiratory burst oxidase homologue
ROS Reactive oxygen species
SKOR Stelar outward-rectifying potassium channel
SNO1 Sensitive to nitric oxide 1
SPIK Shaker pollen inward K+ channel
TPK Tandem-pore potassium channel
V-ATPase Vacuolar adenosine triphosphate

5.1  Introduction

Abiotic stresses such as salt, drought, heat, cold, and flooding impose major penal-
ties on plant growth, resulting in estimated annual losses in crop and fiber produc-
tion in excess of US$120  billion (http://www.fao.org/docrep/008/y5800e/
Y5800E06.htm). Understanding the physiological and molecular mechanisms by 
which plants perceive these abiotic stresses, and the subsequent signal transduction 
that activates their adaptive responses, is therefore of vital importance for improv-
ing plant stress tolerance in breeding programs.
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Among the plethora of known signals, calcium and reactive oxygen species 
(ROS) play vital roles as second messengers in plant responses to biotic and abiotic 
stress. Under normal conditions, the cytosolic concentration of calcium ([Ca2+]cyt) is 
maintained at a nanomolar level, generally in the range of 100–200  nM (Bush 
1995), whereas it is in the millimolar range (1–10 mM) in extracellular and intracel-
lular Ca2+ stores. Under adverse environmental conditions, this cytosolic concentra-
tion can be higher—up to micromolar level. Plants not only store the excess Ca2+ 
(either in the apoplast or in the lumen intracellular organelles) in order to avoid Ca2+ 
toxicity but also use it as a signal transductor in response to adverse environmental 
conditions (Kader and Lindberg 2010; Perochon et  al. 2011; Reddy and Reddy 
2004). In response to an environmental stress, the increase in the cytosolic Ca2+ 
concentration (the so-called Ca2+ signature) is a result of the activation of Ca2+ chan-
nels, pumps, and transporters located in the plasma membrane or in other organelle 
membranes, resulting in the downstream response of targeted genes (Tuteja and 
Mahajan 2007). The peak, magnitude, frequency, and duration of the Ca2+ signature 
play a vital role in encoding specific information for plants under various conditions 
(Whalley and Knight 2013). The Ca2+ signature must be either of low amplitude or 
transient. The latter can be single (a spike), double (biphasic), or multiple (oscilla-
tions) (Tuteja and Mahajan 2007). Stress-induced calcium signatures are highly 
specific and may differ even between ecotypes within the same species (Schmöckel 
et al. 2015). These authors showed that, 200 mM NaCl resulted in a peak [Ca2+]cyt of 
800–855 nM, while under isotonic osmotic stress generated by sorbitol, the peak 
magnitude ranged between 73 and 750 nM, depending on the particular ecotype of 
Arabidopsis (Schmöckel et al. 2015). Interestingly, these results showed that in the 
case of the Col-0 ecotype, the double (biphasic) Ca2+ signatures occurred between 
30–120 s after salt treatment and lasted approximately 30 s, while the C24 had only 
one peak (a spike). This suggested that the salt signaling pathway is triggered by 
NaCl and initiates a signal cascade causing Ca2+ influx into the cytosol to create a 
Ca2+ signature (Schmöckel et al. 2015).

Another well-known signal involved in plant sensing of hostile environment 
are reactive oxygen signals. ROS are not always toxic molecules that need to be 
detoxified, and ROS waves are required by plants for growth, development, pro-
grammed cell death (PCD), and biotic and abiotic responses (Gechev et al. 2006). 
Importantly, ROS and Ca2+ signaling networks are strongly overlapped and inter-
act, providing another layer of signal specificity encoding. For example, both 
cytosolic Ca2+ and ROS signals were essential for maintenance of the optimal cyto-
solic K+/Na+ ratio in salt-grown plants (Ma et al. 2012a). Among other reasons, the 
reported cross talk between Ca2+ and ROS originates from the fact that many Ca2+-
permeable channels are ROS activated (Demidchik et  al. 2003). Arabidopsis 
AtrbohD and AtrbohF mutants lacking functional NADPH [reduced nicotinamide 
adenine dinucleotide phosphate] oxidases—a major source of the apoplastic ROS 
generation—lacked the capacity for H2O2 production and showed a salt-sensitive 
phenotype resulting from increased Na+ accumulation and lower K+ content (Ma 
et al. 2012a). The salt tolerance of these plants was partially rescued by exoge-
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nous H2O2 application. Respiratory burst oxidase homologues (RBOHs) are syn-
ergistically activated by binding of Ca2+ to EF-hand motifs and also by 
phosphorylation (Ogasawara et al. 2008).

Plants have evolved a specific set of proteins that bind Ca2+, with or without 
helix–loop–helix EF-hand motifs. Three major categories of EF-hand proteins in 
plants are the calmodulins (CaMs) and CaM-like proteins (CMLs), Ca2+-dependent 
protein kinases (CDPKs), and calcineurin B–like proteins (CBLs) (DeFalco et al. 
2010). Some of these Ca2+ binding proteins such as calcium-dependent protein 
kinases (CPDKs), when bound to Ca2+, can immediately regulate downstream pro-
teins (Schulz et al. 2013), while others—the CMLs and CBLs—bind to other pro-
teins to affect their downstream target.

Over the last decade, cytosolic K+ has emerged as a key determinant of plants’ 
ability to adapt to a broad range of biotic and abiotic factors (Anschutz et al. 2014; 
Shabala and Pottosin 2014; Shabala et  al. 2016). While the early focus of the 
research in this field was on structure–function studies and understanding of the 
molecular mechanisms underlying K+ transport, more recent studies of post- 
translational regulation of potassium transport systems have moved to the center 
stage of K+ transport research (Anschutz et al. 2014). This has highlighted the role 
of cytosolic potassium as a signaling molecule and as one of the “master switches” 
enabling plant transition from normal metabolism to a “hibernated state” during 
the first hours after the stress exposure and then to a recovery phase (Shabala and 
Pottosin 2014; Demidchik 2014; Shabala 2017). The current paradigm implies 
that all known abiotic stresses trigger a substantial disturbance in K+ homeostasis 
and provoke a feedback control on K+ channels and transporter expression and 
post- translational regulation of their activity, optimizing K+ absorption and usage 
and, at the extreme end, assisting the programmed cell death. The specific details 
of this control remain elusive but are known to include both Ca2+ and ROS signal-
ing (Shabala et al. 2016).

Over the last decade, calcineurin B–like proteins have attracted a lot of atten-
tion as important regulators of plant ionic homeostasis (Li et al. 2009)—the role 
fulfilled by CBLs interacting with a certain class of protein kinases. CBL-
interacting protein kinases (CIPKs) are a unique family of serine/threonine pro-
tein kinases, present in plants. There is evidence from various studies that biotic 
and abiotic stresses such as salinity, drought, cold, and high pH induce different 
expression patterns and subcellular localization of CBL sensors and CIPK kinases 
(Kolukisaoglu et al. 2004; Li et al. 2009; Manik et al. 2015). The focus of this 
chapter is on the interaction between CIPKs and K+ transport systems, and the 
role of the former in regulating cell ionic relations and K+ homeostasis in plants 
grown under adverse environmental conditions. First, major K+ transport systems 
present in plant roots are described, and their roles in plant adaptation to hostile 
conditions are revealed.
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5.2  Plant K+ Channels

Different types of K+ channel have been identified as being involved in K+ trans-
port in plants. These are Shaker-type K+ channels and tandem-pore K+ channels 
(TPKs), and all types have orthologues in animals (Véry and Sentenac 2003). The 
first plant K+ channels identified through functional complementation of yeast 
mutant strains defective for K+ uptake, were members of the Shaker family 
(Kv-like) (Schachtman et  al. 1992; Sentenac et  al. 1992). In the Arabidopsis 
genome, nine Kv-like Shaker proteins have been identified, seven of which are 
highly selective K+ channels (Very and Sentenac 2002). On the basis of their 
rectification properties, these have been grouped into three known subfamilies: 
four are inward rectifying (KAT1 [inward- rectifying Shaker-like potassium 
channel  1], KAT2, AKT1 [Arabidopsis potassium transporter  1], and SPIK 
[Shaker pollen inward K+ channel]), two are outward rectifying (GORK [guard 
cells outward-rectifying potassium channel] and SKOR [Stelar outward-rectify-
ing potassium channel]), one is a silent K+ channel (KC1 [silent Shaker-like 
potassium channel]), and two are weak or unknown rectifying channels (AKT2/3 
and AKT5) (Pilot et  al. 2003). The Shaker channels are voltage gated; thus, 
changes in membrane polarization, in response to the presence of K+ in milli-
molar concentrations, regulate the functions of these channels (Lebaudy et  al. 
2007). The inward-rectifying channels are activated by membrane hyperpolar-
ization (with negative Ek [equilibrium potential] values of about −80 and 
−100 mV), so their gating is almost independent of the predominant potassium 
concentration on both sides of the plasma membrane (Hedrich et  al. 2011). 
However, since the outward-rectifying channels are activated by membrane 
depolarization, their gating is strongly dependent on the extracellular K+ concen-
tration (Hedrich et al. 2011; Lebaudy et al. 2007).

Among all of these channels, the AKT1 channel arguably plays the greatest role 
in root K+ acquisition and thus mediates K+ homeostasis under stress conditions. 
Accordingly, the following sections are focused on expression patterns and regula-
tion modes of AKT1.

5.2.1  Expression Pattern of AKT1

In Arabidopsis, AKT1 (locus ID At2g26650) is localized in the plasma membrane of 
the root, and through the use of gene promoter analysis it was found that AKT1 gene 
promoter activity was strong along the mature root, relatively weak at the root tip, and 
restricted in both the cap and the epidermis (Lagarde et al. 1996). In rice plants, tran-
scriptional analysis showed the presence of OsAKT1 transcripts in the root for K+ 
uptake (Golldack et al. 2003). The highest levels of such transcripts were found in the 
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epidermis, followed by the exodermis, endodermis, and pericycle (Golldack et  al. 
2003). In leaves, the OsAKT1 transcript was found in the mesophyll cells and cells 
neighboring the metaxylem vessels, suggesting that OsAKT1 plays a role in K+ trans-
port and distribution. Moreover, OsAKT1 was also expressed in phloem cells, suggest-
ing its possible role in phloem loading in rice plants (Golldack et al. 2003).

5.2.2  Regulation of AKT1 Channels

Responses to environmental stimuli such as light, abscisic acid (ABA), and salt 
stress regulate the Shaker K+ channels’ activity both at transcriptional and post- 
translational levels (Chérel 2004). For example, a study of the signaling pathway of 
nitric oxide (NO) in the Xenopus oocyte system and in root protoplasts of Arabidopsis 
showed that NO negatively regulated the activity of AKT1 via upregulation of the 
activity of the vitamin B6 salvage pathway gene, SNO1 [Sensitive to nitric oxide 1]. 
This caused an accumulation of B6 and pyridoxal-5'-phosphate (PLP), which in 
turn suppressed the activity of AKT1. Such suppression reduced K+ uptake by the 
root (Xia et al. 2014). Several studies have shown that the activity of these channels 
is regulated by protein–protein interactions (Chérel 2004), which can be grouped 
into two types.

The first type are interactions that form heteromeric channels. For example, a 
heteromerization study showed that AtKC1 modulates the activity of the root K+ 
inward rectifier, AKT1, under a K+-deficient condition, by a combination of two 
effects. The first one is the integration of AtKC1 into the root inward K+ rectifier, 
which reduces K+ efflux and results in membrane hyperpolarization by shifting the 
voltage-dependent gating of AKT1 to a more negative membrane potential. The 
second one involves reduction of the relative cord conductance by AtKC1. These 
two factors inhibit K+ efflux while allowing K+ uptake at negative membrane poten-
tial from the reversal potential for K+ (Geiger et al. 2009).

The second type are interactions involving genuine regulatory proteins (Chérel 
2004). Several studies have shown that AKT1 is upregulated by CBL–CIPK protein 
complexes in Arabidopsis (Xu et al. 2006) and in rice plants, where the calcineu-
rin  B–like protein OsCBL1 interacts with the protein kinase OsCIPK23  in the 
plasma membrane, phosphorylating AKT1-mediated K+ uptake by the roots of the 
plants (Li et al. 2014). A recent study showed that both AtKC1 and CIPK23 syner-
gistically modulate AKT1 activity under a low-K+ condition (Wang et al. 2016).

5.2.3  Role of AKT1 in Plant Growth Under Various  
K+ and NH4

+ Conditions

NH4
+ and K+ are both monovalent cations, which influence each other both posi-

tively and negatively within the low- to high-affinity K+ transport range (Szczerba 
et al. 2008). In rice, the growth of rice seedlings and the accumulation of K+ in plant 
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tissue under the high-affinity K+ transport condition (0.02  mM K+) were both 
s ignificantly reduced in the presence of NH4

+. However, when the rice plants were 
grown in NH4

+, an increase in the external K+ concentration caused them to show 
greater influx, translocation, and tissue accumulation of K+, accompanied by a 
reduction in NH4

+ influx, resulting in a significant improvement in their growth 
(Szczerba et al. 2008). One of the possible explanations for this is that under a low-
affinity K+ condition, NH4

+ competes with K+ for transport via the non-AKT1 com-
ponent of the K+ transport system (Spalding et al. 1999). It was demonstrated that 
the AKT1 component of K+ permeability was between 55% and 63% in the wild 
type under a low K+ concentration of between 10 and 100 μM, and in the absence of 
NH4

+. However, in the presence of NH4
+, seed germination, seedling growth, and K+ 

uptake were all inhibited in the akt1 mutant plants (Spalding et al. 1999). Moreover, 
membrane depolarization was also observed when plants were grown in the pres-
ence of NH4

+ (Spalding et al. 1999). Such depolarization is known to activate out-
ward-rectifying channels such as GORK, resulting in more K+ efflux. Under a 
1.5 mM external K+ condition, K+ influx was not affected by the presence of NH4

+, 
while K+ influx was stimulated by the addition of NH4

+ in the low-affinity K+ range 
(40 mM K+). However, under high nutrient supply, plant growth declined because of 
the energy consumption required to remove NH4

+ and K+ (Britto and Kronzucker 
2002; Szczerba et al. 2008). An electrophysiological study concluded that AKT1 
encodes the inward-rectifying channel responsible for K+ uptake from root cells 
(Hirsch et al. 1998). The role of AKT1 in plant nutrition, studied by using reverse 
genetic screening, showed that in a medium containing ≤100 μM K+ concentration 
and in the presence of NH4

+, akt1 function in Arabidopsis plants was disrupted, 
causing significant growth inhibition in comparison with the wild type. This sug-
gested that NH4

+ inhibits non-AKT1 K+ uptake pathways, thereby making growth 
dependent on AKT1 (Hirsch et al. 1998). In contrast, the growth of the AKT1 mutant 
plants was slightly reduced at 1 mM K+ in comparison with the wild type. Moreover, 
86Rb+ tracer flux analysis revealed that loss of function of AKT1 reduced the plants’ 
ability to take up K+ from the medium (Hirsch et al. 1998). These results indicate 
that the AKT1 channel mediates K+ uptake in a growth medium containing a con-
centration of 10 μM K+ (Hirsch et al. 1998).

Other studies showed that when the plants were grown in 0.5 mM and 5 μM of 
K+, the K+ content of the shoots and roots was significantly reduced but without a 
significant change in the plant biomass. However, this K+ deficiency did not change 
the expression of the AKT1 gene. This is consistent with the theory that low-affinity 
transporters mediate K+ uptake in the millimolar range (Lagarde et  al. 1996). A 
combination study of the function of AKT1 and AKT2  in roots of Arabidopsis 
plants, using knockout mutation and electrophysiological assays, showed that a 
reduction in the K+ permeability of the plasma membrane of root cells resulted in 
growth impairment in akt1 seedlings. Moreover, in cotyledons AKT1 was a more 
major contributor to K+ uptake than AKT2 (Dennison et  al. 2001). Additionally, 
under a low-K+ condition (10–100 μM range) and in the absence of NH4

+, the growth 
of wild-type plants increased as the external K+ concentration increased, indicating 
that in the absence of NH4

+, their growth rate was restricted by K+ deficiency. 
Mutations in akt1 and akt2 nonsignificantly affected the growth rate of the plants 
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under both of the above conditions. However, when NH4
+ was added to the growth 

medium, the growth rate of the akt1 mutant plants was inhibited, but that of the akt2 
mutant plants was not. This negative effect of NH4

+ on the plant growth rate was 
mitigated by the addition of more K+ to the growth medium (Dennison et al. 2001). 
The need for plasma membrane  hyperpolarization between −180 and −240  mV 
increased under a low-K+ condition (10–100 μM) to allow the inward-rectifying 
channels to mediate K+ uptake (Geiger et al. 2009). Under a low-K+ condition, the 
loss of function of one of the essential root K+ channels such as AKT1 resulted in 
growth impairment (Geiger et al. 2009). A study involving a single athak5 mutation 
and an athak5akt1 double mutation in Arabidopsis plants showed that the growth of 
the athak5 mutant plants was inhibited at 10 μM but not at 20 μM K+, while both the 
athak5 and akt1 double-mutant plants failed to grow at 100 μM K+ and experienced 
growth inhibition at 450 μM K+. These results suggested that AtHAK5 and AKT1 
are the major transporters in the high-affinity K+ transport system, and that the 
AtHAK5 gene is the most important component of the non-AKT1 pathway (Pyo 
et al. 2010).

Desbrosses et al. (2003) found that the root hairs of the akt1-1 mutant did not 
elongate when the plants were grown at ≥10 mM. It was concluded that AKT1 is 
required for root hair elongation in the 50–100  mM range of K+ concentration. 
However, under a zero K+ concentration, the akt1 mutant plants developed longer 
root hairs. Both of these results led to the conclusion that AKT1 is a component of 
the low-affinity K+ uptake system in plants.

5.2.4  Role of AKT1 in Na+ Uptake Under a Low-K+ Condition

It has been suggested that the AKT1 channel is involved in Na+ uptake under a low- 
K+ condition (Golldack et  al. 2003; Spalding et  al. 1999). This suggestion arose 
from the finding that under a low-K+ (10 μM K+) condition, the growth rate of akt1 
mutant plants increased by 119% when the external Na+ concentration was increased 
to 1000 μM Na+, while this same growth rate was not stimulated by Na+ at 100 μM 
K+ (Spalding et al. 1999). A transcriptional study of the AKT1 gene in salt-sensitive 
rice (IR29) and in salt-tolerant lines (BK and Pokkali) under a 150 mM NaCl condi-
tion showed that while OsAKT1 transcripts disappeared from the exodermis of the 
salt-tolerant lines, their levels remained unchanged in the endodermis and increased 
in the exodermis in the salt-sensitive genotype. These findings point to OsAKT1 
being regulated differently in the various salt-dependent rice genotypes (Golldack 
et al. 2003). Moreover, this regulation of AKT1 does not significantly affect potas-
sium homeostasis under salt stress. Under 100 μM K+ to low-millimole K+, the salt-
tolerant lines selectively excluded Na+ while maintaining cytosolic K+. However, at 
low-micromole K+, these salt-tolerant and salt-sensitive lines accumulated similar 
amounts of Na+, suggesting a clear correlation between OsAKT expression and 
whole-plant Na+ selectivity (Golldack et al. 2003).
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5.2.5  Role of AKT1 in Adaptation to Osmotic Stress 
and Stomatal Movement

Potassium is considered to be a major inorganic osmoticum in plants, playing an 
important role in osmotic adjustment under drought conditions (Wang et al. 2013). 
K+ uptake is partially mediated by voltage-gated K+ channels located in the cellular 
plasma membrane (Maathuis et al. 1997). Under water stress conditions, and with a 
1.4 mM K+ concentration in a hydroponic system, shoot and root K+ content was 
lower in akt1 mutant plants than in the wild type, while at 10 mM K+, the akt1 plants 
did not show any K+-dependent phenotypes. This result suggested that under 
1.4 mM external K+, the non-AKT1 components were not able to compensate for 
the loss of function of akt1, resulting in lower K+ content (Nieves-Cordones et al. 
2012). One of the essential adaptations that plants need to develop in order to sur-
vive drought stress is rapid stomatal closure to prevent dehydration (Wang et al. 
2013). K+ inward/outward flux from guard cells via voltage-gated channels plays a 
crucial role in stomatal movement. Four inward rectifiers (KAT1, AKT1, AtKC1, 
and AKT2/3) and one outward rectifier (GORK) have been identified in the proto-
plasts of guard cells in wild-type Arabidopsis (Szyroki et al. 2001). Moreover, patch 
clamp analysis on enzymatically isolated guard cell protoplasts showed that KAT1 
is the dominant inward K+ channel, being responsible for 79% of K+ conductance, 
while the other inward rectifiers collectively deal with the remaining 21%. This led 
to the conclusion that inward-rectifying K+ currents in guard cells are mediated not 
only by KAT1 homomers but also by the AKT1, AKT2, and AKT2/3 K+ channels 
(Szyroki et al. 2001).

Nieves-Cordones et al. (2012) reported that in both hydroponic and soil systems, 
akt1 mutant plants sustained a significantly lower percentage of water loss and 
experienced a lower transpiration rate, at 10 mM K+ and under water stress condi-
tions. Additionally, the efficiency of stomatal closure in the akt1 mutant plants was 
higher in response to ABA, suggesting that disruption of akt1 enhanced the plants’ 
response to water stress.

5.3  The KT/HAK/KUP K+ Transporter Family

The members of the KT/HAK/KUP family have been identified firstly as K+ uptake 
permeases (KUPs) in bacteria K+ (Schleyer and Bakker 1993) and secondly as high- 
affinity potassium transporters (HAKs) in fungi (Bañuelos et  al. 1995). Several 
homologues have also been identified in plants such as Arabidopsis (Maser et al. 
2001), rice (Bañuelos et al. 2002; Gupta et al. 2008; Yang et al. 2009), maize (Zhang 
et al. 2012), and poplar (He et al. 2012). The ubiquitous presence of KT/HAK/KUP 
transporter genes in ancestral plant genomes implies that they play important roles 
in K+ acquisition during plant growth, development, and adaptation to stress (Grabov 
2007). A considerable number of studies have shown that KT/HAK/KUP 
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transporter genes are involved in both low- and high-affinity K+ transport, which 
overlap with the activity of K+ channels (Bañuelos et al. 2002). The existence of 
different genes with similar K+ affinity can be explained by the fact that KT/HAK/
KUP transporter genes mediate active K+–H+ transport (Rodriguez-Navarro 2000), 
while the other transporters mediate uniport transport to maintain electrochemical 
equilibrium (Bañuelos et al. 2002). A study of the phylogenetic tree of Arabidopsis 
identified 13 genes in the KT/HAK/KUP family that exhibit strong similarities 
(Maser et al. 2001). One of these genes, AtHAK5, has been identified as a high- 
affinity K+ transporter in Arabidopsis (Rodríguez-Navarro and Rubio 2006). In the 
rice genome, 27 genes have been identified, distributed among eight chromosomes. 
Twenty of these—including OsHAK2, OsHAK3, OsHAK7, and OsHAK9—have 
been shown to be localized in the plasma membrane, while the rest are located in 
four different organelles: OsHAK10 in the tonoplant, OsHAK14 in the mitochon-
drial inner membrane, OsHAK15 in the chloroplast thylakoid membrane, and 
AtKUP/HAK/K12 in the chloroplast membrane (Gupta et al. 2008). However, on 
the basis of a phylogenetic analysis of 13 Arabidopsis and 27 rice genes, the KT/
HAK/KUP family can be divided into four clusters, each of which includes genes 
that are localized in different subcellular membranes (Gupta et al. 2008). A study on 
cis-elements, which play an important role in gene regulation, showed that the 
upstream region of most OsHAK genes contains Ca2+-responsive cis-elements. As 
these may be associated with the key role of Ca2+, as a second messenger in response 
to environmental stimuli, Ca2+ is able to both activate and deactivate the OsHAK 
genes by regulating its cis-elements (Gupta et al. 2008).

5.3.1  Expression Pattern of the KT/HAK/KUP Family 
in Plants

A study on the expression of OsHAK1 and OsHAK7 in the shoots and roots of rice 
plants under high- and low-K+ conditions showed that although OsHAK1 expression 
was found in the whole plant, with the highest expression identified in the root, 
OsHAK7 was expressed only in the shoots and roots. This suggested that OsHAK1 
belongs to the high-affinity transporters in rice roots (Bañuelos et  al. 2002). An 
in  situ hybridization analysis showed that OsHAK1 was mainly expressed in the 
root tips—specifically, in their meristematic regions. The OsHAK1 messenger RNA 
(mRNA) signal indicated that OsHAK1 was expressed in the epidermal cells and 
vascular cells, while in the shoots it was detected in the apical meristem and in the 
cells on the inner side of the vascular bundle of leaf sheaths, as well as at the con-
junction of the roots and shoots, and in the stem (Chen et al. 2015). Another study, 
which investigated the expression of 26 OsHAK genes in the roots of rice seedlings, 
detected 14 genes that were involved in either K+ uptake or some other related func-
tion (Gupta et al. 2008). In Arabidopsis, evidence of OsHAK5 expression was found 
in the epidermis of the main and lateral roots and, to a lesser extent, in the 
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vasculature of the main roots (Gierth et  al. 2005). In contrast, overexpression of 
OsHAK5 in rice plants increased the net K+ influx rate by 2.6-fold under a 0.1 mM 
K+ condition, suggesting that OsHAK5 plays a role in root K+ acquisition under a 
K+-deficient condition. Moreover, the fact that strong expression of OsHAK5 was 
identified in the xylem parenchyma and phloem of root vascular tissue, particularly 
under a K+-deficient condition, suggested that OsHAK5 may be involved in the 
distribution of K+ transport between the roots and shoots (Yang et al. 2014).

5.3.2  HAK Genes Mediate High-Affinity K+ Uptake  
in Plant Roots

Several studies have indicated that HvHAK1 functions as a high-affinity K+ trans-
porter in Arabidopsis plants (Mangano et al. 2008; Santa-María et al. 1997). When 
the plants were grown in media containing 1 mM KCl, overexpression of HvHAK1 
resulted in slightly higher Rb+ uptake, which was more significant in plants under 
the K+-limiting condition than in the control plants (Fulgenzi et al. 2008). When the 
effect that knocking out OsHAK1 had on rice plants grown under two K+ levels—0.1 
and 1 mM K+—was studied by Chen et al. (2015), the results showed that the K+ 
uptake rates in the roots of Oshak1 mutants were about 50% and 70%, respectively, 
with the total K+ uptake per plant being 15–20% and 30–35%, respectively, and the 
K+ acquisition being 15% and 35%, respectively, of the values observed in wild- 
type plants. Thus, while the Oshak1 mutant plants showed significant growth 
impairment under both conditions, this was more pronounced under the low-K+ 
condition (Chen et al. 2015). Moreover, knocking out Oshak1 limited cell expan-
sion, resulting in smaller mutant plants (Chen et  al. 2015). Another study high-
lighted the key role played by AtHAK5 in both seedling establishment and plant 
growth under a low-K+ condition (Pyo et al. 2010). Athak5 mutant plants showed 
lower root and shoot K+ content than the wild type when Arabidopsis plants were 
grown under K+-deficient conditions (Gierth et  al. 2005; Nieves-Cordones et  al. 
2010; Pyo et al. 2010). It was consistently found that under a K+-deficient condition, 
overexpression of AtHAK5 enhanced the growth of Arabidopsis plants by causing 
them to produce a greater number and greater density of lateral roots, and higher dry 
weights of shoots and roots, than the wild type (Adams et al. 2014). A comparison 
study of the growth of overexpressed OsHAK5 and Oshak5 mutant plants and their 
wild type showed that when the plants were grown in a low-K+ condition, expres-
sion of OsHAK5 was rapidly upregulated in the plasma membrane of the epidermal 
cells of the rice root, resulting in increased acquisition. However, Oshak5 mutant 
plants accumulated only 60% of the K+ accumulated by their wild type (Yang et al. 
2014). In contrast, when grown in a medium containing 1 mM K+, overexpressed 
OsHAK5 plants did not display a significant difference in their growth, in compari-
son with the wild type. The suggestion from this is that OsHAK5 was involved in 
K+ acquisition in the rice plants under the low-K+ condition (Yang et al. 2014).
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5.3.3  Function of HAK Genes in K+ Uptake Under Salt Stress 
Conditions

According to Chen et al. (2015), OsHAK1 expression is regulated differently by salt 
stress, depending on the external K+ concentration. For example, under a normal-K+ 
condition, the addition of Na+ upregulated OsHAK1 expression, while under a low- 
K+ condition, OsHAK1 expression was reduced. This resulted in a lower K+ uptake 
rate in the wild type, while Oshak1 mutant plant uptake was completely blocked. 
This study concluded that all high-affinity K+ transport systems in rice plants—
including OsHAK1, OsHAK5, and OsAKT1—are salt sensitive (Chen et al. 2015). 
The results of a study by Fulgenzi et al. (2008) showed that the HvHAK1 transcript 
was significantly upregulated by 100 mM NaCl under a 1 mM K+ condition, result-
ing in significant K+ uptake after 6 h of salt induction. In Arabidopsis plants grown 
under a low-K+ condition, while the expression of AtHAK5 was upregulated, accom-
panied by a high rate of K+ uptake by the root, AtHAK5 expression was significantly 
reduced by the addition of Na+ to the medium (Nieves-Cordones et al. 2010). One 
possible explanation for this is that Na+ induced depolarization of the membrane 
potential, which in turn regulated the activity of the AtHAK5 gene (Nieves-Cordones 
et al. 2008). However, the differences in the Na+ concentration between the overex-
pressed HAK5 lines and the wild type was insignificant, regardless of whether they 
were grown under control, K+-deficiency, or salt stress conditions. Furthermore, 
since no morphological phenotype was found in the overexpressed lines under salt 
stress, this suggested that AtHAK5 is not involved in Na+ uptake in Arabidopsis 
plants (Adams et al. 2014; Nieves-Cordones et al. 2010). In contrast, Yang et al. 
(2014) reported that even under normal-K+ conditions, OsHAK5 expression was 
vastly upregulated by salinity. Thus, overexpressed OsHAK5 mutant plants were 
salt tolerant and Oshak5 mutant plants were salt sensitive, in comparison with the 
wild type, under a 100 mM NaCl condition. This suggests that OsHAK5 improves 
rice salt tolerance by enhancing the shoot K+/Na+ ratio. Moreover, the presence of 
OsHAK5 was detected in mesophyll cells and phloem tissue (Yang et al. 2014). In 
general, improvement of plant K+ acquisition and growth under salt conditions, 
through enhancement of the transcript levels of genes that encode high-affinity 
potassium transporters, is an important target for plant breeders (Nieves-Cordones 
et al. 2010).

5.3.4  Role of HAK Genes in K+ Transport

Significant expression levels of OsHAK1 and OsHAK5 were found in the xylem 
parenchyma and phloem of root vascular tissue, suggesting a role for OsHAK1 and 
OsHAK5 in K+ transport from the root to the aerial parts (Chen et al. 2015; Yang 
et al. 2014). The root K+ content of overexpressed OsHAK5 plants, in comparison 
with the wild type, was 30% and 60% lower under 0.3  mM K+ and K+-free 
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conditions, respectively. While under a normal-K+ condition (1 mM), overexpres-
sion of OsHAK5 did not contribute to the transport of K+ from the roots to the shoots 
(Yang et al. 2014), under the low-K+ condition, OsHAK5 and OsHAK1 both played 
a significant role in the xylem loading (Chen et al. 2015; Yang et al. 2014), with the 
K+ content of the xylem sap being 20–25% higher in the overexpressed line and 
lower in the oshak5 mutant line than in the wild type. This leads to the conclusion 
that under a normal condition, other K+ channels and K+ diffusion via the apoplast 
may play an essential role in K+ transport from the roots to the shoots, while under 
a low-K+ condition, OsHAK5 mediates K+ transport (Yang et al. 2014).

5.4  Role of CIPKs in Regulation of K+ Homeostasis

5.4.1  Role of CIPKs in Osmotic Stress Signaling

The initial responses to water stress include a rapid reduction in the leaf growth rate, 
followed by partial or complete stomatal closure. These result in reductions in the 
rates of transpiration and photosynthesis. Moreover, water stress inhibits root 
growth, and if the water stress is long term, ultimately plant growth and yield are 
reduced (Neumann 2011). In a bid to survive under such adverse environmental 
conditions, plants have evolved numerous responsive genes to restore cellular 
homeostasis. Various signaling proteins such as transcription factors, protein kinases 
and phosphatases play important signal transduction roles under abiotic stress con-
ditions by activating adaptive downstream responses that promote plant growth 
(Golldack et al. 2014).

In the rice genome, 15 genes in the CIPK family were induced by drought stress 
in a study by Xiang et al. (2007). Of these, the OsCIPK12 gene was the one shown 
to play a positive role in rice drought tolerance. This was because OsCIPK12- 
overexpressing mutant plants had the ability to accumulate higher proline and solu-
ble sugar content, thus exhibiting better survival rates under drought stress than the 
wild type (Xiang et al. 2007). Another gene, OsCIPK23, was also shown to mediate 
rice drought tolerance (Yang et al. 2008). In this study, suppression of OsCIPK23 
expression significantly reduced seed set and increased rice plants’ hypersensitivity 
to drought stress. It was also noted in the same study that expression of several 
drought stress–related genes was consistently induced when the OsCIPK23 gene 
was overexpressed in rice plants.

In Arabidopsis, CIPK9 expression was upregulated rapidly after 1 h, reaching a 
maximum at both 6 and 12 h of exposure to osmotic stress (mannitol), and then fall-
ing after 24  h. However, phenotypic analysis of both seedlings and adult plants 
under drought stress did not reveal any significant differences between CIPK9 
mutant plants and wild-type plants (Pandey et al. 2007). CBL1 and CBL9 interact 
with CIPK23 in plasma membranes in vivo, and their function was detected in vari-
ous tissues, including guard cells and root hairs (Cheong et al. 2007). In a study 
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using reverse genetic screening, loss of function of cipk23 was found to reduce 
transpiration by regulating stomatal movement in an ABA-dependent manner. 
Moreover, cipk23 mutant plants suffered a significant degree of growth impairment, 
accompanied by a reduction in the efficiency of K+ uptake by the roots, when they 
were grown in K+-deficient conditions (Cheong et al. 2007). Similar morphological 
and physiological responses have been observed in akt1 mutant plants subjected to 
long-term water stress (Nieves-Cordones et al. 2012). Both of these studies sug-
gested that the CBL1 and 9-CIPK23 complex negatively regulated AKT1—the K+ 
transporter in root and stomatal guard cells—resulting in increased plant sensitivity 
to water stress (Cheong et al. 2007; Nieves-Cordones et al. 2012). Another study 
characterized the expression of CIPK genes in maize under water stress, showing 
that five ZmCIPK genes (ZmCIPK1, -3, -8, -17, and -18) were regulated by polyeth-
ylene glycol (PEG), CaCl2, ABA, and H2O2, and that their expression was affected 
by ABA and H2O2, in an organ-dependent manner (Tai et al. 2013).

5.4.2  Role of CIPKs in Plant Adaptation to K+ Deficiency

As an essential macronutrient for plant growth and development, potassium has two 
main functions in plant cells: a biophysical one such as in osmoregulation, and a 
biochemical one such as in protein synthesis and enzyme activation (Hakerlerler 
et al. 1997; Leigh and Wyn Jones 1984). The concentration of K+ in the soil solution 
varies widely within a range of 0.1–6 mM. Larger quantities of K+, however, can be 
accumulated by the plant and may constitute between 2% and 10% of plant dry 
weight (Leigh and Wyn Jones 1984). Potassium deficiency symptoms appear when 
potassium constitutes less than 10% of plant dry weight. The cytoplasmic K+ con-
centration is, however, maintained at approximately 100 mM (Leigh and Wyn Jones 
1984), while the vacuole retains a high K+ concentration range of 20–500 mM for 
use under low-K+ conditions (Walker et al. 1996). This variability in the vacuolar K+ 
concentration reflects the potassium status of the plant. Under sufficient supply, the 
vacuole retains up to 200 mM for maintenance of the cytoplasmic K+ concentration. 
Under K+ deficiency conditions, however, it has been reported that vacuolar K+ 
drops to 10–20 mM, a concentration at which it is no longer possible to maintain 
cytosolic K+ (Leigh and Wyn Jones 1984; Walker et al. 1998). A significant number 
of selective and nonselective channels and transporters, localized in the plasma 
membrane and tonoplast, confer K+ uptake efflux and long-distance transport 
(Shabala and Pottosin 2014). K+ uptake functions can be performed either by a 
high-affinity mechanism, which is conferred by their transport function at a low 
external K+ concentration of less than 0.2 mM (Epstein et al. 1963; Maathuis and 
Sanders 1994), or by a low-affinity mechanism, which is conferred by K+ channels 
at a high external K+ concentration of above 0.2 mM (Epstein et al. 1963).

It has been reported that the activities of ion channels and transporters are regu-
lated to a major extent by phosphorylation and dephosphorylation (Lee et al. 2007; 
Ragel et  al. 2015). Low-affinity, inward-rectifying K+ channels such as the 
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Arabidopsis K+ transporter AKT1 have been shown to be regulated by CBL–CIPK 
complexes (Lee et al. 2007; Li et al. 2006). Of these, CIPK23, -6, and -16 phos-
phorylated and activated AKT1 in a BCL1-dependent manner, with CIPK23 being 
the more effective gene. In contrast, the 2C-type protein phosphatase (PP2C), inter-
acting with CIPK23, dephosphorylated and inactivated the AKT1 channel in the 
plant root (Lan et al. 2011; Lee et al. 2007). A model of the signaling pathway by 
which plants respond to low-K+ conditions has been proposed. According to this 
model, under low-K+ conditions, the calcium signature activates CBL and CBL2 
calcium sensors, which interact and activate the protein kinase CIPK23. The CBL–
CIPK23 complex phosphorylates and activates AKT1, thereby enhancing K+ uptake 
in plants (Li et al. 2006). It has been consistently shown that loss of function of 
cipk23, cbl1, or cbl9 leads to increased plant hypersensitivity to low-K+ conditions 
(Xu et al. 2006). Since OsAKT1 is modulated by the OsCBL1-OsCIPK23 complex, 
loss of function of either Oscipk23 or Osakt1 under a low-K+ condition causes the 
appearance of similar K+ deficiency symptoms (Li et  al. 2014). Under a low-K+ 
condition, CIPK23 is purported to activate the high-affinity K+ transporter HAK5. 
Under this condition (10 μM), CBL1, -8, -9, and -10 Ca2+ sensors activate CIPK23, 
which phosphorylates the N terminus of HAK5, upregulating its activity; this results 
in an increase in K+ influx (Ragel et al. 2015). Another study demonstrated that the 
CBL4–CIPK6 interaction modulates the activity of the AKT2 K+ channel in plant 
cells by translocating AKT2 from the endoplasmic reticulum membrane to the 
plasma membrane and enhancing AKT2 activity in oocytes (Held et al. 2011). As 
this translocation is dependent upon dual lipid modifications of CBL4 (by myris-
toylation and palmitoylation), the Ca2+ sensor modulates K+ channel activity in a 
kinase interaction–dependent and/or phosphorylation-independent manner (Held 
et al. 2011). The results of transcriptome analysis of the rice root response to potas-
sium deficiency showed that eight OsCIPK genes (OsCIPK2, -6, -9, -10, -14, -15, 
-23, and -26) were upregulated, while two others (OsCIPK29 and -31) were down-
regulated (Ma et al. 2012b). The transcript of CIPK9, a gene that is responsive to 
abiotic stress conditions, was induced in both the root and shoot of Arabidopsis 
under a low-K+ condition (Pandey et al. 2007). This was also detected under a nor-
mal- K+ condition (MS medium) (Liu et al. 2013). Although both K+ uptake and K+ 
content in the mutant plants remained unaffected by a low-K+ condition (≤20 μM), 
the disruption in the function of Oscipk9 increased K+ plant hypersensitivity to the 
K+-deficient condition (Pandey et al. 2007). In addition, cipk9 mutant plants did not 
display any phenotypic change, in comparison with the wild type, under both salt 
and osmotic stress, suggesting that CIPK9 has a function related specifically to K+. 
The double mutation in the tonoplast-localized CBL proteins cbl2 and cbl3 resulted 
in stunted plant growth with leaf tip necrosis and reduced root development, seed 
set, seed weight, and fatty acid content (Eckert et al. 2014; Tang et al. 2012); these 
are typical symptoms of nutrient deficiencies under normal growth conditions. 
Moreover, the double mutant cbl2cbl3 showed hypersensitivity to an excessive level 
of external ions and reacted by altering its ionic profile to one that was more specific 
to K+ accumulation. At the same time, this caused a defect to occur in the activity of 
vacuolar adenosine triphosphate (V-ATPase), which has been shown to play a role 
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in Na+ sequestration in the vacuoles of plant cells (Tang et al. 2012). In contrast, 
another study showed that overexpression of CIPK9, CBL2, and CBL3 in Arabidopsis 
plants under a low-K+ condition decreased their chlorophyll and K+ content in com-
parison with the wild type, resulting in a low-K+-sensitive phenotype (Liu et  al. 
2013). When grown under a low-K+ condition, both cbl3 and cipk9 mutants consis-
tently showed a similar low-K+-tolerant phenotype, which still had green shoots and 
higher chlorophyll and K+ content than the wild type (Liu et al. 2013). Moreover, 
this study established that both CBL3 and CBL2 interact with CIPK9 to upregulate 
its expression in the tonoplast. Further analysis revealed strong expressions of 
CBL2, CBL3, and CIPK9 in root vascular bundles. The root/shoot K+ ratio was also 
much lower in the cbl3 and cipk9 mutants than in wild-type plants, under a low-K+ 
condition, suggesting that these genes have a role in K+ translocation (Liu et  al. 
2013). However, the regulatory mechanism of the CBL3–CIPK9 complex in 

Fig. 5.1 CBL-interacting protein kinase (CIPK)–mediated abiotic stress signaling. Different cal-
cineurin B–like proteins (CBLs) may activate one or several CIPKs, which in turn phosphorylate 
and activate different types of ion channels and transporters localized at the plasma membrane and 
the tonoplast of plant cells, to maintain ion homeostasis. AKT  Arabidopsis K+ transporter  1, 
AKT2 Arabidopsis K+ transporter 2, HAK5 high-affinity potassium transporter 5, SOS1 salt overly 
sensitive 1 (an Na+/H+ antiporter). (Adapted from Zhu et al. (2013))
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response to abiotic stress is not well understood, because neither the targeted 
 proteins of the K+ channel nor the K+ transporters have been identified. In addition, 
when the interactions between CIPK9, K+ transporters, and channels such as AKT1, 
AKT2, HAK5, SKOR, and TPK1 were tested, the results were negative (Liu et al. 
2013; Pandey et al. 2007). Therefore, further studies are clearly needed to identify 
the role of CIPK9 in K+ homeostasis.

5.5  Prospects and Conclusions

The potential roles of CIPKs in ion homeostasis in response to abiotic stresses such 
salinity, drought, and K+ deficiency are summarized in Fig. 5.1. However, there is 
very little doubt that this model is incomplete and missing many other key players. 
In addition to CBL and CIPK, many other factors are known to control the activities 
of these plasma membrane–based and organelle-based ion transporters. These inter-
actions should certainly be incorporated into the model. Interactions between CIPK 
and transport for other ions (specifically, Na and Ca) also need to be understood. 
Last, but not least, stress sensing and adaptation are known to be highly cell and 
tissue specific (Dinneny 2010; Shabala et al. 2016). Thus, CIPK signaling and con-
trol of ion transporters should always be considered in this context.
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Chapter 6
Plant Hormones: Potent Targets 
for Engineering Salinity Tolerance 
in Plants
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Chedly Abdelly, Abderrazak Smaoui, Chiraz Chaffei Haouari, 
and Houda Gouia

Abstract Climate change has intensified the frequency and severity of many abi-
otic stresses. Soil salinity is a major abiotic stress affecting crop productivity world-
wide. This leads to significant yield reductions, which have been reported in major 
cereal species such as wheat, maize, and barley. Meanwhile, the global human pop-
ulation is expected to rise above 9 billion by 2050. Average living standards are also 
increasing, with impacts on food consumption. Thus, there is an urgent need to 
further increase crop productivity. To meet these goals, it is imperative to develop 
new crops that have improved resistance to salt stress. Many plant scientists now 
believe that modern biotechnological approaches such as molecular breeding and 
genetic engineering offer the possibility to achieve these goals. Plant hormones play 
an important physiological role in regulating plant growth and development, and in 
coordinating plant responses to environmental conditions. These hormones—

A. Atia (*)
Department of biology, College of science, King Khalid University, Abha, Saudi Arabia

Research Unit, Nutrition and Nitrogen Metabolism and Stress Protein, Department of 
Biology, Faculty of Sciences of Tunis, Campus Universitaire El Manar I, Tunis, Tunisia

Laboratory of Extremophile Plants, Centre of Biotechnology of Borj-Cedria,  
Hammam-Lif, Tunisia

Z. Barhoumi
Department of biology, College of science, King Khalid University, Abha, Saudi Arabia

Laboratory of Extremophile Plants, Centre of Biotechnology of Borj-Cedria,  
Hammam-Lif, Tunisia

S. Hkiri · C. C. Haouari · H. Gouia
Research Unit, Nutrition and Nitrogen Metabolism and Stress Protein, Department of 
Biology, Faculty of Sciences of Tunis, Campus Universitaire El Manar I, Tunis, Tunisia 

A. Debez · C. Abdelly · A. Smaoui
Laboratory of Extremophile Plants, Centre of Biotechnology of Borj-Cedria,  
Hammam-Lif, Tunisia 

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-75671-4_6&domain=pdf


160

including abscisic acid, gibberellins, auxins, cytokinins, ethylene, brassinosteroids, 
and jasmonates—are very important for providing adaptive responses under salt 
stress. Plant hormones may prove to be important metabolic engineering targets for 
producing abiotic stress–tolerant crop plants. This chapter discusses the physiological 
roles of plant hormones in salinity responses and recent success in engineering plant 
hormones for salinity tolerance in plants.

Keywords Abscisic acid · Auxins · Adaptive responses to salt stress · 
Brassinosteroids · Cytokinins · Crop productivity · Ethylene · Gibberellins · 
Genetic engineering · Jasmonates · Plant growth and development · Plant 
hormones · Soil salinity · Salinity tolerance

Abbreviations

12-OPDA 12-Oxo phytodienoic acid
13-HPOT 13-Hydroperoxy-9,11,15-octadecatrienoic acid
α-LeA α-Linolenic acid
AAO Abscisic acid–aldehyde oxidase
ABA  Abscisic acid
ACC  Aminocyclopropane-1-carboxylic acid
ACO  Aminocyclopropane-1-carboxylic acid oxidase
ACS  Aminocyclopropane-1-carboxylic acid synthase
ADP  Adenosine diphosphate
AHK Arabidopsis histidine kinases receptor
AHP  Histidine-containing phospho-transfer protein
AO  Allene oxide
AOC  Allene oxide cyclase
AOS  Allene oxide synthase
APX  Ascorbate peroxidase
ARR  Arabidopsis response regulator
ATP  Adenosine triphosphate
BIN2 Brassinosteroid-insensitive 2
BL  Brassinolide
BR  Brassinosteroid
BZR1 Brassinazole-resistant 1
CAT  Catalase
CK  Cytokinin
CKX Cytokinin oxidase/dehydrogenase
CRF  Cytokinin response factor
cZ  Cis-zeatin
EBR  24-Epibrassinolide (EBL)
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ECe  Electrical conductivity of a saturated soil extract
ERF  Ethylene response factor
ET  ethylene
FMO Flavin monooxygenase
GA  Gibberellin
HSD  11-b-Hydroxysteroid dehydrogenase
IAA  Indole-3-acetic acid.
IAM  Indole-3-acetamide
IAOx Indole-3-acetaldoxime
iPA  Isopentenyl adenine
IPA  Indole-3-pyruvic acid
IPP  Isopentyl diphosphate
IPT  Adenosine phosphate isopentenyl transferase
JA  Jasmonate/jasmonic acid
JA-ACC Jasmonoyl aminocyclopropane-1-carboxylic acid
JA-Ile Jasmonoyl isoleucine
LOX  13-Lipoxygenase
MAPK Mitogen-activated protein kinase
MCSU Molybdenum cofactor sulfurase
MDA Malondialdehyde
MeJA Methyl jasmonate
NCED 9-Cis-epoxycarotenoid dioxygenase
NR  Nitrate reductase
RES  Reactive electrophile species
ROS  Reactive oxygen species
SA  Salicylic acid
S-AdoMet S-adenosyl-methionine
SnRK2.4 Serine/threonine protein kinase gene
SOD  Superoxide dismutase
TAM Tryptamine
tZ  Trans-zeatin
Z  Zeatin
ZEO  Zeaxanthin oxidase
ZEP  Zeaxanthin epoxidase
ZR  Zeatin riboside

6.1  Introduction

Environmental stresses—including cold, drought, and salinity—are the most severe 
agricultural problems affecting plant growth and crop yield (Mao et  al. 2010). 
Climate change has intensified the frequency and severity of many abiotic stresses 
such as salinity, with significant yield reductions reported in major cereal species 
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such as wheat, maize, and barley (Jewell et  al. 2010). Salt-affected soils impact 
nearly 10% of the earth’s land surface (950 million hectares) and 50% of all irrigated 
land (230 million hectares) in the world (Ruan et al. 2010). Salinity is distributed 
largely throughout coastal salt marshes and inland desert sands. These have arisen 
naturally through mineral weathering, which leads to the release of soluble salts 
such as sodium salts, chlorides, magnesium salts, sulfates, and carbonates (Munns 
and Tester 2008). On irrigated land, secondary salinization occurs when irrigation 
practices cause salt accumulation and tree clearing on agricultural land causes water 
tables to rise and concentrates salts in the root zone (Rengasamy 2006). Soils are 
classified as saline when the electrical conductivity of a saturated soil extract (ECe) 
is 4 dS/m or more, which is equivalent to approximately 40 mM NaCl and generates 
an osmotic pressure of approximately 0.2 MPa. This salt concentration significantly 
reduces the yield of most crops (Munns and Tester 2008). The global annual losses 
in agricultural production from salt-affected land are in excess of US$120 billion 
(Flowers et al. 2010). Meanwhile, the global human population is expected to rise 
above 9 billion by 2050. Average living standards are also increasing, with impacts 
on food consumption, the demand for grain for livestock sustenance and, ultimately, 
agricultural land use. Consequently, an average annual increase in cereal production 
of 44 million metric tons is required (Cominelli et al. 2012). Therefore, the needs 
for prevention of crop losses and production of more food and feed to meet the 
demands of ever-increasing human populations have gained more and more attention 
(Wani et al. 2017). Investigating how salinity affects plant growth and development 
at the physiological and molecular levels is an important approach to increase the 
productivity of crops, because salinity causes widespread crop losses throughout the 
world (Flowers et al. 2010; Cominelli et al. 2012; Wani et al. 2016).

Plant hormones are a group of small molecules that play important physiological 
roles in regulating plant growth and development and coordinating plant responses 
to environmental conditions. They act either close to or remote from their site of 
synthesis to perform their function (Colebrook et al. 2014; Kumar et al. 2016; Raja 
et al. 2017). Recently, plant hormones have received great attention. In fact, they are 
of great significance for plants’ stress responses and adaptation. Usually, salicylic 
acid (SA), jasmonates (JAs), and ethylene are associated with plant defense, whereas 
gibberellins (GAs), auxins, brassinosteroids (BRs), and cytokinins (CKs) are 
associated with plant development. For many years, abscisic acid (ABA) was 
considered the key hormone that regulates plant responses to abiotic stresses (Kazan 
2015). However, it is becoming increasingly evident that all plant hormones can 
play important roles under abiotic stress conditions (Raja et al. 2017; Wani et al. 
2017). Plants are able to regulate and coordinate both growth and/or stress tolerance 
by variations in hormone production, distribution, or signal transduction, which 
consequently promote survival or escape from environmental stress (Colebrook 
et al. 2014).

Currently, under the increasingly environmentally challenging conditions, there 
is an urgent need to further increase crop productivity. Thus, to meet this goal, it is 
imperative to develop new crops that have improved water use efficiency and 
improved resistance against water scarcity and salinity (Cominelli et al. 2012). This 
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goal might be attained by conventional plant breeding approaches. In fact, using the 
traditional methods of crossing and selecting progeny, breeders have produced new 
varieties with improved ability to resist stresses (Cominelli and Tonelli 2010). 
However, in recent decades, many plant scientists have concluded that modern 
biotechnological approaches such as molecular breeding and genetic engineering 
offer the possibility to achieve these goals in a shorter time (Cominelli et al. 2012).

This chapter focus on the physiological roles of plant hormones in salinity 
response and discusses recent success in engineering of plant hormones for salinity 
tolerance in plants.

6.2  Abscisic Acid

Abscisic acid (ABA) is a type of metabolite known as an isoprenoid or terpenoid 
(Vishwakarma et al. 2017). Various enzymes are involved in utilizing β-carotene to 
synthesize ABA. ABA was first isolated and identified from cotton balls in 1960. 
Conversion of β-carotene to ABA is mediated via a number of steps (Vishwakarma 
et  al. 2017) catalyzed by the enzymes zeaxanthin oxidase (ZEO), 9-cis- 
epoxycarotenoid dioxygenase (NCED), ABA-aldehyde oxidase (AAO), and 
molybdenum cofactor sulfurase (MCSU) (Tuteja 2007). Under normal conditions, 
ABA plays important roles in plant growth and development (Basu and Rabara, 
2017). ABA regulates seed maturation, seed germination, seedling growth, flower-
ing, and stomatal movements (Finkelstein et al. 2002; Wani et al. 2017). Seeds imbi-
bition leads to rapidly decreased ABA content in the seeds, which facilitates 
germination (Ali-Rachedi et al. 2004). Exposure of seeds to ABA during germina-
tion arrests radicle elongation and growth, but reversibly (Finkelstein et al. 2002; 
Atia et al. 2009). ABA is well known as a hormone that enables plants to survive 
severe environmental conditions such as salt and drought stresses (Raghavendra 
et al. 2010; Basu and Rabara, 2017). Salinity causes osmotic stress and water defi-
cit, increasing the endogenous ABA level (Gupta and Huang 2014). The elevated 
ABA hormone level helps plants to close their stomata and accumulate numerous 
proteins and osmoprotectants for osmotic adjustment (Ruy and Chao 2015). 
Accumulation of ABA can mitigate the inhibitory effect of salinity on photosyn-
thetic activity, growth (Gupta and Huang 2014), and many other physiological func-
tions, including mineral nutrition and translocation of assimilates. Following salt 
stress, ABA accumulation lead to accumulation of K+, Ca2+, and compatible solutes 
such as proline and sugars in root cells, which may counteract the uptake of Na+ and 
Cl− (Gurmani et al. 2011).

ABA is a vital cellular signal that modulates the expression of a number of salt 
responsive genes (Fig. 6.1). In fact, ABA induces the expression of genes encoding 
ion transporters and hemostasis, thus enhancing ion-selective absorption and 
contributing to the transfer of Na+ from the cytoplasm to the vacuole or its discharge 
from the plant. For instance, in Hordeum vulgare, ABA controls the allocation of 
toxic Na+ ions in the vacuole by controlling the expression of two genes—HVP1 
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and HVP10—for vacuolar H+-inorganic pyrophosphatase, and expression of 
HvVHA-A for the catalytic subunit (subunit A) of vacuolar H+-ATPase (Fukuda and 
Tanaka 2006). Yang et  al. (2014) reported that ABA controls ATPase activities 
across the plasma membrane and tonoplast, and improves proton pump activity, 
which provides more power for Na+/H+ antiport, thus simultaneously enhancing 
selective absorption of K+. Recently, Pons et al. (2013) showed that in rice, ABA 
enhances H+ pumping under salt conditions. This positive effect occurs across the 
tonoplast and is more pronounced in the more tolerant rice lines. The authors 
showed that strong activation of Na+/H+ antiport activity occurs under salinity across 
the tonoplast and the plasma membrane. The authors concluded that under saline 

ABA 
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Fig. 6.1 Schematic model summarizing the roles of plant hormones in regulation of salt stress 
tolerance in plants. See text for additional details
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conditions, ABA seems to synergistically affect H+ pumping and antagonistically 
affect Na+ extrusion. Furthermore, ABA activates the expression of genes encoding 
ROS-scavenging enzymes—including superoxide dismutase (SOD), catalase 
(CAT), and ascorbate peroxidase (APX)—and increases the activity of these 
enzymes (Jiang and Zhang 2002; Raja et al. 2017). This alleviates the effect of salt- 
induced ROS accumulation and prevents cell damage. Since plant hormones such as 
ABA are key regulators of responses to salinity, hormone metabolism and signaling 
processes are potent targets for engineering salinity tolerance in plants (Kumar et al. 
2016). ABA is a vital cellular signal that modulates the expression of a number of 
salt-responsive and water deficit–responsive genes (Basu and Rabara 2017). Salinity 
stress rapidly increases ABA accumulation following the activation of 
 biosynthesis- related genes such as ZEO, NCED, and AAO. Currently, genes for the 
key enzymes involved in ABA synthesis are used in plant transformation to improve 
plant stress tolerance. For instance, NCED is the key enzyme in the ABA biosynthesis 
pathway. The transformation of Nicotiana tabacum by SgNCED from Stylosanthes 
guianensis has been shown to improve salinity tolerance in transgenic plants. This 
is accompanied by an increase in ABA biosynthesis and decreases in stomatal 
conductance, transpiration, and photosynthesis. Transgenic plants have been 
reported to exhibit increased activities of SOD, CAT, and APX, and high production 
of H2O2 and NO (Zhang et al. 2008) (Table 6.1). The transformation of Arabidopsis 
thaliana by MhNCED3 from Malus hupehensis Rehd has been shown to improve 
salinity tolerance in transformed plants. They displayed greater endogenous ABA 
content, nitric oxide generation rates, AtNIA1 transcript levels, and nitrate reductase 
(NR) activity than wild-type plants (Zhang et  al. 2015) (Table  6.1). Zeaxanthin 
epoxidase (ZEP) is an enzyme in ABA biosynthesis and in the xanthophyll cycle. 
This enzyme is required for an initial step in ABA synthesis from isopentyl 
diphosphate (IPP) and β-carotene. Transformation of A. thaliana by the AtZEP gene 
improved the response to salinity in transgenic plants, which exhibited more 
vigorous growth than wild-type plants under high-salt and drought treatments (Park 
et al. 2008) (Table 6.1). N. tabacum plants overexpressing the MsZEP gene from 
Medicago sativa showed high water content, lower malondialdehyde (MDA) 
content, and induction of two salt tolerance genes, DREB and P5CS (Zhang et al. 
2015) (Table 6.1). AtLOS5 encoding MCSU is a key regulator of ABA biosynthesis. 
The transformation of Zea mays by this gene from A. thaliana improved K+ retention 
in host plants and maintained a high cytosolic K+/Na+ ratio under salt stress (Zhang 
et al. 2016) (Table 6.1).

The ABA hormone controls the induction of ROS-scavenging activity through 
signaling processes. Signal molecules such as H2O2 and NO are involved in ABA- 
induced stomatal closure and gene expression, and the activities of antioxidant 
enzymes. ABA-induced H2O2 production mediates NO generation, which in turn 
activates mitogen-activated protein kinase (MAPK) and results in upregulation of 
the expression and activities of antioxidant enzymes (Zhang et al. 2008). In Oryza 
sativa, expression of the OsC3H47 gene, which encodes a signal protein belonging 
to the CCCH zinc finger family, is induced by drought, NaCl, and 
ABA. Overexpression of OsC3H47 significantly enhanced tolerance of salt stresses 
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in rice seedlings by decreasing ABA sensitivity (Wang et al. 2015) (Table 6.1). This 
gene may play an important role in ABA feedback and post-transcription processes 
leading to salinity tolerance (Wang et al. 2015). The serine/threonine protein kinase 
gene SnRK2.4 is implicated in ABA signaling. Mao et al. (2010) showed that trans-
genic Arabidopsis overexpressing this gene exhibited enhanced tolerance of abiotic 
stress, including salinity. This was accompanied by a decrease in water loss, 
strengthened cell membrane stability, improvement of photosynthetic potential, and 
a significant increase in osmotic potential (Table 6.1).

6.3  Gibberellins

Gibberellins (GAs) are a large group of tetracyclic diterpenoid carboxylic acids. 
GAs play a major role in developmental processes in plants, including seed 
germination, leaf expansion, stem elongation, flower and trichome initiation, pollen 
maturation, and fruit development (Wani et al. 2016). GAs were first identified in 
the pathogenic fungus Gibberella fujikuroi—the causal agent of the ‘foolish- 
seedling’ disease of rice, causing excessive elongation of infected plants (Yabuta 
and Sumiki 1938). Since that discovery, 136 GAs have been identified in plants, 
fungi, and bacteria. Most GAs are precursors of bioactive forms or deactivated 
metabolites, and only a few (GA1, GA3, GA4, and GA7) have biological activity 
(Yamaguchi 2008). Interestingly, there is increasing evidence that they play vital 
roles in abiotic stress response and adaptation. GAs act as antagonists to ABA. GAs 
enhance seed germination under salt stress through different mechanisms such as by 
inducing synthesis of some enzymes and stimulating H+-ATPase activity across the 
tonoplast (Yang et al. 2014). Under low salinity, GA3 reduces the stomatal resistance 
of leaves, accelerates transpiration, and increases water use efficiency, thus 
improving the salt tolerance of plants (Yang et al. 2014). In tomato plants, application 
of GA decreased stomatal resistance and improved water use efficiency under low 
salinity (Maggio et al. 2010). Treatment with GAs may increase crop growth and 
yield under saline conditions. The positive effect of GA3 is related to multiple effects 
such as decreased activity of ribonuclease and increases in reducing sugars, activity 
of enzymatic antioxidants, and protein synthesis (Fahad et al. 2014b).

During the past decade, most of the components of the GA signaling pathway 
have been identified. They include the GA receptor GIBBERELLIN INSENSITIVE 
DWARF1 (GID1), the DELLA growth inhibitors (DELLAs), the F-box proteins 
SLEEPY1 (SLY1) and SNEEZY (SNZ) in A.  thaliana, and GIBBERELLIN 
INSENSITIVE DWARF2 (GID2) in O. sativa (Achard and Genschik 2009). The 
current model of GA action proposes that DELLA proteins induce plant growth 
inhibition whereas GAs stimulate growth by overcoming DELLA-mediated growth 
inhibition (Achard and Genschik 2009) (Fig. 6.1). In fact, the interaction of DELLA 
proteins with ABI3 and ABI5 led to the discovery of the regulatory mechanism 
governed by the balance between ABA and GA hormones. DELLA, ABI3, and 
ABI5 form a protein complex that binds the promoter and activates the transcription 

6 Plant Hormones: Potent Targets for Engineering Salinity Tolerance in Plants



170

of target genes such as SOMNUS (SOM)—a C3H-type zinc finger—which 
negatively regulates seed germination (Fig. 6.1). According to the current model, 
unfavorable conditions such as drought and salinity increase ABA accumulation 
and decrease GA content. This allow formation of DELLA/ABI3/ABI5 complexes 
on the SOM promoter and activates its transcription (reviewed by Davière and 
Achard 2016). Interestingly, because SOM also activates ABA biosynthesis and 
represses GA biosynthesis (Kim et al. 2008), SOM might form a positive feedback 
that inhibits seed germination under unfavorable conditions such as high salinity 
(Lim et al. 2013). However, how do GAs suppress the negative effect of ABA on 
germination? Recently, the characterization of the GA-insensitive dwarfism gid1-1 
mutant allele in rice led to the discovery of the GA receptor GID1 (Ueguchi-Tanaka 
et al. 2005). In brief, the perception of GA binding to GID1 allows the formation of 
the GA-GID1-DELLA complex (Fig. 6.1). This leads to degradation of the DELLAs 
by 26S proteasome, overcoming their growth-restraining effects (Davière and 
Achard 2016). Hence, the genes controlling the synthesis of these proteins may be 
potent targets for utilization in transgenic engineering to improve salt stress 
responses in cultivated plants.

6.4  Ethylene

Ethylene is a simple gaseous hormone, which plays multiple roles in regulation of 
plant growth and development, and also serves as a key modulator between plant 
responses to environmental stresses and normal growth (Abeles et  al. 1992). 
Physiological effects are detectable at ambient levels as low as 0.1 μl.l−1. The first 
discovery of ethylene effects dates back to over a century ago when Neljubow 
(1901) showed that ethylene causes horizontal growth of pea seedlings, inhibition 
of elongation, and radial swelling. Ethylene controls ripening, abscission, 
senescence, and many aspects of vegetative growth. In fact, this hormone inhibits 
primary and lateral root elongation and induces root hair development 
(Vandenbussche et  al. 2012). Furthermore, ethylene stimulates germination of 
dormant seeds and alleviates salt-induced inhibition of germination.

In plants, ethylene is synthesized through three enzymatic reaction steps: methi-
onine is converted to S-adenosyl-methionine (S-AdoMet) by S-AdoMet synthetase; 
then the direct precursor of ethylene, aminocyclopropane-1-carboxylic acid (ACC), 
is synthesized from S-AdoMet by ACC synthase (ACS); finally, ethylene is pro-
duced through the oxidation of ACC by ACC oxidase (ACO) (Lin et al. 2009). The 
ethylene pathway positively or negatively affects salt stress tolerance (Kazan 2015). 
In fact, several key steps in ethylene biosynthesis could be affected by salinity. 
However, as a rate-limiting enzyme, ACS is the major target for regulation of ethyl-
ene production under stress (Tao et al. 2015) (Fig. 6.1). There are eight functional 
ACS genes in Arabidopsis. They play an important role in ACC biosynthesis 
(Tsuchisaka et al. 2009). The regulation of these genes under stress occurs at both 
transcriptional and post-transcriptional levels. Transcripts of ACS2 and ACS7 in 
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Arabidopsis were increased dramatically following salt stress application (Achard 
et al. 2006). In tobacco, transcripts of ACS1 were induced by salinity (Cao et al. 
2006). Recent work in Arabidopsis found that four ACSs (ACS2, ACS6, ACS7, and 
ACS8) were induced by high salinity, while a low-salinity pretreatment alleviated 
this induction (Shen et al. 2014). This may mean that induction of ethylene produc-
tion is necessary for plant response and adaptation to salinity stress (Shen et  al. 
2014). Additionally, some ACSs are also regulated post- transcriptionally under 
salinity, mainly through stress-activated MAPK cascades, which phosphorylate 
ACS protein to elevate ethylene production and then prevent 26S proteasome–medi-
ated degradation (Liu and Zhang 2004).

In Arabidopsis, ethylene is perceived by a family of five receptors: two ethylene 
receptors (ETR1 and ETR2), two ethylene response sensors (ERS1 and ERS2), and 
Ethylene-Insensitive4 (EIN4). They are located at the Golgi and endoplasmic 
reticulum membranes. Ethylene binding is proposed to inhibit receptor function. 
The downstream component of the ethylene signaling pathway includes CTR1, 
EIN2, EIN3/EIL (EIN-Like), and ERF1 transcription factors (Lei et al. 2011). EIN2 
is considered to play a central role in the ethylene signaling transduction pathway, 
which acts downstream from CTR1. Ethylene signaling is subsequently transduced 
into the nucleus to cause the accumulation of two master transcriptional activators—
EIN3 and EIL1—which initiate transcriptional reprogramming in various ethylene 
responses.

Ethylene response factors (ERFs), a huge multigene family of transcription fac-
tors, regulate the expression of ethylene-dependent genes (Klay et al. 2014). ERFs 
are related to the salt stress response through ethylene signaling (Fig.  6.1). In 
A. thaliana, ERF1 was highly induced by high salinity and drought stress. ERF1- 
overexpressing lines (35S:ERF1) were more tolerant of drought and salt stress than 
wild-type plants (Cheng et al. 2013).

Currently, whether ethylene negatively affects salt tolerance or positively regu-
lates salt response remains controversial. Kazan (2015) reported that ethylene nega-
tively affects salt tolerance, because a correlation between increased ACC levels and 
reduced salt tolerance was found in Arabidopsis. In addition, the acs7 mutant, with 
significantly reduced ethylene levels, shows increased salt tolerance during germi-
nation, suggesting that this gene negatively regulates salt tolerance. On the other 
hand, overexpression of the TαAOC1 gene, which encodes the wheat allene oxide 
cyclase (AOC) enzyme, increased salt sensitivity in Arabidopsis (Chen et al. 2014) 
(Table 6.1). However, ethylene could positively affect salt tolerance. For instance, 
Peng et al. (2014) reported that in A. thaliana, high salinity induced accumulation 
of EIN3/EIL1 proteins (two ethylene-activated transcription factors) and EBF1/2 
protein degradation in an EIN2-independent manner. Moreover, EIN3 activation 
prevents excess ROS accumulation and increases salt tolerance. Lin et al. (2013) 
showed that in A. thaliana, the ein3-1eil1-1 double mutant (lacking EIN3 and EIN3-
Like1) and the ein3-1 mutant (lacking EIN3) were hypersensitive to 150 mM NaCl 
when compared with wild-type plants; in contrast, an EIN3 overexpression mutant 
(EIN3ox) showed a high germination percentage under salinity when compared 
with wild-type plants. Furthermore, the two EIN3-deficient mutant seedlings accu-
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mulated high levels of hydrogen peroxide, which was thought to be an inhibitor of 
germination under salinity. It seems that EIN3 may function as a negative regulator 
of reactive oxygen species (ROS) metabolism in germinating seeds under salinity. 

6.5  Cytokinins

Cytokinins (CKs) are adenine derivatives with either isoprenoids, which are wide-
spread in nature, or aromatic side chains, such as N6-(meta-hydroxybenzyl)adenine, 
which are found in plants at lower levels (Ha et al. 2012). Depending on hydroxyl-
ation and reduction of the side chain, isoprenoid CKs can be distinguished as iso-
pentenyladenine (iPA)-, trans-zeatin (tZ)-, cis-zeatin (cZ)-, or dihydrozeatin- type 
derivatives (Ha et al. 2012). In plants, CK hormones are produced in the root tips 
and in developing seeds. They are translocated from the roots via the xylem to the 
shoot, where they regulate plant development and growth processes (Zahir et  al. 
2001). CKs are implicated in several plant growth and developmental processes, 
including cell division, chloroplast biogenesis, apical dominance, leaf senescence, 
vascular differentiation, nutrient mobilization, shoot differentiation, anthocyanin 
production, and photomorphogenic development (Fahad et al. 2014a, b). CKs are 
also known to alleviate the adverse effects of salinity on plant growth.

The key enzymes involved in CK metabolism are adenosine phosphate- 
isopentenyltransferases (IPTs) and CK oxidases/dehydrogenases (CKXs) (Werner 
and Schmülling 2009). Arabidopsis plants have two classes of IPTs acting on the 
adenine moiety, with seven genes for adenosine triphosphate/adenosine diphosphate 
(ATP/ADP) IPTs (IPT1, IPT3, IPT4, IPT5, IPT6, IPT7, and IPT8) and two genes 
for transfer RNA IPTs (IPT2 and IPT9). The ATP/ADP IPTs are required for the 
synthesis of iPA- and tZ-type CKs, and the transfer RNA IPTs are required for the 
synthesis of cZ-type CKs (Miyawaki et al. 2006). The iPA and tZ-type CKs are the 
major forms in dicotyledonous species, and cZ-type CKs are the major forms in 
monocotyledonous species (Sakakibara 2006). Formation of tZ by hydroxylation of 
iPA requires cytochrome P450 monooxygenases (Takei et al. 2004). CK catabolism 
is catalyzed by CKX enzymes. They are important players in regulating the CK pool 
and thereby influence plant growth and development. The CKX enzymes are 
encoded by a family of seven genes (CKX1–CKX7).

In plants, CKs are involved in responses to various environmental cues, includ-
ing salinity (Žižková et al. 2015). For instance, seed priming with CKs can enhance 
salt tolerance in plants (Javid et al. 2011). In barley, salinity significantly decreased 
zeatin (Z), zeatin riboside (ZR), and iPA levels in shoots and roots. The addition of 
benzyl adenine suppressed the negative effects of salinity on growth and internal 
CK content (Kuiper et  al. 1990). Cytokinin biosynthesis IPT genes can be 
upregulated by NaCl treatment (Nishiyama et al. 2011). Recent progress in genetic 
engineering of CKs has enabled control of plant CK content, increasing yield and 
improving plant adaptation to salt stress (Fig. 6.1) (Žižková et al. 2015; Sylva et al. 
2017). Transcriptome analyses of IPT genes in A. thaliana under salt stress showed 
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upregulation of AtIPT1, AtIPT2, and AtIPT8 and downregulation of AtIPT3, 
AtIPT5, AtIPT7, and AtIPT9 (Nishiyama et  al. 2012). Arabidopsis ipt-deficient 
plants showed strong inhibition of shoot growth, elongation of primary and lateral 
roots, and reductions in tZ and iPA content (Miyawaki et al. 2006). Overexpression 
of IPT genes in plants resulted in faster shoot formation, shorter internodes, loss of 
apical dominance, delay of leaf senescence, higher photosynthetic rates, and 
accumulation of tZ and its riboside (Žižková et al. 2015). For instance, 35S::SlIPT3 
tomato plants showed high salt tolerance, high accumulation of different CK 
metabolites, high accumulation of photosynthetic pigments, and a high K+/Na+ ratio 
(Table 6.1).

The components of cytokinin signaling also play diverse roles in responses to 
abiotic stresses including salinity. They include the type-B Arabidopsis response 
regulator (ARR) transcription factors and Arabidopsis histidine kinase receptors 
(AHKs). CKs are perceived at the plasma membrane by specific receptors, and the 
signal is transduced via type-B ARRs controlling transcription of type-A ARRs, 
which act as negative feedback regulators of CK signaling (Hwang et  al. 2012). 
ARR transcription factors respond in different ways to salt stress and have been 
reported to regulate sodium accumulation in Arabidopsis (Mason et  al. 2010). 
Salinity stress shows a strong impact on expression levels of CK receptors (Zalabák 
et al. 2013)—namely, AHK receptors. For instance, in M. sativa, downregulation of 
AHK2 (histidine kinase 2 of cytokinin signaling) and AHK4 and upregulation of 
AHK3, as well as its orthologue, were observed (Coba de  la Peña et  al. 2008; 
Argueso et al. 2009). Arabidopsis AHK1 acts as a positive regulator in responses to 
salt stress. A recent molecular study confirmed that in Arabidopsis, cytokinin 
signaling involves a set of three AHK receptors, which autophosphorylate upon 
binding of cytokinin. The phosphate is then shuttled from the AHK receptors via 
histidine-containing phospho-transfer proteins (AHPs) to ARRs. The type-B ARRs 
are transcription factors that, together with cytokinin response factors (CRFs) 
(Rashotte et  al. 2006), regulate the transcription of cytokinin primary response 
genes, which include type-A ARRs (To and Kieber 2008).

6.6  Jasmonates

Jasmonates (JAs) are lipid-derived hormones and play multiple roles in regulation 
of plant development and plant responses to biotic and abiotic stresses (Wasternack 
and Strnad 2015). Jasmonic acid (JA) and its methyl ester, methyl jasmonate (MeJA) 
are ubiquitously found in the plant kingdom (Pirbalouti et al. 2014). MeJA and JA 
were isolated for the first time from jasmine (Jasminum grandiflorum) oil (Avanci 
et  al. 2010) and culture of the fungus Lasiodiplodia theobromae (Tsukada et  al. 
2010), respectively. Other JA forms—particularly cis-jasmone, jasmonoyl ACC 
(JA-ACC), and jasmonoyl isoleucine (JA-Ile), with multiple biological functions—
are present in plants (Ahmad et al. 2016). JAs influence developmental processes 
such as growth, lateral and adventitious root formation, seed germination, leaf 
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senescence, glandular trichome formation, and embryo and pollen development 
(Wasternack and Strnad 2015).

JAs and MeJA are derivatives of fatty acid metabolism (Jalalpour et al. 2014). 
They are produced from α-linolenic acid (α-LeA) localized in chloroplast 
membranes (Wasternack and Kombrink 2010). The formation of α-LeA from lipids 
occurs through the action of phospholipases. An intermediate compound, 
13-hydroperoxy-9,11,15-octadecatrienoic acid (13-HPOT), is formed by the 
addition of an oxygen molecule to α-LeA by the 13-lipoxygenase (LOX) enzyme. 
13-HPOT is then oxidized to allene oxide (AO) by allene oxide synthase (AOS). AO 
is then converted to 12-oxo phytodienoic acid (12-OPDA) by the AOC enzyme 
(Wasternack and Hause 2013).

JA is an important hormone with versatile functions in development and in the 
response to environmental challenges, including drought and salinity (Valenzuela 
et al. 2016). In the two last decades, the involvement of JA in salt stress has been 
confirmed. The application of exogenous JAs improved salinity tolerance in soybean 
(Yoon et al. 2009) and rice (Kang et al. 2005). In rice, JA levels were higher in a 
salt-tolerant cultivar than in a salt-sensitive cultivar (Kang et al. 2005). In addition, 
the level of endogenous JAs increased under high salinity in rice roots (Moons et al. 
1997) and in tomato (Pedranzani et al. 2007). Exogenous JA application effectively 
reduced sodium ion concentrations in rice plants under salinity (Kang et al. 2005), 
improved photosynthetic activity in several crops (Javid et al. 2011), and enhanced 
the activities of antioxidant enzymes such as SOD, POD, CAT, and APX in wheat 
(Qiu et al. 2014). Therefore, JA hormones could act as effective protectants against 
salt-mediated adverse effects in plants. At the molecular level, some JA biosynthesis 
genes (e.g., AOC1, AOC2, AOS, LOX3, and OPR3) are upregulated in roots under 
salt stress (Valenzuela et al. 2016). Overexpression of the wheat (Triticum aestivum) 
TaAOC1 gene (which encodes an AOC enzyme) in Arabidopsis resulted in an 
increase in JA levels and improved salt tolerance, suggesting that JAs positively 
regulate salt tolerance (Table 6.1). Thus, it seems that the JA signaling pathway is 
stimulated by salinity, which may induce physiological and growth changes in 
plants (Fig. 6.1). However, in a study of two grapevine cell lines with different salt 
tolerance levels, JA accumulation was greater in the salt-sensitive Vitis riparia than 
in the salt-tolerant Vitis rupestris. It seems that it is not the presence or absence of 
JA that decides salinity response but the right timing and control (Ismail et al. 2014). 
Recently the effects of salinity on two JA biosynthesis rice mutants (cpm2 and 
hebiba) that were impaired in the function of ALLENE OXIDE CYCLASE (AOC), 
and their wild type, were studied. The two mutants accumulated significantly lower 
sodium ion concentrations in the shoots and showed higher chlorophyll content than 
the wild type. They also showed better scavenging of ROS under salt stress when 
compared with wild-type plants. Under stress conditions, the leaves of the wild type 
and JA mutants accumulated similar levels of ABA, and the levels of JA and its 
amino acid conjugate, JA-Ile, were not changed in the wild-type plants. However, 
the wild-type plants responded to salinity by strong induction of the JA precursor 
OPDA, in comparison with the two mutants. This was correlated with increased 
ROS-scavenging activity (such as glutathione S-transferase activity), lower level of 
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H2O2, and lower levels of malondialdehyde in the mutant plants (Hazman et  al. 
2015). OPDA is considered one of the highly reactive electrophile species (RES) 
responsible for signaling in chloroplasts (Farmer and Mueller 2013). OPDA can 
induce retrograde signaling when bound to its putative receptor, cyclophilin 20-3 
(Park et al. 2013), leading to high sensitivity to salt stress.

6.7  Auxins

Auxins are plant hormones, with indole-3-acetic acid (IAA) being the predominant 
form. It regulates several aspects of plant growth and development, and is vital not 
only for plant growth and development but also for governing and/or coordinating 
plant growth under stress conditions (Wani et  al. 2016). It regulates numerous 
complex plant processes such as apical dominance, lateral/adventitious root 
formation, tropisms, fruit set and development, and vascular differentiation, as well 
as embryogenesis.

Although IAA has been studied for over 100 years, its biosynthesis, transport, 
and signaling pathways are still not well understood (Kumar et al. 2016). Several 
interconnecting pathways have been proposed to synthesize IAA in plants, including 
tryptophan-dependent and tryptophan-independent pathways (Zhao 2010). 
Tryptophan-dependent IAA biosynthesis can proceed via four metabolic 
intermediates: indole-3-acetaldoxime (IAOx), indole-3-pyruvic acid (IPA), 
tryptamine (TAM), and indole-3-acetamide (IAM) (Zhao 2012). A major pathway 
in A.  thaliana generates IAA in two reactions from tryptophan. Step  1 converts 
tryptophan to IPA—a reaction catalyzed by tryptophan aminotransferases—and 
step 2 converts IPA to IAA, catalyzed by members of the YUCCA family of flavin 
monooxygenases (FMOs) (Kim et al. 2013). Other proposed tryptophan-dependent 
pathways include cytochrome P450s, nitrilases, aldehyde oxidase, and IPA 
decarboxylase, but those pathways are not yet completely understood (Kim et al. 
2013). IAA plays an important role in plant responses to biotic and abiotic stresses. 
IAA is involved in response to salt stress in plants (Fig. 6.1). It was reported that 
wheat seed germination declined with higher salinity levels, while this adverse 
effect was reversed by pretreatment of seeds with IAA (Ashraf and Foolad 2005). In 
corn plants, exogenous IAA application reduced some of the salt-induced adverse 
effects by enhancing essential inorganic nutrients, as well as by maintaining 
membrane permeability (Kaya et al. 2009). Overexpression of IAA biosynthesis–
related YUCCA3 caused hypersensitivity to salt stress with an increase in IAA 
concentrations (Jung and Park 2011). In contrast, some studies have reported a sig-
nificant reduction in IAA concentrations in crop plants such as rice and tomato 
(Kazan and Lyons 2014). Hence, salt-caused plant growth reduction could be a 
result of altered IAA biosynthesis, redistribution, and/or signaling. In A. thaliana, 
IAA does not affect the germination process in a salt-free medium. However, it acts 
as a negative regulator of seed germination under high salinity (Fig. 6.1). Recent 
work by Jung and Park (2011) showed that a membrane-bound NAC transcription 
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factor, NTM2, mediates the signaling cross talk between IAA and salt stress via the 
IAA30 gene during seed germination. In fact, in A.  thaliana, germinated NTM2-
deficient ntm2-1 mutant seeds exhibited enhanced resistance to salt stress. However, 
salt resistance was reduced in ntm2-1 mutants overexpressing the IAA30 gene, 
which was induced by high salinity in an NTM2-dependent manner. In fact, in 
A. thaliana the transcript level of the IAA30 gene was elevated under high salinity, 
and the salt induction of the IAA30 gene largely disappeared in the ntm2-1 mutant. 
These observations indicate that NTM2 is a molecular link that incorporates the 
IAA signal into salt stress signaling during seed germination, providing a role for 
IAA in modulating seed germination under high salinity, and the IAA30 gene is a 
component of NTM2- mediated salt signaling.

6.8  Brassinosteroids

Brassinosteroids (BRs) are a newly discovered group of plant steroidal hor-
mones, which are structurally similar to animal and insect steroids (Divi and 
Krishna 2009a). They are ubiquitous in the plant kingdom and regulate various 
aspects of plant growth and development, including cell elongation, photomor-
phogenesis, xylem differentiation, seed germination, and stress responses 
(Lopez-Gomez et al. 2016). More than 70 BRs have been isolated from plants. 
Brassinolide, 28-homobrassinolide, and 24-epibrassinolide are the most bioac-
tive BRs. They are largely used in physiological studies (Wani et al. 2016). The 
first brassinosteroid to be isolated—brassinolide—was isolated in 1979 from 
Brassica napus, when Grove et al. (1979) showed that pollen from this species 
promoted stem elongation and cell division.

Brassinolide (BL), the most active BR, is synthesized from campesterol via 
several pathways. Recent studies have revealed the presence of two parallel path-
ways from campestanol to castasterone, called the early and late C-6 oxidation 
pathways (Divi and Krishna 2009a). Another two pathways—the early C-22 oxi-
dation and C-23 oxidation pathways—have also been described (Divi and 
Krishna 2009a). The oxidation steps in BR biosynthesis are catalyzed by cyto-
chrome P450 monooxygenases. The C-22 and C-23 hydroxylation reactions are 
mediated by the P450 DWF4 (Choe et al. 1998) and CPD genes (Szekeres et al. 
1996), respectively. In Arabidopsis and tomato, brassinosteroid-6-oxidases cata-
lyze multiple steps in BR biosynthesis: 6-deoxoteasterone to teasterone, 
3-dehydro-6-deoxoteasterone to 3-dehydroteasterone, 6-deoxotyphasterol to 
typhasterol, and 6-deoxocastasterone to castasterone (Shimada et al. 2001). In 
the final step, castasterone is converted to brassinolide by lactonization of the 
B ring. The C-22 and C-23 hydroxylation and C-6 oxidation reactions are key 
regulatory steps in the BR biosynthesis pathway. Accordingly, the enzymes cata-
lyzing these reactions are potential targets for engineering abiotic stress toler-
ance (Divi and Krishna 2009a).
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Ameliorative effects of BRs under salt stress have been reported in various plant 
species, including A.  thaliana, B.  napus, Brassica juncea, Solanum melongena, 
Capsicum annuum, Cucumis sativus, Phaseolus vulgaris, and Z. mays (Ahammed 
et al. 2015). BR treatment improved salt stress tolerance in barley (Kulaeva et al. 
1991), and improved germination rates in the presence of high salt were observed in 
Eucalyptus camaldulensis (Sasse et  al. 1995) and O.  sativa (Anuradha and Rao 
2001). Treatment with 24-epibrassinolide (EBR) overcame salt stress–induced inhi-
bition of seed germination in A. thaliana and B. napus. In O. sativa, 24-epibrassino-
lide (EBL) treatment enhanced growth, protein content, and proline content, reduced 
MDA content, and stimulated antioxidant enzyme activity under salinity (Sharma 
et al. 2013). Divi et al. (2010) showed that EBR abolished hypersensitivity to salt 
stress–induced inhibition of seed germination in ethylene- insensitive ein2. The pos-
itive effect of EBR was significantly greater in the ABA- deficient aba1-1 mutant 
than in the wild type during seed germination under salt stress. This may indicate 
that ABA masks BR effects in plant salt stress responses (Fig. 6.1).

In recent decades, development of BR mutants in the model plant Arabidopsis 
has enabled researchers to carry out functional studies. Mutant plants with impaired 
BR biosynthetic capacity or impaired BR perception ability display severely 
abnormal phenotypes such as dwarfism, delays in flowering and senescence, low 
seed germination, decreased male fertility, and de-etiolation in the dark (Divi and 
Krishna 2009a). In contrast, overexpression of BR biosynthetic genes not only 
increases crop yield under normal conditions but also enhances stress tolerance 
under unfavorable conditions. For instance, overexpression of the AtHSD gene 
encoding a protein with homology to animal 11-b-hydroxysteroid dehydrogenase 
(HSD) from A.  thaliana in B. napus increased growth and seed yield, as well as 
increasing tolerance of saline stress and reduced seed dormancy (Li et  al. 2007) 
(Table 6.1). This confirmed that AtHSD1 is linked to the BR biosynthesis pathway 
in plants. Hence, this class of hormones has the potential to enhance crop yield and 
confer tolerance of salinity, and their genetic manipulation presents a sound platform 
for producing high-yielding stress-tolerant crops (Kumar et al. 2016).

In plants, the major BR receptor BRI1 (brassinosteroid-insensitive  1) is a 
membrane-localized leucine-rich repeat receptor-like kinase (Li and Chory 
1997). BR binding to BRI1 leads to dimerization of BRI1 with another receptor 
kinase, BAK1 (BRI1-associated receptor kinase 1), and kinase activation. This 
initiates a signaling cascade leading to gene expression. The downstream compo-
nents of this cascade include the glycogen synthase kinase-3/SHAGGY-like 
kinase BIN2 (brassinosteroid-insensitive  2), the serine/threonine phosphatase 
BSU1 (bri1 suppressor  1), and the transcription factors BES1 (bri1-EMS-sup-
pressor 1) and BZR1 (brassinazole-resistant 1) (Kagale et al. 2006). BIN2 nega-
tively regulates BR signaling by phosphorylating BES1 and inhibiting its binding 
to BR target promoters, as well as its transcriptional activity (Vert and Chory 
2006). Following BR binding, BES1 and BZR1 are rapidly dephosphorylated, 
probably by BSU1, leading to activation of their transcriptional activities (Divi 
and Krishna 2009b).
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6.9  Conclusion

In recent decades, agriculture and food production have faced a large number of 
challenges, including increases in soil salinity. Biotechnological approaches are 
needed to overcome this problem. Plant hormones play vital roles in plant growth, 
development, and stress responses. They provide essential pathways adopted by 
plants for regulation of salt stress responses. During the past few years, the molecular 
mechanisms regulating hormonal synthesis, signaling, and action have been 
intensively investigated, and the roles of plant hormones in regulating responses to 
salt stress have been documented. However, despite the progress in the understanding 
of the role of plant hormones in plant responses to salt stress, there is still a large gap 
in our knowledge of hormone metabolism and action. More clarification is needed 
at the genetic level regarding the biosynthesis pathway of hormones such as IAA, 
the mechanism of upregulation of ABA biosynthesis genes by abiotic stress, and 
hormone homeostasis of GAs. The roles of cross talk signals between hormones and 
between hormones and secondary messengers (i.e., calcium or ROS) in regulating 
salt stress tolerance are not yet clear and also need to be investigated further.
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Chapter 7
Transcription Factor-Based Genetic 
Engineering for Salinity Tolerance in Crops

Parinita Agarwal, Pradeep K. Agarwal, and Divya Gohil

Abstract Salinity is one of the major environmental factors limiting productivity 
of all important crops. With an alarming increase of the world’s population, the 
sustainable agriculture produce is needed to feed the growing population. The 
decrease in agricultural land due to industrialization/urbanization and climate 
change poses a threat to agriculture. The genetic engineering of crops can serve as 
a promising technique and can significantly contribute to addressing food security 
and also add economic value to the world’s farming systems. The deployment of 
stress-responsive transcription factors for providing salinity tolerance to crops is an 
interesting area at the forefront of research. In the present chapter, we discuss the 
mechanism of regulation of important transcription factors, namely, dehydration- 
responsive element-binding factors, myeloblastosis oncogene, myelocytomatosis 
oncogene, NACs and WRKYs, and also provide an update of the transgenics devel-
oped and characterized using these TFs for enhanced salinity tolerance.

Keywords Abiotic stress · DNA-binding domain · Genetic engineering · Ionic · 
Osmotic · Post-translational · Promoters · Reactive oxygen species · Salinity stress 
· Signalling · Transcription factors · Transgenics
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CaBD Calmodulin-binding domain
CaMV Cauliflower mosaic virus
CDPK Calcium-dependent protein kinase
CK2 Casein kinase 2
DBD DNA-binding domain
DRE Dehydration-responsive element
DREB Dehydration-responsive element-binding factor
ERD1 Early responsive to dehydration stress
ET Ethylene
HTH Helix–turn–helix
MAPK Mitogen-activated protein kinase
MeJA Methyl jasmonate
MYB Myeloblastosis oncogene
MYC Myelocytomatosis oncogene
NACRS NAC recognition site
PKC Protein kinase C
PP2Cs Protein phosphatase 2C
ROS Reactive oxygen species
SA Salicylic acid
TF Transcription factor
TRD Transcription regulatory domain

7.1  Introduction

Plants with autotrophic life pattern serve as a support system of all life forms and 
play a significant role in establishing a stable environment on the planet Earth. 
Plants have intricate mechanisms to integrate a wide range of tissue, developmental 
and environmental signals to regulate complex patterns of gene expression estab-
lished over a long period of evolution as sessile organisms (Wu et al. 2007). They 
regulate global weather, climate and surroundings in many ways at different levels 
such as molecular, cellular, organ, individual, community, regional ecosystem and 
largely at global ecosystems.

Among the different abiotic stresses (e.g., drought, salinity, cold, frost, heat, 
waterlogging and heavy metal toxicity), salinity is a key environmental factor limit-
ing plant growth and productivity. Soil salinity poses a huge problem; globally 
831.4 million (m) ha of land is affected by soil salinity (FAO 2014), and approxi-
mately 19.5% of the agricultural land is saline (FAO 2014). In India total geographi-
cal area is 329 m ha, of which cultivable land is 183 m ha. Salinity affects almost 
9.38 m ha, out of which by good management practices an area of 6.75 m ha is now 
being used for cultivation (www.cssri.org, Database 2015). Salinity refers to the 
presence of a high concentration (>4 dS/m) of soluble salts in the soil. Soil salinity 
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can be categorized as primary and secondary salinization based on the source of soil 
salinization. Primary or natural salinization results from naturally occurring pro-
cesses such as weathering of minerals, soil from saline parent rocks, seawater incur-
sions and climatic changes, whereas secondary salinization is caused by human 
activities like irrigation, deforestation, overgrazing and intensive cropping.

Saline soils consist of high concentrations of sodium (Na+) and chloride (Cl−) 
ions in the soil, which is toxic to the plants and leads to degraded soil structure. The 
high salt generates both osmotic stress (physical) at an early phase and ionic stress 
(chemical) at a later phase of plant growth which impairs plant growth, development 
and productivity (Munns and Tester 2008). The osmotic stress begins the accumula-
tion of salt above the threshold level (approximately 40 mM NaCl or less for some 
sensitive plants like rice and Arabidopsis) in root vicinity leading to withdrawal of 
water from the cells (Shabala and Cuin 2008). During ionic stress plants are unable 
to take up K+ and other vital micronutrients like calcium, nitrogen, phosphorus and 
magnesium (Shabala and Cuin 2008). The K+ and Na+ have similar ionic radius and 
ion hydration energies (Schachtman and Liu 1999) and thus compete for transport 
into the plant cells. However, living cells preferably use K+ over Na+ for various 
physiological functions like maintaining osmotic equilibrium and membrane poten-
tial and for cell growth, enzyme activity and protein synthesis. The multiplicity in 
such stress signals underlies the complexity of stress signalling. A single stress acti-
vates multiple signalling pathways differing in time, space and outputs; further, 
these pathways connect or interact with one another using shared components gen-
erating an intertwined network (Zhu 2001; Fujita et al. 2006; Shao et al. 2006).

The interaction of plant with the environment or vice versa involves a very com-
plex mechanism involving interactions or crosstalk of multiple cellular signalling 
pathways, allowing the plants to respond with minimal and appropriate biological 
processes (Fraire-Velázquez et al. 2011). The adaptation and acclimation to stresses 
result from integration of various biochemical and physiological processes of plants. 
Transcriptome analysis using microarray technology (Bohnert et  al. 2001; Seki 
et al. 2001; Zhu et al. 2001) has categorized the stress response into two groups 
based on their function: functional proteins that directly protect against environ-
mental stress and regulatory proteins that regulate gene expression and function in 
signal transduction. The first group includes proteins that function by protecting 
cells through various osmoprotectant-related proteins, late embryogenesis abundant 
(LEA) proteins, heat shock proteins (HSP), cold-inducible (KIN) proteins, anti-
freeze proteins, carbohydrate metabolism-related proteins, water channel proteins, 
potassium transporters, proteases, senescence-related genes, protease inhibitors, 
ferritin, lipid transfer proteins, chaperones and detoxification enzymes. The second 
group includes the protein factors involved in the further regulation of signal trans-
duction and gene expression which include transcription factors Apetala2/ethylene- 
responsive factor, myelocytomatosis oncogene, myeloblastosis oncogene (AP2/
ERF, MYC, MYB), NAC, WRKY, basic leucine zipper (bZIP), protein kinases 
(MAPK, CDPK) and protein phosphatases, enzymes involved in phospholipid 
metabolism and other signalling molecules (Seki et al. 2002).
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Responses to environmental/external cues occur by stimulus–response coupling; 
a stimulus is first perceived by the cell, and a signal is then generated, amplified and 
transmitted eliciting biochemical changes to alleviate stress. Plants respond and 
adapt to recurring biotic and abiotic stresses, causing an array of genes to be acti-
vated as part of the plant defence/stress response involving an intricate network of 
signalling pathways controlling perception of environmental signals, the generation 
of second messengers and signal transduction. The stress signal is perceived by the 
receptors (G-protein-coupled receptors, ion channel, receptor-like kinase or histi-
dine kinase) at the membrane, followed by the generation of secondary signal mol-
ecules such as Ca2+, inositol phosphates, ROS and abscisic acid (ABA). These 
secondary signalling molecules modulate intracellular Ca2+ levels, protein phos-
phorylation cascades that target proteins involved in cellular protection or transcrip-
tion factors controlling specific sets of stress-responsive genes. Certain proteins 
may participate in the generation of regulatory molecules like the phytohormones 
abscisic acid (ABA), ethylene (ET) and salicylic acid (SA). These regulatory mol-
ecules further initiate another signalling cascade, which may crosstalk with differ-
ent signalling component leading to improved salinity tolerance (Fig. 7.1).

In plants, as for most other eukaryotes, gene expression is largely controlled at 
the level of transcription, by a diverse group of proteins, collectively known as tran-
scription factors (TFs). These are defined as proteins that recognize specific DNA 
sequences in the promoters of the genes they control. Through protein–protein 
interactions, TFs mediate the assembly of the basal transcription machinery result-
ing in the activation of RNA polymerase II and mRNA synthesis. TFs can be classi-
fied into >50 different families, on the basis of the presence of conserved folds in 
their DNA-binding domains (Riechmann and Ratcliffe 2000). These regions are 
responsible for binding to specific cis-regulatory DNA elements. The control of 
specific sets of genes is accomplished by the combinatorial interaction among TFs, 
between TFs and non-DNA-binding proteins and between TFs and cis-regulatory 
elements. Of all the protein encoding plant genes, 5–7% corresponds to TFs, and 
specific families of TFs have dramatically expanded in the plants due to significant 
complexity of plant metabolism, as compared to other kingdoms (Shiu et al. 2005). 
However, still the number of characterized TFs that participate in the regulation of 
plant metabolism during stress signalling remains small. The cellular processes 
controlled by many plant TFs are being established as part of a number of functional 
genomics initiatives in Arabidopsis, as well as in crops such as maize and rice 
(Alonso and Ecker 2006).

A number of abiotic stress-related TFs and regulatory sequences in plant pro-
moters are characterized. The TFs interact with cis-elements in the promoter 
regions of abiotic stress-related genes and upregulate the expression of different 
responsive genes resulting in abiotic stress tolerance. The understanding of tran-
scriptional control in plants is an exciting and important field of research. Rapid 
progress is being made on deciphering the transcriptional control, which should 
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Fig. 7.1 Schematic representation of salinity tolerance mechanism by different ABA-dependent 
and ABA-independent transcriptional regulators. At the time of stress, different TFs like DREB, 
NAC, MYB, MYC, CBF4 and WRKY regulate the salinity tolerance by activating different stress- 
responsive genes. DREB/CBF dehydration-responsive element-binding protein/CRT element- 
binding factors, NAC NAM (no apical meristem) from petunia, ATAF1/2 and CUC2, MYB 
myeloblastoma oncogene, MYC myelocytomatosis oncogene, DRE/CRT dehydration-responsive 
element/C-repeat, NACBs NAC-binding sites, MYBRS/MYCRS MYB and MYC recognition 
sites, LEA late embryo abundant, COR cold-responsive, HSPs heat shock proteins, SOD superox-
ide dismutase, CAT catalase, GPX glutathione peroxidase, GST glutathione S-transferase, APX 
ascorbate peroxidase, DHAR dehydroascorbate reductase, GR glutathione reductase, and MDHAR 
monodehydroascorbate reductase
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provide valuable insight into the mechanisms underlying various aspects of plant 
growth and development, leading to improved agriculture. In Arabidopsis thali-
ana, cis-elements and corresponding binding proteins, with distinct type of 
DNA-binding domains, such as AP2/ERF, basic leucine zipper, HD-ZIP (home-
odomain leucine zipper), MYC and different classes of zinc-finger domains, 
have been identified (Shinozaki and Yamaguchi-Shinozaki 2000; Pastori and 
Foyer 2002).

7.2  The Potential of Transcription Factor-based Genetic 
Engineering for Salinity Tolerance 

It is highly important to develop salt-tolerant productive crops to feed the growing 
population. Plant breeding has led to limited success in developing salt-tolerant 
crops, due to multigenic nature of salt tolerance and existence of low genetic vari-
ation in major crops. Furthermore, there is difficulty in transferring the gene from 
a wild relative to the domesticated cultivar, due to reproductive barrier. Therefore, 
genetic engineering appears to be a better option for developing salt tolerance in 
plants. The plants in the fields are subjected to not one but different stresses simul-
taneously and with varying magnitudes. Recent studies show that plants respond 
differently to individual and multiple stresses activating a specific cascade of gene 
expression depending on the environmental conditions (Atkinson and Urwin 
2012). Transcription factors, kinase cascades and reactive oxygen species are key 
components of the crosstalk that facilitates stress adaptation and survival. 
Adaptation to salinity stress involves metabolic changes like production of osmo-
lytes, antioxidative enzymes, photosynthetic machinery by the activation of ion 
transporters, ion channels, transcriptional factors and various signalling pathway 
components. Halophytes which grow and complete their life cycle under saline 
conditions are important candidates towards deciphering the molecular mecha-
nism of salinity adaptation. Thus, research towards functional validation of the 
signalling components of halophytes in response to salinity stress is gaining 
momentum. Transcription factors respond to environmental stimuli through a sig-
nalling cascade and bind to specific cis-element sites on the promoter either by 
direct physical interaction or in combination with other proteins. The transcription 
factors along with their interacting proteins constitute a complex network that 
specifically regulates linear as well as crosstalks of the signalling pathways. 
Genetically engineering the expression of certain transcription factors can greatly 
influence plant stress tolerance. The transcription factor-based technologies are 
likely to be a prominent part of the next generation of successful biotechnology-
derived crop (Century et al. 2008). The DREB, MYB, NAC and WRKY transcrip-
tion factor family members have been characterized for their regulatory roles in 
the salinity stress.
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7.3  Transcription Factors for Salinity Tolerance

7.3.1  DREB Transcription Factors

Dehydration-responsive element-binding (DREB) transcription factors are impor-
tant members of the AP2/ERF family and unique to higher plants. However, DREBs 
have been reported from lower plants like moss Physcomitrella patens, a salt and 
osmotic stress-tolerant plant (Liu et  al. 2007). These proteins share a conserved 
58–59 amino acid domain (the ERF/AP2 domain) that binds two cis-elements, the 
GCC box, found in many PR (pathogen-related) gene promoters conferring ethyl-
ene responsiveness (Gu et al. 2000), and the C-repeat CRT/dehydration-responsive 
element (DRE) motif, involved in the expression of cold- and dehydration- responsive 
genes. DREB1A and DREB2A cDNAs for DRE-binding proteins have been iso-
lated from Arabidopsis and many other plant species (Agarwal et  al. 2006). 
DREB1A and its homologs were induced by low temperature, whereas DREB2A 
and its homolog show expression under dehydration and high-salt stress (Liu et al. 
1998). The DREBs bind to the dehydration-responsive element/C-repeat (DRE/
CRT) cis-element in the promoter region of many stress-responsive genes (Agarwal 
et  al. 2007). The DREB1 genes are responsible for cold-regulated expression, 
whereas the DREB2 are involved in drought and salinity stress signalling, although 
significant overlap exists between the two pathways.

Amino acid alignment reports of DREB proteins shows high sequence similarity 
in the N-terminal nuclear localization signal and also some similarity in the 
C-terminal acidic domain. In the ERF/AP2 domain, the two amino acids, 14th 
valine and 19th glutamic acid, play a crucial role towards determining DNA-binding 
specificity (Liu et al. 1998; Cao et al. 2001; Sakuma et al. 2002). The conserved 
Ser-/Thr-rich region, close to the ERF/AP2 domain, is responsible for phosphoryla-
tion of DREB proteins (Liu et al. 1998). The DREB1/CBF1-type NLS consensus 
PKRPAGRTKFRETRHP separates these proteins from other ERF/AP2 proteins. 
The DSAW motif at the end of the ERF/AP2 domain and LWSY motif towards the 
C-terminal are conserved in most of the DREB1-type proteins.

The activity of DREB1/CBF is reported to be regulated mainly at the transcrip-
tional level (Kidokoro et al. 2009). However, the mechanism of DREB2 expression 
is controlled at both transcriptional level and post-translational level like phosphor-
ylation (Agarwal et al. 2007) and ubiquitination (Qin et al. 2008). In addition to 
these, alternative splicing is also reported for DREB2 TFs (Egawa et al. 2006; Qin 
et al. 2007; Matsukura et al. 2010; Vainonen et al. 2012).

DREB TFs have been isolated from many plants, and their overexpression has 
resulted in imparting enhanced abiotic stress tolerance in many plant species 
(Agarwal et al. 2017; Table 7.1). The constitutive overexpression of DREB2A using 
CaMV 35S promoter in transgenic Arabidopsis was not able to enhance tolerance of 
the transgenics. The domain analyses of Arabidopsis DREB2A gene revealed the 
presence of negative regulatory domain (136–165 aa); deletion of this region trans-
forms DREB2A to a constitutive active form (DREB2A CA, Sakuma et al. 2006). 

7 Transcription Factor-Based Genetic Engineering for Salinity Tolerance in Crops



192

Table 7.1 Genetic engineering of DREB transcription factors for salinity tolerance

S. No. Gene Source Transgenic plants
Performance of 
transgenic plants References

DREB1/CBF-like genes
1 AaDREB1 Adonis 

amurensis
Arabidopsis 
thaliana

Salt, drought and 
low-temperature 
tolerance

Zong et al. 
(2016)

2 AhDREB1 Atriplex 
hortensis

Populus tomentosa Salt tolerance Du et al. 
(2012b)

3 AtDREB1A/
CBF3

Arabidopsis 
thaliana

Oryza sativa Salt, drought and 
low-temperature 
tolerance

Oh et al. 
(2005)

Avena sativa Salt tolerance Orbay and 
Ahmad 
(2012)

4 FaDREB1 Festuca 
arundinacea

Broussonetia 
papyrifera

Salt and drought 
tolerance

Li et al. 
(2012)

5 GmDREB1 Glycine max Medicago sativa Salt tolerance Jin et al. 
(2010)

6 HsDREB1A Hordeum 
spontaneum

Paspalum notatum Salt and 
dehydration 
tolerance

James et al. 
(2008)

7 HvDREB1 Hordeum 
vulgare

Arabidopsis 
thaliana

Salt tolerance Xu et al. 
(2009)

8 HvCBF4 Hordeum 
vulgare

Oryza sativa Salt, drought and 
low-temperature 
tolerance

Oh et al. 
(2007)

9 LcDREB3a Leymus 
chinensis

Arabidopsis 
thaliana

Salt and 
dehydration 
tolerance

Xianjun et al. 
(2011)

10 MtCBF4 Medicago 
truncatula

Medicago 
truncatula

Salt tolerance Li et al. 
(2011)

11 OsDREB1A Oryza sativa Arabidopsis 
thaliana

Salt and low- 
temperature 
tolerance

Dubouzet 
et al. (2003)

12 OsDREB1D Oryza sativa Arabidopsis 
thaliana

Salt tolerance Zhang et al. 
(2009)

13 OsDREB1F Oryza sativa Arabidopsis 
thaliana
Oryza sativa

Salt, dehydration 
and freezing 
tolerance

Wang et al. 
(2008)

DREB2-like genes
14 BpDREB2 Broussonetia 

papyrifera
Arabidopsis 
thaliana

Salt and freezing 
tolerance

Sun et al. 
(2014)

15 CkDREB Caragana 
korshinskii

Nicotiana tabacum Salt and freezing 
tolerance

Wang et al. 
(2011)

16 EsDREB2B Eremosparton 
songoricum

Nicotiana tabacum Salt, dehydration, 
heat and freezing 
tolerance

Li et al. 
(2014b)

(continued)
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This region possesses the PEST sequence (RSDASEVTSTSSQSEVCTVETPGCV) 
with many phosphorylation target sites for protein kinases such as PKC and CK2. 
The PEST sequence acts as signal peptide for protein degradation (Rogers et  al. 
1986). However, in some DREBs, the PEST sequence is found absent like 
SbDREB2A, ZmDREB2A and PgDREB2A (Qin et al. 2007; Agarwal et al. 2007; 
Gupta et al. 2014). Therefore, these TFs were overexpressed without deletion and 
resulted in enhanced stress tolerance in transgenics. DREB TF is one of the good 
choices of TFs which can be overexpressed in crop plants for stress tolerance.

Table 7.1 (continued)

S. No. Gene Source Transgenic plants
Performance of 
transgenic plants References

17 OsDREB2A Oryza sativa Oryza sativa Salt and 
dehydration 
tolerance

Cui et al. 
(2011)

18 OsDREB2A Oryza sativa Glycine max Salt tolerance Zhang et al. 
(2013)

19 PeDREB2 Populus 
euphratica

Nicotiana tabacum Salt tolerance Chen et al. 
(2009a)

20 PgDREB2A Pennisetum 
glaucum

Nicotiana tabacum Salt and 
dehydration 
tolerance

Agarwal 
et al. (2010)

21 SbDREB2A Salicornia 
brachiata

Nicotiana tabacum Salt and 
dehydration 
tolerance

Gupta et al. 
(2014)

22 SlDREB2 Solanum 
lycopersicum

Arabidopsis 
thaliana, Solanum 
lycopersicum

Salt tolerance Hichri et al. 
(2016)

23 StDREB2 Solanum 
tuberosum

Solanum 
tuberosum

Salt tolerance Bouaziz et al. 
(2012)

24 TaAIDFa Triticum 
aestivum

Arabidopsis 
thaliana

Salt and 
dehydration 
tolerance

Xu et al. 
(2008)

Other DREB genes with assigned subgroup
25 GmDREB2 

A-5
Glycine max Arabidopsis 

thaliana
Salt and 
dehydration 
tolerance

Chen et al. 
(2007)

26 GmDREB3 
A-5

Glycine max Arabidopsis 
thaliana

Salt, dehydration 
and freezing 
tolerance

Chen et al. 
(2009b)

27 PpDBF1 
A-5

Physcomitrella 
patens

Nicotiana tabacum Salt, dehydration 
and freezing 
tolerance

Liu et al. 
(2007)

28 SsDREB 
A-6

Suaeda salsa Nicotiana tabacum Salt and 
dehydration 
tolerance

Zhang et al. 
(2015)
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7.3.2  MYB Transcription Factors

MYB (myeloblastoma) TFs are present in all eukaryotes, including plants. It is one 
of the largest TF families in plant that constitutes about 9% of total TF in Arabidopsis 
(Riechmann 2000). MYBs are the master regulator of various processes including 
regulation of primary and secondary metabolism, seed and floral development, cell 
fate and identity and abiotic and biotic stress tolerance (Dubos et al. 2010). The first 
plant MYB, c-MYB-like TF involved in anthocyanin biosynthesis, was isolated 
from maize (Paz-Ares et al. 1987); since then a number of MYB TFs have been 
isolated and characterized from different plants.

The MYB proteins are characterized by the presence of highly conserved MYB 
DNA-binding domain comprising of up to 4 imperfect repeats (R) of about 52 
amino acids, each forming 3 α-helices. The second and third helices of each repeat 
build a helix–turn–helix (HTH) structure with three regularly spaced tryptophan (or 
hydrophobic) residues, forming a hydrophobic core in the 3D HTH structure (Ogata 
et al. 1996). The third helix of each repeat serves as ‘recognition helix’ facilitating 
intercalation of DNA in the major groove (Jia et al. 2004). The two MYB repeats are 
closely packed in the major groove, so that the two recognition helices bind coop-
eratively to the specific DNA sequence motif (Dubos et al. 2010). MYB proteins are 
classified into four different classes based on the number of repeats: 4R-MYB, 
3R-MYB (R1R2R3), 2R-MYB (R2R3) and 1R-MYB. The 4R-MYB is the smallest 
group of the MYB family in plants which contains either four R1 or R2 repeats, and 
only one 4R-MYB gene is reported from Arabidopsis (Chen et  al. 2006). The 
3R-MYB also referred as R1R2R3-type MYB is evolutionary conserved group in 
plants, similar to the vertebrate MYB repeat (Ito 2005; Dubos et al. 2010; Li et al. 
2014a). This group plays an important role in regulation of cell cycle at G2/M phase 
in tobacco (Haga et al. 2007). The 2R-MYB (R2R3-type) is the largest group of 
plant MYB family and is considered to have evolved either from 3R-MYB protein 
by loss of R1 or from an R1-MYB by duplication and is closely related to c-MYB 
from vertebrate slime moulds and ciliates (Feller et al. 2011). This group has >100 
members in Arabidopsis (Yanhui et al. 2006), 157 in maize (Du et al. 2012a) and 
90 in rice (Katiyar et al. 2012). The diversification and expansion of 2R-MYB pro-
teins highlight their role in plant processes such as metabolism, development, cell 
fate and identity, hormone pathways and responses to stresses (Dubos et al. 2010; 
Li et al. 2014a). The 1R-MYB is the second largest group of the MYB family with 
64 members in Arabidopsis and 70 members in rice (Dubos et al. 2010).

The MYB transcription factors participate in the ABA-dependent signal trans-
duction pathway and upregulate a number of abiotic stress-responsive genes. 
Different MYB proteins bind to different cis-elements in their target gene’s promoter. 
Several plant MYB proteins that bind to T/CAACG/TGA/C/TA/C/T (MBSI) will 
also bind to a second site, TAACTAAC (MBSII) (Romero et al. 1998). The AtMYB2 
proteins bind to TGGTTAG cis-elements, of the rd22 promoter of Arabidopsis, and 
cooperatively activate this promoter (Abe et al. 1997).
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Table 7.2 Genetic engineering of MYB transcription factors for salinity tolerance

S. No Gene Source
Transgenic 
plants

Performance of 
transgenic plants References

1 AmMYB1 Avicennia marina Nicotiana 
tabacum

Salinity tolerance Ganesan 
et al. (2012)

2 AtMYB2 Arabidopsis Arabidopsis Salinity and drought 
tolerance

Abe et al. 
(2003)

3 AtMYB15 Arabidopsis Arabidopsis Salt and drought 
tolerance

Ding et al. 
(2009)

4 AtMYB20 Arabidopsis Arabidopsis Salinity tolerance Cui et al. 
(2013)

5 AtMYB44 Arabidopsis Glycine max Salinity and drought 
tolerance

Seo et al. 
(2012)

6 AtMYB88/ 
FLP

Arabidopsis Arabidopsis Salinity and drought 
tolerance

Xie et al. 
(2010)

7 AtMYB108/
BOS1

Arabidopsis Arabidopsis 
(mutant 
analysis)

Mutant shows 
impaired growth in 
salt

Mengiste 
et al. (2003)

8 CmMYB2 Chrysanthemum Arabidopsis Salinity and drought 
tolerance

Shan et al. 
(2012)

9 GmMYB177 Glycine max Arabidopsis Salinity tolerance Liao et al. 
(2008)10 GmMYB76 Glycine max Arabidopsis Salinity tolerance

11 GmMYB92 Glycine max Arabidopsis Salinity tolerance
12 HPPBF-1 Arabidopsis Arabidopsis Salinity tolerance Nagaoka and 

Takano 
(2003)

13 JAmyb Rice Arabidopsis Salinity tolerance Yokotani 
et al. (2013)

14 LcMYB1 Sheep grass Arabidopsis Salinity tolerance Cheng et al. 
(2013)

15 MdoMYB121 Apple Nicotiana 
tabacum

Salinity, drought and 
cold tolerance

Cao et al. 
(2013)

16 MdSIMYB1 Apple Apple, 
Nicotiana 
tabacum

Salinity, drought and 
cold tolerance

Wang et al. 
(2014)

17 OsMPS/
MULTIPASS

Rice Rice Salinity tolerance Schmidt 
et al. (2013)

18 OsMYB2 Rice Rice Salinity, dehydration 
and cold tolerance

Yang et al. 
(2012)

19 OsMYB3R-2 Rice Arabidopsis Salinity, drought and 
freezing tolerance

Dai et al. 
(2007)

20 OsMYB4 Rice Arabidopsis Salinity, drought, 
freezing, chilling, 
ozone, UV and biotic 
stress tolerance

Vannini et al. 
(2004, 2006)

21 OsMYB48-1 Rice Rice Salinity and 
drought tolerance

Xiong et al. 
(2014)

(continued)
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The MYB transcription factors are induced by salinity stress, and its overexpres-
sion confers tolerance to salinity (Table 7.2) by increased ABA-induced expression 
of rd22 and AtADH1 (AtMYB2, Abe et al. 2003) or by enhanced transcript accumu-
lation of ABA biosynthetic, signalling and responsive genes (AtMYB15, Ding et al. 
2009) and also by regulating different TFs (MdSIMYB1, Wang et  al. 2014). The 
MYB TFs also regulate stomatal opening in response to salinity; the AtMYB44 con-
fers drought and salinity tolerance in Arabidopsis by regulating ABA-induced sto-
matal closure by decreasing expression of serine/threonine protein phosphatase 2Cs 
(PP2Cs), which have been described as negative regulators of ABA signalling (Jung 
et al. 2008).

7.3.3  NAC Transcription Factors

NAC proteins are one of the largest families of plant-specific TFs which regulate 
both ABA-dependent and ABA-independent genes. The NAC is named from three 
earliest characterized proteins: NAM (no apical meristem) from petunia, ATAF1/2 
and CUC2 (cup-shaped cotyledon) from Arabidopsis (Puranik et al. 2012). The first 
NAC gene isolated was NAM from petunia (Souer et al. 1996), which plays a critical 
role in determining meristem and primordia positions. However, since then, a num-
ber of NAC genes have been identified: 117 NAC in Arabidopsis (Tran et al. 2004), 
151 in rice (Nuruzzaman et al. 2010), 79 in grape, 163 in poplar (Hu et al. 2010) and 
152 each in soybean (Le et  al. 2011) and tobacco (Nicotiana tabacum, Rushton 
et  al. 2008). Apart from flowering plants, NAC TFs are also reported from land 
plants like gymnosperms, white spruce (36, Duval et  al. 2014), maritime pine 

Table 7.2 (continued)

S. No Gene Source
Transgenic 
plants

Performance of 
transgenic plants References

22 TaMYB2A Wheat Arabidopsis Salinity, drought and 
cold tolerance

Mao et al. 
(2011a)

23 TaMYB3R1 Wheat Wheat Salinity, drought and 
cold tolerance

Cai et al. 
(2011)

24 TaMYB33 Wheat Arabidopsis Salinity and drought 
tolerance

Qin et al. 
(2012)

25 TaMYB56-B Wheat Arabidopsis Salinity and freezing 
tolerance

Zhang et al. 
(2012)

26 TaMYB73 Wheat Arabidopsis Salinity tolerance He et al. 
(2012)

27 TaPIMP1 Wheat Arabidopsis Salinity tolerance Liu et al. 
(2011a)
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(37, Pascual et al. 2015), also moss (5, Yao et al. 2012) and pteridophytes (Shen 
et al. 2009). The comparative genome analysis via computational modelling of the 
secondary cell wall-associated NAC genes (SND, NST and VND) from 19 higher 
plant species shows that only VND genes were found in S. moellendorffii. The NAC 
proteins possess a highly conserved N-terminus NAC DNA-binding domain (DBD), 
while the C-terminus is highly variable and contains a transcription regulatory 
domain (TRD, Nakashima et al. 2012). The NAC domain comprises of 150 amino 
acids in length and contains five conserved regions (A to E). Jensen et al. (2010) 
reported that biochemical and functional specificity of NAC TFs was associated 
with the structure of both the DBDs and the TRDs. The NAC TFs, responsive to 
drought, high salinity, ABA and MeJA (methyl jasmonate), interact with the puta-
tive MYC-like (CATGTG) NAC recognition site (NACRS), found in the ERD1 
(early responsive to dehydration stress) promoter region (Tran et  al. 2004). The 
NAC proteins could bind to NACRS even as multimers; heterodimerization might 
further regulate the transcriptional activity of the NAC proteins (Tran et al. 2004). 
They are expressed in different tissues at various developmental stages and are 
involved in many aspects of plant growth and development (Olsen et al. 2005) and 
furthermore also regulate abiotic and biotic stresses (Fujita et al. 2004; Tran et al. 
2004, 2010; Nakashima et al. 2007). Distelfeld et al. (2012) showed that NAC tran-
scription factor family has a dynamic nature since it has potential to evolve differ-
ently and perform novel functions. NAC gene from rice OsNAC6, a member of 
ATAF subfamily (Ooka et al. 2003), has been reported to mediate responses to cold, 
high salinity, drought, ABA and JA (Nakashima et al. 2007; Ohnishi et al. 2005). 
Many abiotic and biotic stress-responsive genes were upregulated in the OsNAC6 
transgenic plants, and the transgenics were tolerant to dehydration and high-salt 
stresses and even showed slightly improved tolerance to blast disease (Nakashima 
et al. 2007).

The activity of NAC TFs to perform a wide range of functions is tightly regu-
lated at transcriptional, post-transcriptional and post-translational levels. The TFs 
such as ABREs (ABA-responsive elements) and DREs (dehydration-responsive 
elements) present upstream to transcriptionally regulate NACs, whereas certain 
micro-RNAs or alternative splicing participates in post-transcriptionally regulating 
NACs. The post-transnational modifications like ubiquitination, dimerization, 
phosphorylation or proteolysis also regulate NAC TF activity. Phosphorylation is 
essential for nuclear localization of OsNAC4 (Kaneda et  al. 2009); similarly, 
ATAF1 requires phosphorylation for its subcellular localization, DNA-binding 
activity and protein interactions (Kleinow et  al. 2009). Phosphorylation of 
ZmNAC84 by ZmCCaMK regulates the antioxidant defence by activation of down-
stream genes (Zhu et al. 2016). Miao et al. (2016) reported a tomato SINA ubiquitin 
ligase SINA3 that targets NAC1 for ubiquitination and degradation. It is the multi-
mechanism regulation of NAC that facilitates its participation in a wide array of 
functions. The NAC candidate genes have been functionally characterized for 
enhancement of stress tolerance (Table 7.3).
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Table 7.3 Genetic engineering of NAC transcription factors for salinity tolerance

S. No. Gene Source
Transgenic 
plants

Performance of 
transgenic plants References

1 AhNAC2 Arachis hypogea Arabidopsis Salt and drought 
tolerance

Liu et al. (2011b)

2 AtNAC2 Arabidopsis 
thaliana

Arabidopsis 
thaliana

Salt tolerance He et al. (2005)

3 ATAF1 Arabidopsis 
thaliana

Oryza sativa Salt tolerance Liu et al. (2011b)

4 DlNAC1 Dendranthema 
lavandulifolium

Nicotiana Salinity and 
drought tolerance

Yang et al. (2016)

5 EcNAC1 Eleusine coracana Nicotiana 
tabacum

Salt and drought 
tolerance

Ramegowda et al. 
(2012)

6 EcNAC67 Eleusine coracana Oryza sativa Salinity and 
drought tolerance

Rahman et al. 
(2016)

7 GhATAF1 Gossypium 
hirsutum

Gossypium 
hirsutum

Salt tolerance He et al. (2016)

8 GhNAC2 Gossypium 
hirsutum

Arabidopsis 
thaliana

Salt and drought 
tolerance

Gunapati et al. 
(2016)

9 GmNAC11 Glycine max Arabidopsis 
thaliana

Salt tolerance Hao et al. (2011)

10 GmNAC20 Glycine max Arabidopsis 
thaliana

Salt and freezing 
tolerance

11 NAC042 Musa Banana Salinity and 
drought tolerance

Tak et al. (2016)

12 ONAC022 Oryza sativa Oryza sativa Salt and drought 
tolerance

Hong et al. (2016)

13 ONAC045 Oryza sativa Oryza sativa Salt and drought 
tolerance

Zheng et al. 
(2009)

14 ONAC063 Oryza sativa Arabidopsis Salinity and 
osmotic 
pressure tolerance

Yokotani et al. 
(2009)

15 OsNAC5 Oryza sativa Oryza sativa Salt tolerance Takasaki et al. 
(2010)

16 OsNAC6 Oryza sativa Oryza sativa Salt, drought and 
freezing tolerance

Nakashima et al. 
(2007)

17 OsNAC10 Oryza sativa Oryza sativa Salinity, drought 
and low-
temperature 
tolerance

Jeong et al. 
(2010)

18 OsNAP Oryza sativa Oryza sativa Salt, drought and 
low-temperature 
tolerance

Chen et al. (2013)

19 SNAC1 Oryza sativa Oryza sativa Salt tolerance Hu et al. (2006)
20 SNAC1 Oryza sativa Triticum 

aestivum
Salt and drought 
tolerance

Saad et al. (2013)

(continued)
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7.3.4  WRKY Transcription Factors

The WRKY transcription factors form the largest family of plant-specific TFs and 
are also found in protists, green algae such as Chlamydomonas reinhardtii, slime 
mould, fern and pine, indicating an ancestral origin of the family. The WRKY genes 
have shown evolution from unicellular to complex multicellular forms and are 
reported in large numbers in flowering plants, indicating important regulatory role 
in flowering plants. The first WRKY gene was identified in sweet potato, and since 
then, large number of WRKY proteins are reported from higher plants. The WRKY 
TFs have been reported from Arabidopsis, rice (74, 102 Baranwal et al. 2016), soy-
bean (197, Schmutz et al. 2010), papaya, poplar, sorghum, Physcomitrella patens 
(66, 104, 68, 38, respectively, Pandey and Somssich 2009) and Jatropha (58, Xiong 
et al. 2013). The WRKY TFs get its name from its highly conserved 60 amino acid 
long WRKY domain, consisting of highly conserved heptapeptide WRKYGQK at 
amino (N)-terminus and a novel metal chelating zinc finger at the carboxy 
(C)-terminus. The WRKYGQK motif shows slight variation in Arabidopsis, rice, 
tobacco, barley and canola (Zhang and Wang 2005; Mangelsen et al. 2008; Xie et al. 
2005; Yang et al. 2009). The WRKY TFs are classified into three groups depending 
on the number of WRKY motifs present and the constitution of their zinc-finger 
motif. Group I TFs contain two WRKY domains, while group II and group III pos-
sess only a single WRKY domain. Groups I and II have the C2H2-type zinc-finger 
motif (C-X4–5-C-X22–23-H-XH), whereas group III shows C2HC zinc-finger 
motif (C-X7-C-X23-H-X-C). Group II is further divided into subgroups a–e on the 
basis of additional amino acid motifs present outside the WRKY domain. Certain 
structures like nuclear localization signal (NLS), leucine zippers, Ser-/Thr-rich 
stretches, Gln- and Pro-rich stretches, kinase domains and pathogenesis-related 
TIR-NBS-LRR domains have also been reported (Jiang and Deyholos 2006).

Table 7.3 (continued)

S. No. Gene Source
Transgenic 
plants

Performance of 
transgenic plants References

21 SNAC2 Oryza sativa Oryza sativa Salt, drought and 
freezing tolerance

Hu et al. (2008)

22 TaNAC2 Triticum aestivum Arabidopsis 
thaliana

Salt, drought and 
freezing tolerance

Mao et al. 
(2011b)

23 TaNAC29 Triticum aestivum Arabidopsis 
thaliana

Salt and drought 
tolerance

Huang et al. 
(2015)

24 TaNAC29 Triticum aestivum Arabidopsis 
thaliana

Salt stress Xu et al. (2015)

25 TaNAC67 Triticum aestivum Arabidopsis 
thaliana

Salt, drought and 
freezing tolerance

Mao et al. (2014)

26 VvNAC1 Vitis vinifera Arabidopsis Salt, drought, cold 
tolerance

Hénanff et al. 
(2013)

27 VaNAC26 Vitis amurensis Arabidopsis 
thaliana

Salt and drought 
tolerance

Fang et al. (2016)
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The WRKY TFs show preferential binding to their cognate cis-acting element, 
the W-box (TTGACC/T, Ulker and Somssich 2004); the flanking sequence  adjoining 
the W-box also plays a role in determining the binding of WRKY protein, thereby 
leading to distinct transcriptional outputs (Ciolkowski et al. 2008, Yamasaki et al. 
2005). The N-terminal domain is not responsible for sequence-specific binding to 
DNA, it might participate in binding process by increasing affinity or specificity for 
their target sites, or it may provide an interface for protein–protein interactions, a 
known function of some zinc-finger-like domains (Mackay and Crossley 1998). In 
some group I WRKY members, SPF1, ZAP1 and PcWRKY1, the C-terminal 
WRKY domain is responsible for sequence-specific binding to DNA (Ishiguro and 
Nakamura 1994; de Pater et al. 1996; Eulgem et al. 1999).

The WRKY family has evolved in response to pressures imposed by environmen-
tal factors and phytopathogens, to facilitate distinct cellular, developmental and 
physiological roles in plants. The WRKY TFs play a broad-spectrum regulatory role 
as positive and negative regulators of plant defence regulation and abiotic stresses 
and are also involved in growth and development of plants such as embryogenesis, 
seed coat and trichome development, regulation of biosynthetic pathways and hor-
mone signalling.

The WRKY family of TFs is one of the best-characterized classes of plant defence 
transcription factors and pathogen infection or pathogen elicitors or SA resulting in 
rapid induction of WRKY TF.  The analysis of mutants shows that even closely 
related WRKY members display strong differences in their expression patterns and 
are most likely involved in distinct signalling pathways (Kalde et al. 2003). WRKY 
TFs regulate the plant stress response by interacting with other transcription factors 
and also by directly regulating some function genes. WRKY TFs exhibit autoregula-
tion, cross regulation and also interaction with different proteins like MAP kinases, 
MAP kinase kinases, calmodulin, histone deacetylases, etc. for carrying out diverse 
plant functions (Rushton et al. 2010). Post-translational modification like phosphor-
ylation also regulates the activity of WRKY transcription factors; some WRKY TFs 
are found to act downstream of MAPKs in regulating plant defence (Asai et al. 2002; 
Liu et al. 2004). It has been reported that the VQ proteins interact with WRKY TFs 
in yeast (Cheng et al. 2012). The VQ are activated by MAPK, and their interaction 
with WRKY TF alters its DNA-binding specificity (Chi et  al. 2013), resulting in 
altered downstream response. The WRKY proteins also possess calmodulin (CaM)-
binding domain (CaBD, Chi et al. 2013) and thus have tendency to interact with 
CaMs (Park et al. 2005). The WRKY TFs are regulated by hormones like SA, ABA 
and GA and through hormone crosstalk with different signalling pathways.

The genetic engineering by overexpressing WRKY TFs for enhanced salinity 
tolerance (Table 7.4) has often resulted in multiple stress tolerance. The WRKY25 
and WRKY33 increased salt tolerance and ABA sensitivity independently of the 
SOS pathway when overexpressed in A. thaliana (Jiang and Deyholos 2009). The 
WRKY15-overexpressing plants showed endoplasmic reticulum-to-nucleus 
communication and a disrupted mitochondrial communication during salt stress 
(Vanderauwera et al. 2012). The overexpression of these TFs provides salinity toler-
ance by modulating ROS homeostasis through SA signalling (Agarwal et al. 2016).
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7.4  Conclusion and Perspectives

The rapid progress being made on the isolation of important regulatory proteins, the 
development of in  vitro transcription systems and the use of powerful genetic 
screening approaches for additional mutants using promoter/reporter gene fusions 
will facilitate further studies of transcriptional control in plants, which should 
provide valuable insight into the mechanisms underlying various aspects of plant 
growth and development and lead to agricultural benefits.
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Table 7.4 Genetic engineering of WRKY transcription factors for salinity tolerance

S. No. Gene Source
Transgenic 
plants

Performance of 
transgenic plants References

1 AtWRKY25, 
33

Arabidopsis 
thaliana

Arabidopsis 
thaliana

Salt tolerance Jiang and 
Deyholos 
(2009)

2 BcWRKY46 Brassica 
campestris

Nicotiana 
tabacum

Salt, freezing, 
ABA and 
dehydration 
tolerance

Wang et al. 
(2012)

3 DgWRKY3 Dendranthema 
grandiflorum

Nicotiana Salt tolerance Liu et al. 
(2013)

4 GhWRKY41 Gossypium 
hirsutum

Nicotiana 
benthamiana

Salt and drought 
tolerance

Chu et al. 
(2015)

5 GhWRKY68 Gossypium 
hirsutum

Nicotiana 
benthamiana

Salt and drought 
tolerance

Jia et al. 
(2015)

6 GhWRKY25 Gossypium 
hirsutum

Nicotiana 
benthamiana

Salt and drought 
tolerance

Liu et al. 
(2016a)

7 GmWRKY54 Glycine max Arabidopsis 
thaliana

Salt and drought 
tolerance

Zhou et al. 
(2008)

8 OsWRKY45 Oryza sativa Arabidopsis 
thaliana

Salt and drought 
tolerance

Qiu and Yu 
(2009)

9 SpWRKY1 Solanum 
pimpinellifolium

Nicotiana 
tabacum

Salt and drought 
tolerance

Li et al. (2015)

10 TaWRKY2 Triticum aestivum Arabidopsis 
thaliana

Salt and drought 
tolerance

Niu et al. 
(2012)

11 TaWRKY19 Triticum aestivum Arabidopsis 
thaliana

Salt, drought and 
freezing tolerance

12 TaWRKY10 Triticum aestivum Nicotiana 
tabacum

Salt and drought 
tolerance

Wang et al. 
(2013)

13 TaWRKY44 Triticum aestivum Nicotiana Salt and drought 
tolerance

Wang et al. 
(2015)
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Chapter 8
Targeting Redox Regulatory Mechanisms 
for Salinity Stress Tolerance in Crops

Mohsin Tanveer and Sergey Shabala

Abstract Salinity stress is one of the major abiotic stresses that result in significant 
losses in agricultural crop production across the globe. Salinity stress results in 
osmotic stress, ionic stress, and oxidative stress; among these, oxidative stress is 
considered to be the most detrimental. Oxidative stress induces the production of 
different reactive oxygen species (ROS) at both intracellular and extracellular loca-
tions. Plants possess redox regulatory mechanisms by employing different enzy-
matic and nonenzymatic antioxidants to scavenge ROS. Different antioxidants have 
different tissue- and organelle-specific ROS-scavenging effects. However, the 
causal link between the amount of antioxidants and plant salinity stress tolerance is 
not as straightforward as one may assume, with controversial reports available in 
the literature. This chapter addresses those controversies and argues that there is a 
need for better understanding and development of tools for targeted regulation of 
plant redox systems in specific cellular compartments and tissues.

Keywords Antioxidant defense system · QTL · Redox regulation · ROS production 
· Salt stress · Tissue specific antioxidant activity
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DHA Dehydroascorbic acid
DHAR Dehydroascorbate reductase
GPX Glutathione peroxidase
GR Glutathione reductase
GSH Glutathione
GST Glutathione S-transferase
L-ASC L-Ascorbic acid
MAPK 1 Mitogen-activated protein kinase phosphatase
MDA Malondialdehyde
MDHA Monodehydroascorbic acid
MDHAR Monodehydroascorbate reductase
MeOOH Methyl hydrogen peroxide
NADP Nicotinamide adenine dinucleotide phosphate
NADPH Reduced NADP
O2

− Superoxide radical
OH− Hydroxyl radical
Orn-δ-OAT Ornithine-δ-aminotransferase
P5CR Pyrroline-5-carboxylate reductase
P5CS Pyrroline-5-carboxylate synthase
POD Peroxidase
PSI Photosystem I
PSII Photosystem II
PUFA Polyunsaturated fatty acid
QTL Quantitative trait locus
ROS Reactive oxygen species
SOD Superoxide dismutase

8.1  Introduction

Soil salinity is one of the most detrimental abiotic stresses that critically damage 
crops and cause major reductions in their yield (Munns et al. 2006; Tanveer and 
Shah 2017). Salinity is characterized by deleterious effects on plant growth, which 
are traditionally associated with reduced water availability under hyperosmotic 
saline conditions, and specific ion toxicity. In recent years, oxidative damage has 
been added to this list (Souza et al. 2012; Liu et al. 2017; López-Gómez et al. 2017). 
Like other aerobic organisms, higher plants require oxygen for efficient production 
of energy. During the reduction of O2 to H2O, reactive oxygen species (ROS)—
namely, superoxide radicals (O2

−), H2O2, and hydroxyl radicals (OH−)—are formed 
(Demidchik 2015). Most cellular compartments in higher plants have the potential 
to become a source of ROS (Bose et al. 2014). Environmental stresses that limit CO2 
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fixation, including salinity, reduce nicotinamide adenine dinucleotide phosphate 
(NADP+) regeneration by the Calvin cycle. Consequently, the photosynthetic elec-
tron transport chain is over-reduced, producing O2

− and singlet oxygen (1O2) in 
chloroplasts (Wu and Tang 2004; Shao and Chu 2005). To prevent overreduction of 
the electron transport chain under conditions that limit CO2 fixation, higher plants 
have evolved the photorespiratory pathway to regenerate NADP+ (Shao and Chu 
2005). As a part of the photorespiratory pathway, H2O2 is produced in the peroxi-
somes, where it can also be formed during the catabolism of lipids as a by-product 
of β-oxidation of fatty acids (Foyer and Noctor 2005; Wu et al. 2007).

Because of the highly cytotoxic and reactive nature of ROS, their accumulation 
in plant tissues and intracellular compartments must be tightly controlled. Higher 
plant metabolism must be highly regulated in order to allow effective integration of 
a diverse spectrum of biosynthetic pathways that are reductive in nature (Crawford 
2006; Grun et  al. 2006). This requires the provision that the regulation does not 
completely avoid photodynamic or reductive activation of molecular oxygen to pro-
duce ROS, particularly superoxide, H2O2, and 1O2 (Suzuki et al. 2012). However, in 
many cases, the production of ROS is genetically programmed, is induced during 
the course of development and by environmental fluctuations, and has complex 
downstream effects on both primary and secondary metabolism (Schurmann 2003; 
Link 2003; Rouhier et al. 2003). As a result, higher plants possess very efficient 
enzymatic and nonenzymatic antioxidant defense systems that allow scavenging of 
ROS and protection of plant cells from oxidative damage (Foyer and Noctor 2003; 
Anjum et al. 2016a, 2017).

For many years, the concept “the higher the antioxidant activity, the better the 
plant” has dominated the literature. However, in recent years it has become appar-
ent that plants actively produce ROS as signaling molecules to control numerous 
physiological processes such as defense responses and cell death (Zhang et  al. 
2003), cross- tolerance (Bowler and Fluhr 2000), gravitropism (Mittler et  al. 
2004), stomatal aperture (Wang and Song 2008; Pei et al. 2000), cell expansion 
and polar growth (Joo et al. 2005; Pedreira et al. 2004), hormone action (Pei et al. 
2000; Schopfer et al. 2002), and leaf and flower development (Sagi et al. 2004). 
In many cases, production of ROS is genetically programmed, and superoxide and 
H2O2 are used as second messengers (Foyer and Noctor 2005). A new concept of 
“oxidative signaling”—instead of “oxidative stress”—has been proposed (Foyer 
and Noctor 2005). The “positive” role of ROS has been reported at both the physi-
ological level [e.g., regulation of ion channel activity (Foreman et al. 2003)] and 
the genetic level [e.g., control of gene expression (Shin and Schachtman 2004)]. 
This has prompted a need to rethink the above “the more, the better” concept and 
incorporate the signaling role of ROS and the redox state of the cell into breeding 
programs aimed at improving abiotic stress tolerance. Some aspects of this work 
are discussed in this chapter.
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8.2  Antioxidant Defense System

The distinct subcellular localization and biochemical properties of antioxidant 
enzymes, their differential activation at the enzyme and gene expression level, 
and the plethora of nonenzymatic scavengers render the antioxidant system a 
very versatile and flexible unit that can control ROS accumulation temporally 
and spatially (Shao et  al. 2007a, b; Anjum et  al. 2015, 2016b). The sections 
below describe mechanisms involved in redox regulation for salinity stress tol-
erance in plants.

The redox state of a cell explains the ratio of the amount of oxidizing equiva-
lents to the amount of reducing equivalents (Gabbita et al. 2000). The intracel-
lular antioxidant systems form a powerful reducing buffer, which affects the 
ability of the cell to counteract the action of the prooxidant forces. The fine redox 
balance within a cell is thus governed by the levels of prooxidant molecules and 
antioxidant fluxes. Therefore, an appreciation of the different sources of oxidants 
and the counteracting antioxidant (or reducing) systems is necessary to under-
stand what factors are involved in achieving a particular intracellular redox state. 
Salinity induces various ROS and, in response to that, plants develop complex 
antioxidant defense systems (Ismail et al. 2016) (Fig. 8.1). Antioxidants can be 
classified into three broad divisions: water-soluble compounds (reductants, 
ascorbate); lipid-soluble compounds (α-tocopherol, β-carotene); and enzymes 
(superoxide dismutase [SOD], catalase [CAT], peroxidase [POD], ascorbate per-
oxidase [APX], and glutathione reductase [GR]) (Chen and Dickman 2005; Gill 
and Tuteja 2010).

Fig. 8.1 Major plant antioxidants and their reactive oxygen species (ROS)–scavenging effects
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8.2.1  Enzymatic Antioxidants

Among the different antioxidant enzymes, SOD is the most effective intracellular 
enzymatic antioxidant that is ubiquitous in all aerobic organisms. SOD can catalyze 
and reduce O2

− to H2O2 because of its dismutation. SOD also indirectly reduces the 
risk of OH− formation by using O2

−. SOD catalyzes the first step of the enzymatic 
defense mechanism: the conversion of superoxide anions to hydrogen peroxide and 
water. If superoxide anions are not neutralized, oxidation occurs and hydroxyl radi-
cals are formed. Hydroxyl radicals are extremely harmful because they are very 
reactive. Importantly, hydroxyl radicals cannot be scavenged by enzymatic means. 
Hydrogen peroxide can be decomposed by the activity of CATs and several classes 
of PODs, which act as important antioxidants.

CAT is another important enzymatic antioxidant; it is a tetrameric heme con-
taining enzymes with the potential to directly dismutate H2O2 into H2O and O2, 
and it is indispensable for ROS detoxification during stressed conditions (Garg 
and Manchanda 2009). CAT has the highest turnover rate: one molecule of CAT 
can convert about 6 million molecules of H2O2 to H2O and O2 per minute. CAT 
enzymes remove H2O2 from peroxisomes by oxidases involved in β-oxidation of 
fatty acids, photorespiration, and purine catabolism. Different CAT isozymes 
have been reported in different plant species: two isozymes in barley (Azevedo 
et  al. 1998), four in sunflower (Azpilicueta et  al. 2007), and 12  in Brassica 
(Frugoli et  al. 1996). Scandalias (1990) found three CAT isozymes in maize: 
CAT1 and CAT2 are localized in peroxisomes and the cytosol, whereas CAT3 is 
mitochondrial. It has also been reported that apart from reacting with H2O2, CAT 
also reacts with some hydroperoxides such as methyl hydrogen peroxide 
(MeOOH) (Ali and Alqurainy 2006). Overexpression of CAT encoded by the katE 
gene in rice conferred salt-induced oxidative stress tolerance (Nagamiya et  al. 
2007). Similarly, increased activity of CAT has been reported in chickpea follow-
ing salt stress (Eyidogan and Oz 2005; Kukreja et  al. 2005). Nonetheless, 
Srivastava et al. (2005) reported a decrease in CAT activity in Anabaena doliolum 
under NaCl and Cu2+ stress. Pan et al. (2006) studied the combined effect of salt 
and drought stress and found that it decreased CAT activity in Glycyrrhiza uralen-
sis seedlings.

Thioredoxin and thiol-based glutathione are also important enzymes that play a 
crucial role in redox regulation. Thioredoxin includes a pleiotropic reduced NADP 
(NADPH)–dependent disulfide oxidoreductase, which catalyzes the reduction of 
exposed protein S–S bridges. Because of its dithiol-to-disulfide exchange activity, 
thioredoxin—acting as a hydrogen donor—determines the oxidation state of pro-
tein thiols (Lu and Holmgren 2014). This small 12 kDa protein contains a charac-
teristic conserved catalytic Trp–Cys–Gly–Pro–Cys–Lys site. The two cysteine 
residues within this site can be oxidized reversibly to form a disulfide bridge. A 
specific selenoenzyme, thioredoxin reductase, is able to reduce the disulfide bond, 
utilizing NADPH as a hydrogen donor. The glutaredoxin system utilizes glutathione 
(a cysteine- containing tripeptide) in a manner similar to that used by the thioredoxin 
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system. The antioxidant function of glutathione is implicated through two general 
mechanisms of reaction with ROS.

Glutathione peroxidase (GPX) belongs to a large family of diverse isozymes that 
use glutathione to reduce H2O2 and organic and lipid hydroperoxides, and therefore 
help plant cells with oxidative stress (Noctor et al. 2002). GPX uses glutathione to 
eliminate H2O2 and to decrease hydroperoxidation of lipids. Thus, these enzymes 
regulate intracellular levels of ROS such as H2O2 and O2

− (Gabbita et  al. 2000). 
Millar et al. (2003) identified a family of seven related proteins—named AtGPX1–
AtGPX7—in the cytosol, chloroplast, mitochondria, and endoplasmic reticulum of 
Arabidopsis. Upregulation of the GPX gene was noted in response to 1O2, showing 
the involvement of GPX in quenching 1O2 (Leisinger et al. 2001). It was noted that 
GPX activity in transgenic cotton seedlings was 30–60% higher under normal con-
ditions but no different from GPX activity in wild-type seedlings under salt stress 
conditions (Light et al. 2005).

8.2.2  Nonenzymatic Antioxidants

Ascorbic acid (ASC) is the most abundant, powerful, and water-soluble antioxidant 
that acts to prevent or minimize the damage caused by ROS in plants (Smirnoff 
2005; Athar et al. 2008). ASC is considered a most powerful ROS scavenger because 
of its ability to donate electrons in a number of enzymatic and nonenzymatic reac-
tions. It can provide protection to membranes by directly scavenging O2

− and OH−, 
and by regenerating α-tocopherol from the tocopheroxyl radical. In chloroplasts, 
ASC acts as a cofactor of violaxantin de-epoxidase, thus sustaining dissipation of 
excess excitation energy (Smirnoff 2005). In addition to the importance of ASC in 
the ascorbate–glutathione cycle, it also plays an important role in preserving the 
activity of enzymes that contain prosthetic transition metal ions (Noctor and Foyer 
1998). The ASC redox system consists of L-ascorbic acid (L-ASC), monodehydro-
ascorbic acid (MDHA), and dehydroascorbic acid (DHA). Both oxidized forms of 
ASC are relatively unstable in aqueous environments, while DHA can be chemi-
cally reduced by glutathione.

Tripeptide glutathione (glu–cys–gly) is one of the crucial metabolites in plants 
and is considered a most important intracellular component of defense against 
ROS- induced oxidative damage. It occurs abundantly in the reduced form in plant 
tissues and is localized in all cell compartments, including the cytosol, endoplas-
mic reticulum, vacuole, mitochondria, chloroplasts, and peroxisomes, as well as in 
the apoplast (Mittler and Zilinskas 1992; Jiménez et al. 1998). Glutathione pro-
vides a substrate for multiple cellular reactions that yield GSSG (i.e., two glutathi-
one molecules linked by a disulfide bond). The balance between glutathione and 
GSSG is a central component in maintaining the cellular redox state (Foyer and 
Noctor 2005). Glutathione is necessary to maintain the normal reduced state of 
cells so as to counteract the inhibitory effects of ROS-induced oxidative stress 
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(Meyer 2008). It is a potent scavenger of 1O2, H2O2, and most dangerous ROS such 
as OH− (Op den Camp et al. 2003).

Proline is considered a potent antioxidant and a potential inhibitor of pro-
grammed cell death (Chen and Dickman 2005). Free proline has been proposed to 
also act as an osmoprotectant, a protein stabilizer, and a metal chelator, and helps in 
scavenging ROS (Ashraf and Foolad 2007; Trovato et al. 2008). In plants, there are 
two different precursors for proline. The first pathway is from glutamate, which is 
converted to proline by two successive reductions catalyzed by pyrroline-5- 
carboxylate synthase (P5CS) and pyrroline-5-carboxylate reductase (P5CR), 
respectively. P5CS is a bifunctional enzyme catalyzing first the activation of gluta-
mate by phosphorylation and second the reduction of the labile intermediate c-glu-
tamyl phosphate into glutamate semialdehyde, which is in equilibrium with the P5C 
form (Hu et al. 1992). An alternative precursor for proline biosynthesis is ornithine, 
which can be transaminated to P5C by ornithine-δ-aminotransferase (Orn-δ-OAT), 
a mitochondrially located enzyme. The glutamate pathway is the main pathway dur-
ing osmotic stress. However, in young Arabidopsis plants, the ornithine pathway 
also seems to contribute and δ-OAT activity is enhanced (Roosens et  al. 1998). 
Sorbitol, mannitol, myo-inositol, and proline have been tested for OH−-scavenging 
capacity, and it was found that proline appeared to be an effective scavenger of OH− 
(Smirnoff and Cumbes 1989; Gill and Tuteja 2010). Therefore, proline is not only 
an important molecule in redox signaling but also an effective quencher of ROS 
formed under salt stress (Alia and Saradhi 1991; Tanveer and Shah 2017). Chen and 
Dickman (2005) showed that addition of proline to DARas mutant cells effectively 
quenched ROS and prevented cell death by inhibiting ROS-mediated apoptosis. 
Enhanced synthesis of proline under drought or salt stress has been implicated as a 
mechanism in alleviation of cytoplasmic acidosis and maintenance of the 
NADPH:NADP+ ratio at a value compatible with metabolism (Hare and Cress 
1997). Moreover, proline could maintain a low NADPH:NADP+ ratio, decrease 1O2 
production from photosystem I (PSI), and lessen 1O2 and OH− damage to photosys-
tem II (PSII) under stress (Szabados and Savouré 2010). Furthermore, proline has 
been reported to perform various antioxidant functions including (1) reductions in 
OH−, H2O2, and 1O2; (2) maintenance of a low NADPH:NADP+ ratio to decrease 1O2 
production; (3) assistance in preventing programmed cell death; (4)  reduction of 
detrimental effects of ROS on PSII; and (5) stabilization of mitochondrial respira-
tion to protect the complex II phase of the electron transport chain in mitochondria 
(Szabados and Savouré 2010). Exogenously applied proline reduced the leaking of 
K+ by reducing the production of hydroxyl radicals in Arabidopsis roots (Cuin and 
Shabala 2007).

Glycine betaine accumulates predominantly in chloroplasts and protects the 
photosynthetic apparatus during oxidative stress (Ashraf and Foolad 2007). In 
addition, glycine betaine stabilizes the structure and function of the oxygen-evolv-
ing complex of PSII and protects the photosynthetic apparatus under high salt 
stress (Papageorgiou and Murata 1995). The introduction of genes synthesizing 
glycine betaine into nonaccumulators of glycine betaine has been shown to be effec-
tive in increasing tolerance of various abiotic stresses (Sakamoto and Murata 2002). 
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In addition to the direct protective roles of glycine betaine, either through positive 
effects on enzyme and membrane integrity or as an osmoprotectant, glycine beta-
ine may also protect cells from environmental stresses indirectly by participating 
in signal transduction pathways (Subbarao et al. 2000). Even in small concentra-
tions, glycine betaine is very effective in stress amelioration. Exogenous applica-
tion of glycine betaine (even in a submillimolar concentration) alleviates 
OH−-generated potassium ion leakage (Cuin and Shabala 2007), improving salin-
ity stress tolerance. Consistent with this observation, halophytes (the most salt-
tolerant species on the planet) may accumulate significant amounts (up to 90 μmol 
on a dry weight basis) of glycine betaine and thus can better withstand oxidative 
damage under saline conditions (Rhodes and Hanson 1993; Flowers and Colmer 
2008). Transgenic crops overexpressing halophyte betaine aldehyde dehydroge-
nase (BADH)—a glycine betaine–synthesizing enzyme—were shown to possess 
enhanced salt and drought tolerance (Fitzgerald et al. 2009). Interestingly, overex-
pression of a plastid BADH in the salt-sensitive carrot resulted in remarkable salt 
tolerance (up to 400 mM NaCl), similar to that of halophytes (Kumar et al. 2004). 
The above findings could be attributed to both the osmotic role of glycine betaine 
and its ROS-scavenging ability.

Flavonoids are usually accumulated in the plant vacuole as glycosides, but they 
also occur as exudates on the surfaces of leaves and other aerial plant parts. 
Flavonoids can be classified into flavonols, flavones, isoflavones, and anthocyanins 
on the basis of their structure. Flavonoids are among the most bioactive plant sec-
ondary metabolites. Flavonoids serve as ROS scavengers by locating and neutral-
izing radicals before they damage the cell, which is important for plants to regulate 
redox potential under stressful conditions (Løvdal et al. 2010). Flavonoids function 
by virtue of the number and arrangement of their hydroxyl groups attached to ring 
structures. Their ability to act as antioxidants depends on the reduction potentials of 
their radicals and the accessibility of the radicals. Most flavonoids outperform well- 
known antioxidants, such as ASC and α-tocopherol (Hernandez et al. 2009).

Tocopherols are considered major antioxidants in biomembranes. The antioxi-
dant ability of tocopherols against Fe2+ ascorbate–induced lipid peroxidation 
declined in the order of α > β ≈ γ > δ, with each single molecule of these tocoph-
erols protecting up to 220, 120, 100, and 30 molecules of polyunsaturated fatty 
acids, respectively, before being consumed (Fukuzawa et al. 1982). Tocopherols 
have been shown to prevent the chain propagation step in lipid auto-oxidation, 
which makes them an effective free-radical trap. α-Tocopherol (vitamin E) detoxi-
fies 1O2 and lipid peroxyl radicals, thus preventing lipid peroxidation under abiotic 
stress (Szarka et  al. 2012). Among the different isoforms of tocopherols, 
α-tocopherol is the predominant form in plant green tissues. This isoform is syn-
thesized in a plastid envelope and is stored in plastoglobuli of the chloroplast 
stroma and in thylakoid membranes, suggesting that α-tocopherol is pivotal to 
decreased production of ROS (primarily that of 1O2) in the chloroplast during envi-
ronmental stresses (Szarka et al. 2012). Recently, it has been found that oxidative 
stress activates the expression of genes responsible for the synthesis of tocopherols 
in higher plants (Wu et al. 2007). Increased levels of α-tocopherol and ASC have 

M. Tanveer and S. Shabala



221

been found in tomato and in A. doliolum, helping to protect membranes from oxi-
dative damage (Hsu and Kao 2007).

α-Tocopherol can scavenge 1O2 in two ways. First, α-tocopherol quenches 1O2 
physically via resonance energy transfer (Fahrenholtz et al. 1974); following this, 
1O2 scavenging can happen through a chemical reaction (Falk and Munné-Bosch 
2010). During the resonance energy transfer mechanism of 1O2 scavenging, 
α-tocopherol content is not altered significantly and one molecule of α-tocopherol 
can deactivate 120 molecules of 1O2, whereas the chemical scavenging mecha-
nism implies involvement of an intermediate hydroperoxydienone that decom-
poses to form tocopherol quinone and tocopherol quinone epoxides, resulting in a 
significant decline in the α-tocopherol content (Munne-Bosch and Alegre 2002). 
A comparison between a halophyte (Cakile maritima) and a glycophyte 
(Arabidopsis thaliana) showed that C. maritima may detoxify salt-induced 1O2 
production through direct quenching, because the α-tocopherol level did not 
change significantly during salt stress. At the same time, A. thaliana achieved the 
same result through a chemical reaction, showing a reduction of 50% in the pro-
duction of α-tocopherol (Ellouzi et al. 2011). α-Tocopherols also function as recy-
clable chain reaction terminators of polyunsaturated fatty acid (PUFA) radicals 
generated by lipid oxidation (Hare et al. 1998). α-Tocopherols scavenge lipid per-
oxy radicals and yield a tocopheroxyl radical that can be recycled back into the 
corresponding α-tocopherol by reacting with ascorbate or other antioxidants 
(Igamberdiev and Hill 2004).

8.3  Targeting Redox Regulation and Antioxidant Defense 
Systems in Breeding Programs

The number of papers linking oxidative stress with salinity has increased exponen-
tially over the past two decades. There have also been reports of increased antioxi-
dant activity in plants grown under saline conditions (Hernandez et al. 2000; Sairam 
and Srivastava 2002). It is hardly surprising that the idea of improving salinity stress 
tolerance by increased antioxidant production is gaining momentum (Table 8.1). 
However, many other reports have questioned the validity of this approach, report-
ing either no correlation or a negative correlation between the activity of antioxidant 
enzymes and plant salinity stress tolerance (Tables 8.2 and 8.3). The possible rea-
sons for this discrepancy most likely lie in the fact that some ROS such as H2O2 play 
a very important signaling role in adaptive and developmental responses, and so 
tampering with them may result in pleiotropic effects (De Pinto et al. 2006). It is 
becoming increasingly evident that considerable variations exist in the production 
of both enzymatic and nonenzymatic antioxidants in response to salt stress in vari-
ous plant tissues and at various time points. Hence, the interspecific or intraspecific 
aspects of ROS production and scavenging should be taken into account. Last, but 
not least, the diversity of known antioxidants should be accounted for. Some sup-
porting arguments are given below.
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8.3.1  Antioxidant Activity at the Tissue/Organ Level

Activation of the antioxidant defense system occurs via enzymatic and nonenzy-
matic mechanisms against salt stress. The antioxidant responses, though, are differ-
ent in different organs and/or tissues (Turan and Tripathy 2013). Hamada et  al. 
(2016) found that the total antioxidant capacity and polyphenol content in maize 
increased with increased salinity levels in roots and mature leaves but showed no 
changes in young leaves. They also showed that SOD, APX, glutathione (GSH), 
glutathione S-transferase (GST), and ASC content increased particularly in maize 
roots, while total tocopherol levels increased specifically in shoot tissues. Proline 
content was slightly decreased in young leaves in maize plants but did not show 
significant changes in maize roots and mature leaves under exposure to salinity 
stress (Hamada et  al. 2016). Other studies have also reported tissue-specific 

Table 8.1 Selected examples of reported positive correlations between expression of antioxidant 
genes and salt stress tolerance in transgenic plant species

Plant species Gene Response of antioxidant system References

Tobacco AKR1 Increased production of SOD, APX, and 
GR; proline accumulation

Vemanna 
et al. (2017)

Sweet potato CuZnSOD and 
APX

Increased production of SOD and APX Yan et al. 
(2016)

Tobacco 
chloroplast

CuZnSOD and 
APX

Simultaneous expression of CuZnSOD and 
APX increased tolerance to oxidative stress 
as compared with individual expression of 
tolerance

Kwon et al. 
(2002)

Arabidopsis 
thaliana

Aldehyde 
dehydrogenase 
gene

Decreased accumulation of lipid 
peroxidation–derived reactive aldehydes

Sunkar et al. 
(2003)

Rice codA Increased accumulation of glycine betaine Mohanty 
et al. (2002)

Arabidopsis 
thaliana

MAPK 1 Increased accumulation of SOD, POD, and 
CAT

Zaidi et al. 
(2016)

Arabidopsis 
thaliana

Mn-SOD Increased expression of Mn-SOD (2-fold) Wang et al. 
(2004)

Arabidopsis 
thaliana

DHAR1 Significant increase in DHAR and 
substantial improvement in salt tolerance

Ushimaru 
et al. (2006)

Rice Mn-SOD Increased SOD (1.7-fold) and APX 
(1.5-fold)

Tanaka et al. 
(1999)

Tobacco GST and GPX Transgenics had higher levels of glutathione 
and ascorbate than wild-type plants

Roxas et al. 
(2000)

Rice Mn-SOD Transgenic rice showed higher SOD activity 
and higher salt stress tolerance

Tanaka et al. 
(1999)

AKR1  NADPH-Dependent aldo-ketoreductase, APX  ascorbate peroxidase, CAT  catalase, 
codA choline dehydrogenase gene, DHAR dehydroascorbate reductase, GPX glutathione peroxi-
dase, GR glutathione reductase, GST glutathione S-transferase, MAPK 1 mitogen-activated protein 
kinase phosphatase, NADPH reduced nicotinamide adenine dinucleotide phosphate, POD peroxi-
dase, SOD superoxide dismutase
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responses of some other antioxidants. For example, ASC and tocopherol content has 
been shown to increase in the leaves of tomato to protect them against oxidative 
stress under high salinity (Salama et al. 1994; Tuna 2014); however, the levels of 
ASC and tocopherols declined in rice leaves under salinity stress (Turan and 

Table 8.2 Stress-induced changes in antioxidant activity of major enzymatic antioxidants in 
different plant species

Enzymatic 
antioxidant Plant species

Antioxidant 
response References

SOD Rice Increased Lee et al. (2001)
Brassica napus Increased Ashraf and Ali (2008)
Wheat Increased Sairam et al. (2005)
Pea Increased Noreen and Ashraf (2009)
Alfalfa Increased Wang et al. (2009)
Wheat Decreased Mandhania et al. (2006)
Rice Decreased Khan and Panda (2008)
Maize Decreased de Azevedo Neto et al. (2006)
Foxtail millet Decreased Sreenivasulu et al. (2000)

CAT Chickpea Increased Eyidogan and Oz (2005), Kukreja 
et al. (2005)

Rice Increased Khan and Panda (2008)
Pea Increased Hernandez et al. (2000), Noreen and 

Ashraf (2009)
Brassica napus Increased Ashraf and Ali (2008)
Wheat Increased Sairam et al. (2005), Mandhania 

et al. (2006)
Alfalfa Increased Wang et al. (2009)
Rice Decreased Khan and Panda (2008)
Glycyrrhiza 
uralensis

Decreased Pan et al. (2006)

Pea Decreased Noreen and Ashraf (2009)
Maize Decreased de Azevedo Neto et al. (2006)

APX Rice Increased Khan and Panda (2008)
Wheat Increased Mandhania et al. (2006)
Alfalfa Increased Wang et al. (2009)
Cotton Increased Desingh and Kanagaraj (2007)
Foxtail millet Increased Sreenivasulu et al. (2000)
Maize Decreased de Azevedo Neto et al. (2006)
Pea No change Hernandez et al. (2000)
Foxtail millet Decreased Sreenivasulu et al. (2000)
Rice No change Demiral and Türkan (2005)

GPX Rice Increased Vaidyanathan et al. (2003)
Tobacco Increased Roxas et al. (2000)
Tomato Increased Wang et al. (2005)
Pea No change Hernandez et al. (2000)

APX Ascorbate peroxidase, CAT catalase, GPX glutathione peroxidase, SOD superoxide dismutase
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Tripathy 2013). There was no significant change in proline content in Sorghum 
bicolor leaves under salinity stress, but proline content in Sorghum sudanense 
decreased slightly with salinity (De Oliveira et al. 2013). Redox changes estimated 
by the ratios of redox couples (ASC:total ascorbate and GSH:total glutathione) 
showed significant decreases in maize roots (Hamada et al. 2016). Tocopherol, on 
the other hand, appears to be a more shoot-specific antioxidant in maize seedlings 

Table 8.3 Stress-induced changes in antioxidant activity of major nonenzymatic antioxidants in 
different plant species

Enzymatic 
antioxidant Plant species

Antioxidant 
response References

ASC Rice Increased Vaidyanathan et al. (2003)
Wheat Increased Ahanger and Agarwal (2017)
Catharanthus roseus Increased Jaleel et al. (2007a)
Cassia angustifolia Decreased Agarwal and Pandey (2004)
Wheat Decreased Sairam et al. (2005), Sairam and 

Srivastava (2002)
Proline Wheat (Triticum 

aestivum)
Increased Sairam et al. (2002)

Sugar beet Increased Ghoulam et al. (2002)
Sesame Increased Koca et al. (2007)
Rice Increased Lutts et al. (1996)
Green gram Increased Misra and Gupta (2005)
Wheat (Triticum 
durum)

Increased Demiral and Türkan (2005)

Cassia angustifolia Decreased Agarwal and Pandey (2004)
Rice Decreased Lutts et al. (1996)
Wheat (Triticum 
durum)

Decreased Demiral and Türkan (2005)

Prosopis alba No change Meloni et al. (2004)
Glycine betaine Wheat Increased Sairam et al. (2002)

Catharanthus roseus Increased Jaleel et al. (2007b)
Spinach Increased Di Martino et al. (2003)
Prosopis alba No change Meloni et al. (2004)
Wheat Decreased Sairam et al. (2002)

Tocopherols Cotton Increased Gossett et al. (1994)
Pea Increased Noreen and Ashraf (2009)
Pea Decreased Noreen and Ashraf (2009)
Rice Decreased Turan and Tripathy (2013)

Flavonoids Rice Increased Chutipaijit et al. (2009)
Maize Increased Hichem and Mounir (2009)
Potato Increased Daneshmand et al. (2010)
Safflower Increased Gengmao et al. (2015)
Thellungiella callus Decreased Zhao et al. (2009)
Arabidopsis thaliana Decreased Zhao et al. (2009)

ASC Ascorbic acid
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(Hamada et al. 2016). In lentil, root tissues were less affected by salt stress and had 
higher activity of Cu/ZnSOD, APX, and GR in roots than in shoots (Bandeoğlu 
et al. 2004). In common bean (Phaseolus vulgaris), salinity stress led to reductions 
in the activity of SOD and APX in nodules but not in the bulk of the roots (Jebara 
et  al. 2005). These conflicting results could be due to plant/tissue specificity. 
Moreover, plant age–related differences in antioxidant responses in plant cells, tis-
sues, and organs could also explain the reason behind the interspecific or intraspe-
cific aspects of ROS production and antioxidant activity. For instance, mature maize 
leaf cells (in the distal leaf parts) are more sensitive to high salinity than younger 
cells (from actively expanding leaf parts), which have higher antioxidant activity 
(Kravchik and Bernstein 2013). These studies have indicated possible roles of ROS 
in the systemic signaling from roots to leaves and activation of antioxidants for bet-
ter protection against oxidative stress and/or salt stress.

8.3.2  Antioxidant Activity at the Organelle Level

Besides tissue-specific and/or organ-specific responses, organelle-specific responses 
of antioxidants under salt stress have been observed. The activity of different anti-
oxidants within different compartments of a cell, tissue, or organ plays a role in 
protection against oxidative stress caused by salt stress. Hernandez et  al. (2000) 
showed that salt stress tolerance in pea was associated with high SOD activity in the 
apoplast and high activity of dehydroascorbate reductase (DHAR), GR, and mono-
dehydroascorbate reductase (MDHAR) in the symplast. Moreover, Mittova et al. 
(2004) showed that the mitochondria and peroxisomes of salt-treated roots of wild 
tomato had increased levels of lipid peroxidation and H2O2, coupled with decreased 
activity of SOD, POD, ASC, and GSH, suggesting that improved endogenous pro-
duction of antioxidants in the mitochondria and/or peroxisome could improve salt 
stress tolerance. In another study, higher activity of SOD, APX, and GR was noted 
in the chloroplastic fraction as compared with the mitochondrial fraction and cyto-
solic fraction (Sairam and Srivastava 2002).

8.3.3  Antioxidant Activity at Different Time Points

Antioxidant activity also shows a pronounced time dependence and thus may be 
different at various time points. Mhadhbi et al. (2011) reported increased activity 
of CAT, SOD, and POD in salt-treated Medicago truncatula roots at 24 h; how-
ever, this activity was lost after 48 h of salt stress. In pea, SOD activity increased 
after 48 h of salt stress, while GR showed an increase after 24 h of salt stress 
Hernandez et al. (2000). These authors also found no change in APX during salt 
stress at any time point. Shalata et al. (2001) showed that under long-term salt 
stress conditions, the activity of SOD, APX, CAT, and MDHAR was increased 
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and reached a maximum 16  days after the beginning of salinization, and then 
decreased, while GR activity decreased from the start of salt stress. All of these 
studies reported highly varied responses and production of antioxidants at various 
time points under salt stress, and suggested that the variations could have been 
due to differences in experimental conditions, data collection, and plant species.

8.3.4  Targeting Quantitative Trait Loci for Antioxidant Activity

The practical aspect of targeting antioxidant activity in breeding programs should 
also be considered. Jiang et al. (2013) conducted quantitative trait locus (QTL) anal-
ysis of the activity of antioxidant enzymes and malondialdehyde content in wheat 
seeds during germination. These authors discovered 22 unconditional QTLs on 1A, 
1B, 1D, 2B, 2D, 3A, 4A, 6B, 7A, and 7B, scattered on nine chromosomes. Eight of 
these QTLs were for SOD activity, five for POD, and six for CAT. In rice, two QTLs 
for malondialdehyde (MDA) content in rice leaves were detected on chromosome 1, 
with additive effects from maternal and paternal parents accounting for 4.33% and 
4.62% of phenotype variations, respectively. Rousseaux et  al. (2005) found 20 
QTLs in tomato; of these, five were for total antioxidant activity, five for ASC, and 
nine for total phenolics. Frary et al. (2010) carried out QTL analysis and found nine 
QTLs for phenolic compounds and 14 for flavonoids in tomato. Given these num-
bers, it will be very difficult—if it is at all possible—to make a valid recommenda-
tion to breeders as to which of these QTLs play bigger role(s) and thus should be 
transferred into high-yielding varieties to increase their stress tolerance.

It has also been argued (Bose et al. 2014) that truly salt-tolerant plants do not 
allow formation of harmful ROS in the first instance and, as such, require no higher 
antioxidant activity. This can be achieved by increasing the rate of sodium exclusion 
from the cytosol, either into vacuoles (via mechanisms including NHX tonoplast 
Na+/H+ exchange) (Blumwald 2000) or into the apoplast (via SOS1-mediated Na+ 
exclusion from the cell) (Shi et al. 2000). Halophytes show high levels of salt stress 
tolerance and possess high levels of antioxidant production at an intrinsic level. As 
described in Sects. 8.1 and 8.2.1, SOD rapidly converts O2

– to H2O2 at the initial 
level of salt stress and the latter plays an important role as a second messenger, trig-
gering cascades of different adaptive responses at the genetic and physiological 
levels; thus, rapid conversion of O2

– to H2O2 could be essential for early defense in 
halophytes. Nonetheless, it still remains to be established how the stress-induced 
increase in H2O2 production is ultimately converted into plant adaptive responses 
(Miller et al. 2010). Because of similarities between Ca2+- and H2O2-induced signa-
tures, the roles of other enzymatic antioxidants may be attributed to the need to 
decrease the basal levels of H2O2 once the signaling has been processed. In this 
context, the roles of CAT and APX in shaping the H2O2 signature may be similar to 
those in Ca2+ efflux systems (Bose et al. 2011).
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8.4  Concluding Remarks

ROS are produced as a result of a large number of metabolic processes, occurring at 
both intracellular and extracellular locations. Plants possess different enzymatic and 
nonenzymatic antioxidants to scavenge ROS, regarded as redox regulatory mecha-
nisms in plants. Different antioxidants have different ROS-scavenging effects 
(Fig. 8.1), and their effects are highly tissue specific and organelle specific. A sig-
nificant variability exists among different plant species and/or among different gen-
otypes of the same plant species in terms of the kinetics of antioxidant production 
and activity. Different reports have described controversial results regarding 
increases or decreases in the activity of different antioxidants in response to salinity. 
In the light of this, it appears not to be highly fruitful to try and improve plant stress 
tolerance by increasing the activity of some specific antioxidants via either genetic 
engineering or a MAS-based approach, without accounting for the tissue and time 
dependence of this process. There is a need for better understanding of the role of 
ROS as signaling components of plant adaptive mechanisms, and development of 
tools for targeted regulation of plant redox systems in specific cellular compart-
ments and tissues.
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Chapter 9
Manipulating Metabolic Pathways 
for Development of Salt-Tolerant Crops

Melike Bor and Filiz Özdemir

Abstract Engineering plants for salt stress tolerance is a complex process due to 
the multiple-sided characteristics of stress coping mechanisms. The common 
approach was first identification of the components of signalling and regulatory 
pathways for salinity tolerance, then transformation of plants with one of those 
genes and phenotyping the transgenic plant subjected to salt stress at controlled 
conditions. Plant biology literature is full of research papers on the success of such 
plants to acclimate and survive under salinity; however, to date none of them was 
able to become a commercial variety having improved performance at field condi-
tions. Disturbing or interfering with complex networks and pathways can result in 
unexpected effects on plant growth and development. Furthermore, tolerance 
against one stress would not be efficient to cope with different environmental stress 
factors which field-grown plants encounter during a single growth season.

Instead of targeting signalling or regulatory networks, manipulating metabolic 
routes for higher osmotic and ionic stress tolerance would be more realistic to miti-
gate negative impact of salt stress on crop plants. At field conditions coping well with 
osmotic and ionic stresses will double the chance of crop plants to overcome other 
challenges such as drought, nutrient and high temperature. Absolutely manipulating 
plant metabolism is also a complex task, but it is worth to put an effort since modify-
ing common tolerance routes such as osmoregulation, antioxidant capacity and ion 
transport mechanisms will be more promising at field conditions for the whole plant 
life cycle. In this chapter we tried to collect and point out the recent information on 
metabolism in relation to salt stress tolerance and focused on more feasible efforts 
for the achievement of this purpose in crop plants at field conditions.
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Abbreviations

ABA Abscisic acid
ADC Arginine decarboxylase
GABA Gamma amino butyric acid
GC-MS Gas chromatography-mass spectrometry
H2O2 Hydrogen peroxide
HKT High-affinity potassium transporter
LEA Late embryogenesis abundant
LTP Lipid transfer protein
MDH Malate dehydrogenase
MTMM Multi-trait mixed model
NaCl Sodium chloride
NATA1 N-acetyltransferase activity 1
ODC Ornithine decarboxylase
PA Polyamine
PLC1 Phospholipase C1
PLD Phospholipase D
Put Putrescine
ROS Reactive oxygen species
SAMDC S-adenosylmethionine synthetase
SA Salicylic acid
SFR Sensitive to freezing
SKC1 Sodium ion transmembrane transporter activity 1
SnRK1 Sucrose nonfermenting-related kinase1
SOS1 Salt overly sensitive 1
Spd Spermidine
Spm Spermine
TCA Tricarboxylic acid
T6P Trehalose-6-phosphate
UDPGlc Uridine-diphosphate-glucose

9.1  Introduction

Salt stress is one of the major environmental constraints that affect crop perfor-
mance and yield in relation to its osmotic and ionic effects. High levels of Na+ and 
Cl− in the plant tissues have negative impact on growth and development by disturb-
ing metabolic homeostasis. Since the demand for food production significantly 
increases worldwide, the severity of salinity problem in agricultural lands becomes 
more and more striking. Determination of functionally conserved traits among different 
crop species which enable them to cope with abiotic stresses including salinity might be 
a promising strategy to improve performance and yield (Mickelbart et  al. 2015). 
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Nevertheless, crop lines engineered for the traits which are efficient for stress toler-
ance are still successful at laboratory or greenhouse scale. Field trials of these lines 
usually do not provide extensive solutions to encounter efficient tolerance and pro-
ductivity at stress conditions.

Harvested energy from photosynthesis is used for biomass production, synthesis 
of essential macromolecules and uptake and transfer of nutrients depending on the 
developmental stage of plants. At salinity conditions, photosynthetic efficiency 
declines because of the alterations in leaf biochemistry and low levels of available 
CO2. In relation to this, imbalance between energy gain and lost takes place leading 
to the inhibition of plant growth (Chaves et al. 2009; Munns and Gilliham 2015). In 
salt-tolerant plant species whether by the synthesis of organic solutes (sugar alco-
hols, glycine betaine, sucrose, proline, etc.) or by the use of ions, osmotic adjust-
ment is among the most efficient and common mechanism for the maintenance of 
growth under salinity conditions (Flowers et al. 2015). Both of these processes are 
energy demanding; therefore, directing the available energy to cope with salt stress 
instead of investing into biomass production is a big burden for crop plants. As 
indicated by Munns and Gilliham (2015), targeting the energy use efficiency of crop 
plants in the metabolic processes has a potential to mitigate this burden and lead the 
diversion of energy for better yield and defence at certain periods of growth and 
during exposure to stress. Improving biomass at stress conditions is of great impor-
tance and can also be targeted by engineering approaches. In a recent study, a cyto-
chrome P450 encoding gene, PLASTOCHRON1 (PLA1), was introduced to maize 
which increased the proliferative and undifferentiated state of the dividing cells 
during leaf elongation (Sun et al. 2017). Extended growth period was advantageous 
for plants to overcome the growth reduction under mild drought and cold stress (Sun 
et al. 2017).

Plant metabolism is a very complex network of signalling, synthesis and degra-
dation processes which are all governed by strict developmental and diurnal pro-
gramme. Metabolism is composed of two types of events: anabolism (energy 
requiring biosynthesis of cellular components) and catabolism (degradation of 
nutrients and complex molecules in order to acquire energy) (Jones et al. 2013). 
These two processes contribute to metabolic turnover and continuous flux in which 
metabolites enter or exit pools of metabolic precursors or intermediates. 
Accumulation and depletion of some distinct metabolites are good clues for us to 
understand the dynamics of plant growth and development within its life cycle 
(Jones et  al. 2013). Even at normal conditions, the maintenance of this balance 
needs well-organized and integrated events at different regulatory levels; hence, 
when plants are exposed to different types of environmental stresses, both of these 
reactions can easily get out of hand. Growth is the key process for a plant within its 
lifetime, and it is important for the overall performance in agricultural practices. 
Plant growth is maintained by the conversion of primary metabolites into cells as 
building blocks depending on the balance between resources and sinks (White et al. 
2015). Therefore any redirection of energy from primary metabolism to defence 
should inhibit growth and reproduction which means that defensive traits have a cost 
that results in trade-offs in plant growth and reproduction (Züst and Agrawal 2017). 
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Trade-offs in growth defence usually result from the nutrient allocation decisions in 
order to respond to variable environment conditions (Züst and Agrawal 2017).
Reallocation of nutrients between source and sink tissues leads to the adaption of 
plants to different environmental stresses (Roitsch et al. 2003; Roitsch and González 
2004; Albacete et al. 2014). For example, high root-to-shoot ratio in stress-treated 
plants can be an adaptive mechanism to improve the uptake of water and nutrient 
from the roots (Sharp 2002; Albacete et al. 2008; Albacete et al. 2014). Fusari et al. 
(2017) studied enzyme activities, metabolites, structural components and biomass 
in A. thaliana by genome-wide association approach. They found that a multi-trait 
quantitative trait loci (QTL) on chromosome 4 affected enzyme activities, metabo-
lite and protein levels and biomass (Fusari et al. 2017). Variation in the alleles of 
ACCELERATED CELL DEATH6 was necessary for the modification of these traits 
which pointed out a trade-off between defence and metabolism (Fusari et al. 2017). 
In this perspective, defining metabolic processes and alleles by means of such trade-
offs would also improve our understanding of stress coping processes in plants.

The same principle applies to plants as to human beings; when we get sick, the 
first thing we consider is to take a blood test which will evaluate the levels of some 
distinct metabolites which are critical in a certain type of health condition. Likewise, 
comparing the metabolite profiles of normal- and stress-treated plants would pro-
vide important hints and clues for the overall status of plants. Moreover, metabolite 
profiling of glycophytes and comparing this data with their halophyte relatives 
would be helpful to figure out salt stress coping mechanisms which would either be 
enhanced by transgenic approach or conventional breeding. The osmoprotectant 
molecule “glycine betaine” is a good example of this foresight. Glycine betaine is 
accumulated to high levels in most of the halophytes during salt stress. Crop plants 
which are transformed by betaine biosynthetic genes isolated from halophytes have 
better protection against drought and salt stresses. Also crossing wheat with its gly-
cine betaine accumulating halophytic relatives showed increased glycine betaine 
and improved salt tolerance (Rhodes and Hanson 1993; Flowers and Colmer 2008; 
Fitzgerald et al. 2009). The mechanism of this gained salt tolerance is still unknown. 
Is it due to the osmotic adjustment process or ROS scavenging capacity of glycine 
betaine or any another unknown mechanism? The accumulated glycine betaine lev-
els are usually low for facilitating osmotic adjustment (Fitzgerald et al. 2009; Bose 
et al. 2014).

Effective and regular primary metabolism (amino acids, lipids, sugars, sugar 
alcohols and TCA intermediates) is required to overcome the adverse effects of 
salinity; only by this way biomass build-up can be maintained (Arbona et al. 2013). 
Similar tendencies but different alteration rates were usually observed at the levels 
of these metabolites between halophytes and glycophytes under salinity conditions 
(Arbona et al. 2013).On the other hand, sometimes a stress-specific change in the 
level of a distinct metabolite might be the result of the inhibition or activation of that 
stress-specific metabolic pathway (Obata and Fernie 2012). Accordingly, under-
standing the regulatory mechanisms acting on such pathways will also be helpful 
for us to distinguish good candidates for the manipulation of metabolism under 
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stress conditions. With this perspective, evaluation and comparison of the  metabolite 
profiling data derived from the salt sensitive and tolerant genotypes of the same spe-
cies and halophytes will be helpful to discover novel metabolites responsible for 
salinity tolerance. Definitely it would be hard to generalize and address these mol-
ecules to all crop plants. Recent studies on cereals showed the importance of allelic 
variations for Na+ and K+ transporters to be important for salinity tolerance 
(Mickelbart et  al. 2015). Same approach can be valid for the genes encoding 
enzymes necessary in the biosynthetic pathways of some distinct metabolites in 
sensitive and tolerant genotypes. One has to keep in mind the importance and 
 difficulty of choosing the best candidate of salt-tolerant model for crop species. 
As  far as we know, the salt-tolerant relatives of most of the crop species such 
as  wheat, barley and rice were poorly studied and characterized in this context 
(Slama et al. 2015).

A large number of studies have been carried out to examine the responses and 
tolerance mechanisms of plants against salts stress. Nowadays the most realistic 
and emerging approach is to integrate genomics, transcriptomics, proteomics and 
metabolomics data on salinity research in order to provide solutions which would 
best fit to crop plants. Plant metabolism under salinity conditions is one of the hot 
topics of the plant stress research area, and it is progressing very rapidly. Knowledge 
accumulated in the salt stress research field is no longer the tip of the ice, now we 
are far from that; step by step we are getting more and more close to the solution. 
Here in this chapter, we tried to summarize the recent findings and focus on the 
best  candidates of metabolism for the manipulation to achieve salinity tolerance 
in crop plants.

9.2  Plants Are Troubled by Salt Stress:  
How Do They Manage?

Early effects of salinity are known to be similar to that of drought stress, but, in the 
long term as a consequence of accumulated Na+ and Cl− in the leaves, hyper-osmotic 
and hyper-ionic stresses double the severity and impact of this stress (Munns 2002; 
Chaves et al. 2009). Salt stress responses and tolerance mechanisms of plants are 
dominated by complex networks and multiple signalling pathways (Maron et  al. 
2016). Salt-tolerant plants share common traits such as efficient osmotic adjust-
ment, vacuolar ion sequestration and reduced ion uptake from the roots (Munns and 
Tester 2008). On the other hand, there is an important discrepancy between plants 
by means of salt tolerance; survival is substantial for plants growing at natural salt 
habitats, while for crop plants yield performance is noteworthy at field conditions. 
Scientific literature of salt stress responses and tolerance mechanisms in plants is 
full of detailed information on how plants are affected by salinity. In order to avoid 
repetitions, we will briefly go through these data and summarize what we know so 
far about the effects of salinity on plants.
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Stomatal closure, increased leaf temperature and inhibition of shoot elongation 
are among the rapid emerging effects of salt stress. These events are defined as the 
“shoot salt accumulation independent effects” since they occur before Na+ and Cl− 
accumulation have reached to high levels in the shoots (Roy et al. 2014). The toxic 
effects of accumulated Na+ and Cl− take place as the second phase of salinity which 
is remarkable by the senescence of older leaves (Munns and Tester 2008; Roy et al. 
2014). Generally, salt stress tolerance mechanisms are categorized according to the 
phase of the salinity. Usually stress coping mechanisms of the osmotic phase are 
separated from the ionic phase strategies. However, this distinction is a little bit dif-
ficult to achieve due to two reasons. First, to date it is not clear whether one type of 
strategy serves the best for one phase or not. Second, the sequence and onset of 
these stress coping mechanisms are not fully understood. Roy et al. (2014) catego-
rized salt tolerance mechanisms in three groups: osmotic tolerance, tissue tolerance 
and tolerance by ion exclusion. Osmotic tolerance depends on long-distance signal-
ling to avoid growth reduction, while tissue and ion exclusion involve ion transport-
ers, pumps and compartmentation mechanisms for exclusion and/or sequestration 
of Na+ and Cl− at both plasma membrane and tonoplast (Roy et al. 2014).

Ion exclusion capacity of plants can be altered by manipulating high-affinity 
potassium transporter (HKT) gene family in wheat, rice and tomato (Roy et  al. 
2014; Mickelbart et al. 2015). The expressions of these genes are usually dependent 
on cell type and induced by characterized or uncharacterized stress-responsive mol-
ecules. Therefore, their potential to improve salinity tolerance in crop plants is 
promising but limited (Roy et  al. 2014). However, marker-assisted selection 
approach for the introgression of HKT1;5-A from T. monococcum into durum wheat 
resulted in improved grain yield by increasing Na+ exclusion capacity at saline 
fields (Munns et al. 2012; Roy et al. 2014). At salinity conditions, maintenance of 
Na+ and Cl− in the roots is one of the common avoiding strategies of crop plants 
(maize, barley, wheat, etc.), but this capacity is limited to short term (Peng et al. 
2016). Salt tolerance along with high-yield performance needs more sophisticated 
mechanisms such as formation of salt-secreting structures for exclusion of salt crys-
tals from the leaves. Salt-tolerant cotton is a good example among crop plants for its 
leaf glandular trichomes which can secrete vacuole sequestered Na+ from the leaves 
(Peng et al. 2016). These kind of structures are also present in cereal plants, and 
their composition can be enhanced by salinity; however, their sizes are usually not 
sufficient for efficient Na+ exclusion (Ramadan and Flowers 2004; Shabala 2013). 
Manipulation of trichomes or glandular formations by means of size, shape and 
density would be an important tool for better Na+ sequestration and/or exclusion in 
crop plants (Shabala 2013).

Accordingly keeping low Na+ but high K+ levels within the plant cell is an impor-
tant trait for salinity tolerance. K+ loss is induced by the channels activated by reac-
tive oxygen species (ROS) during salt stress, and K+ loss can also be used as a 
measure of salt tolerance threshold in plants (Shabala and Cuin 2008; Shabala 2009; 
Jayakannan et  al. 2013, 2015). Tissue tolerance can be improved by altering the 
synthesis of compatible solutes, by increasing antioxidative capacity and by effi-
cient Na+ sequestration into vacuoles (Roy et al. 2014). Biosynthesis of compatible 
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organic molecules is an important salt stress defence mechanism. Small carbohy-
drates, polyols, amino acids, methylamines, methylsulphonium solutes and urea are 
among those molecules with high osmoprotective capacity (Yancey 2005; Hoang 
et al. 2016) (Fig. 9.1).

ROS levels significantly increase due to the impairment of photosynthesis and 
respiration under salinity (Bor et al. 2003; Mittova et al. 2003; Ozgur et al. 2013; 
Yolcu et al. 2016). In relation to their signalling roles, sometimes propagation and 
transduction of ROS are favoured for the activation of defence, but, excessive accu-
mulation of these molecules has to be avoided due to their interference with metabo-
lism (Foyer and Noctor 2005; Xia et al. 2015). The balance between ROS production 
and efficiency of antioxidant metabolites is critical for cellular homeostasis. As it is 
well known that synthesis of enzymatic antioxidants such as superoxide dismutase, 
ascorbate peroxidase, catalase and non-enzymatic antioxidants, ascorbate, glutathi-
one, tocopherol and carotenoids is the basic step for the regulation of ROS levels 
within plant cells (Mittler et al. 2004; Sekmen et al. 2014; Xia et al. 2015; Yolcu 
et al. 2016). Salt tolerance has been proven to be tightly linked to an efficient anti-
oxidative capacity, and even the constitutive levels of antioxidants were reported to 
be high in extreme salt-tolerant plants “halophytes” (Bor et al. 2003; Hamed et al. 
2013; Ozgur et al. 2013; Sekmen et al. 2014). On the other hand, although the pro-
duction and scavenging of ROS have significant importance in salt stress tolerance, 
“a true salt-tolerant plant” was proposed to be dependent on efficient Na+ exclusion 
along with high antioxidative protection (Bose et  al. 2014; Shabala and Munns 
2017). Bose et al. (2014) also suggested that high superoxide dismutase activity in 

Fig. 9.1 Overview of the mechanisms for salt stress tolerance in plants
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halophytes is required for the rapid synthesis of H2O2 for triggering signalling net-
works to initiate genetic and physiological adaptive responses, and other antioxi-
dants are needed afterwards for decreasing H2O2 and preventing detrimental effects 
of hydroxyl radicals.

Sequestration of Na+ within the cell is also a strategy to cope with salinity. Some 
halophytes use this process for osmotic adjustment. They have higher Na+ concen-
trations than the external solution within the cell, while salt-tolerant non-halophyte 
plants (e.g. barley) prefer to compartmentalize Na+ into the vacuoles in order to 
avoid cytosol accumulation (Shabala 2013; Munns and Gilliham 2015). One of the 
conserved traits in relation to salt tolerance is tightly linked to the control of Na+ 
intracellular influx and vacuolar compartmentalization in root and shoot cells 
(Mickelbart et al. 2015). Peng et al. (2016) found that Na+ was concentrated in roots 
and then transported to the shoots in salt-tolerant cotton. Na+ content was higher in 
the leaves, and its compartmentalization in the shoot and leaf was an important trait 
for tolerance (Peng et al. 2016). However, when we consider yield performance of 
crop plants under salinity, there can be contradictory opinions by means of Na+ 
accumulation. A Na+ transporter (SKC1) which regulates K+/Na+ homeostasis has 
been identified and introduced to rice to increase salt tolerance; however, yield per-
formance was not improved (Ren et al. 2005). According to Albacete et al. (2014), 
yield performance at salinity conditions is governed by traits which regulate flower/
grain sink activity rather than leaf Na+ accumulation which indicates also the impor-
tance of the regulation of metabolic processes.

As indicated above accumulation of compatible solutes for osmotic adjustment 
is a common response in salt-tolerant plants (Munns 2005). Arabidopsis and tobacco 
overexpressing proline biosynthetic enzyme, Δ-pyrroline-5-carboxylate synthase, 
had high proline levels and enhanced salinity tolerance (Liu and Zhu 1997). 
Overexpression of glycine betaine synthesizing enzyme choline oxidase in rice 
resulted in salt stress resistance (Sakamoto and Murata 1998). Transgenic wheat for 
mannitol-1-phosphate dehydrogenase increased tolerance against drought and salt 
stresses (Abebe et al. 2003). Manipulation of compatible solute biosynthesis has 
high potential for salinity tolerance at field conditions for crop plants such as wheat, 
tomato, rice and tobacco. However, besides some successful results at green house 
trials, these plants tend to perform not so well at field conditions. Most of the com-
patible solutes are N-containing molecules; therefore, manipulation of nitrogen 
metabolism becomes crucial for salt tolerance. Wang et  al. (2012) found a great 
discrepancy between nitrogen metabolism of old and young rice leaves subjected to 
salinity, which leads to a better protection in the latter one. In the old leaves, high 
accumulation of NO3

−, Na+ and Cl− were reported in relation to the upregulated 
expression of transporter encoding genes with different transmission mechanisms 
(Wang et al. 2012). Manipulating nitrogen metabolism to cope with salinity has a 
high potential, but the key homeostatic importance and complexity of this process 
has to be taken and treated with precaution. Likewise, we are still far from under-
standing the mechanism(s) of how plants can switch nitrogen metabolism on differ-
ent leaves (or organs) under stress conditions at the same time.
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Metabolic responses of plants to salinity are governed by interconnected signal-
ling pathways and reprogramming of whole plant metabolism in order to achieve 
energetic and developmental homeostasis (Chaves et  al. 2009). Acclimation and 
survival under salt stress can be possible by the continuation of metabolic activity 
with the modulation of important metabolites. Salt-acclimated plants tend to have 
altered levels of some distinct metabolites belonging to amino acid, carbohydrate 
and lipid metabolism. Fluctuations and adjustments in the levels of these metabo-
lites at cellular level contribute to ameliorate the effects of salinity. For instance, 
keeping low levels of organic acids is an important mechanism for the compensa-
tion of ionic imbalance at salinity conditions (Sanchez et al. 2007). According to a 
metabolite profiling study, levels of 45 metabolites were changed in the leaves of 
Arabidopsis subjected to different abiotic stresses including salinity. Among these 
metabolites the most significant differences were seen in the levels of proline, 
sucrose and raffinose at salt stress conditions (Obata and Fernie 2012).

9.3  Manipulating Metabolism for Salinity Tolerance: Aren’t 
We Still There?

Plant responses to abiotic stresses are arranged by diverse metabolic and signalling 
networks. Different metabolic routes can take in action for a specific type of stress, 
or one metabolic route can be activated/inactivated for variety of stresses. Metabolic 
engineering approaches for some certain type of stress-specific metabolites were 
effective for increasing the tolerance of some crop plants; however, manipulating 
plant metabolism is still a difficult task due to its complexity. For instance, the bal-
ance between amino acid anabolism and catabolism is important not only in stress- 
related reactions but also in the conversion of storage proteins into carbohydrates 
during germination and in the recycling of energy-rich compounds during senes-
cence (Hildebrandt et al. 2015). Amino acid and protein metabolism are known to 
be highly altered by abiotic stress conditions. In stressed cells the rate of amino acid 
and protein biosynthesis declines, and protein degradation along with the accumula-
tion of some certain amino acids (e.g. proline) is highly induced (Szabados and 
Savouré 2010; Hildebrandt et al. 2015). Therefore, targeting amino acid or protein 
biosynthesis by means of metabolic engineering would not be rationale since 
homeostasis of these two processes are critical both at normal and stress 
conditions.

Lipid biosynthesis and metabolism are also involved in stress sensitivity and/or 
tolerance as reported by several studies. In maize subjected to salt stress, not only 
glycolysis and amino acid biosynthesis but also fatty acid biosynthesis was highly 
induced; hence, palmitic and oleic acid levels in the shoots were increased (Guo 
et al. 2017). Tomato sensitive to freezing (SFR2) is important for the integrity of 
chloroplast membranes at freezing temperature. SFR2was found to be effective in 
alleviating the negative impact of salinity by increasing trigalactosyl diacylglycerol 
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levels that leads to lipid remodelling of membranes (Wang et al. 2016a). On the 
other hand, Pitzschke et  al. (2014) reported that overexpression of lipid transfer 
protein (LTP) mediated salinity tolerance in A. thaliana and wheat LTP homolog 
was expressed in salt stress-resistant wheat cultivars during the osmotic phase 
(Takahashi et al. 2015). Participation of lipids to salt stress tolerance both as a sig-
nalling and/or a structural component has been proposed and proved (DeWald et al. 
2001; Darwish et al. 2009; Munnik 2014; Li et al. 2017). Bargmann et al. (2009) 
pointed out the contribution of phospholipase D (PLD) to salt stress tolerance in 
tomato and A. thaliana. Although their work has defined the signalling role of PLD 
via formation of phosphatidic acid, they also emphasized that PLD activity might be 
important for stress-induced membrane remodelling and rearrangements (Gigon 
et al. 2004; Bargmann et al. 2009). Moreover, the recruitment of phospholipase C1 
(PLC1) from cytoplasm to plasma membrane was shown to be induced by salt stress 
in Oryza sativa, and hydrolyzation of phosphatidylinositol-4-phosphate by this 
enzyme-elicited stress-induced Ca2+ signals which regulated Na+ accumulation in 
the leaves in order to maintain whole plant salt tolerance (Li et al. 2017). In addition 
to these, deposition of hydrocarbons in the form of cuticle or wax for avoiding water 
loss from the leaves is an advantage at osmotic stress. Comparisons of the lipid 
profiles of desiccation susceptible and tolerant plants showed alterations in the lev-
els of monogalactosyl diacylglycerol, galactolipids, phosphatidylinositol and phos-
phatidic acid (Gasulla et al. 2013; McLoughlin et al. 2013; Okazaki and Saito 2014). 
Nevertheless, interfering with such complex and critical metabolic networks for the 
enhancement of stress tolerance can lead to the emergence of undesired pleiotropic 
effects such as growth and developmental alterations (Cabello et al. 2014).

Metabolic modelling of the acclimation of plants to the environmental stresses is 
a handy tool for a better understanding of plant metabolism (Baghalian et al. 2014). 
Genetic studies targeting the manipulation of a single enzyme in a complex meta-
bolic pathway usually fail to be successful since such pathways are controlled by 
multi-reaction systems (Morandini 2009, 2013; Baghalian et al. 2014). For instance, 
in Triticium aestivum different metabolic shifts were reported in the leaves and roots 
under salinity (Guo et  al. 2015). The authors have identified 75 metabolites by 
GC-MS analysis which indicated enhancement of gluconeogenesis, glycolysis and 
amino acid synthesis at salt stress conditions. In wheat leaves glucose, fructose, 
trehalose, leucine, isoleucine, valin and proline levels were increased, while malt-
ose, malic acid, shikimic acid and fumaric acid levels were decreased. Roots exhib-
ited a different trend in which glucose, glucose 6-phosphate, GABA, sorbitol and 
valine were decreased as proline, galactose, sucrose and myoinositol were increased. 
Such results are usually difficult to interpret since without tagging analysis it would 
be hard to estimate the source of amino acids or carbohydrates. They can either be 
degradation products or their biosynthesis is activated. Sometimes it is possible to 
figure out this kind of results as it was indicated by Guo et al. (2015). High levels of 
proline by the decreased levels of GABA and glutamate indicated the conversion of 
glutamate to proline via Δ-pyrroline-5-carboxylate synthetase in salt-stressed maize 
(Guo et al. 2015).
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When one considers the overall information about plants metabolism and salt 
stress tolerance, it looks like “sky will be the limit.” However, as it was indicated 
before, for crop plants not only coping with different environmental constraints 
but also efficient biomass production is important. Enhanced agricultural perfor-
mance and productivity under salinity depend on the ability of a plant to develop 
biomass at high Na+, low available water and CO2 and high-energy demanding 
defence processes such as biosynthesis of antioxidants, hormones and osmolytes 
(Shabala 2013; Munns and Gilliham 2015). Generally, what we experience in 
halophytes could not be applicable to crop plants since their survival strategies 
take place in the expense of growth (biomass). Halophytes are the best salt-toler-
ant or salt-adapted plants; their stress coping mechanisms also involve cross toler-
ance, anticipation, stress memory and predictive abilities (Hamed et  al. 2013; 
Slama et al. 2015). These concepts are still so unknown and unfamiliar for us to 
apply to crop plants due to their complex and restricted nature, but it is still worth 
to work on and characterize.

All of the metabolic routes mentioned so far all serve whether to acclimation or 
survival at salt stress conditions. Here we want to focus more on polyamine and 
sugar metabolisms which would be more advantageous to manipulate by means of 
tolerance in crop plants at field conditions. Concentrating on polyamines for being 
the common stress-protecting metabolites and sugars for their signalling, energetic 
and structural properties will be more helpful since they also have the ability to 
alleviate both osmotic and ionic effects of salinity. Moreover, these two metabolic 
routes are the ones in which we could find the exact counterparts of the information 
gathered from the model plants and/or halophytes in crop plants.

9.3.1  Polyamine Metabolism

Polyamines are involved in a broad range of processes in plants including growth, 
development and stress responses (Moschou and Roubelakis-Angelakis 2013). The 
presence of two pathways in plants (except Arabidopsis) is also an indicator of the 
importance of polyamines for plant metabolism with or without stress. Chloroplast- 
localized arginine decarboxylase (ADC) and mitochondria- and nucleus-localized 
ornithine decarboxylase (ODC) pathways are the two important biosynthetic routes 
for polyamines (Moschou and Roubelakis-Angelakis 2013; Do et al. 2014). There 
is a consensus on the importance of polyamines in stress responses, and usually 
polyamine accumulation is attributed to stress tolerance (Takahashi and Kakehi 
2010; Bose et al. 2014). Nevertheless, under stress conditions the exact role of poly-
amines is still undefined although a vast amount of information is available about 
their contribution to the maintenance of ion balance, free radical scavenging capac-
ity, prevention of senescence, protein phosphorylation, regulation of vacuolar and 
plasma membrane channels and stabilization of membranes (Do et al. 2014).

Integration or overexpression of polyamine biosynthesis-related genes usually 
resulted in better performance under salinity, while lack or inefficient expression of 
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these genes decreases tolerance. Rice plants overexpressing oat ADC and 
Tritodermum S-adenosylmethionine synthetase (SAMDC) were resistant to salt 
stress with high levels of polyamines (Roy and Wu 2001, 2002). On the other hand, 
loss-of-function Arabidopsis mutants in spermine (Spm) and thermospermine bio-
synthesis suffered from high Na+ accumulation (Alet et al. 2012). Salt sensitivity of 
barley genotypes is genetically variable in relation to polyamine- and ROS-induced 
alterations in K+ homeostasis (Velarde-Buendía et al. 2012). Apoplastic polyamines 
have been shown to potentiate hydroxyl radical-induced K+ efflux which is well 
correlated with salinity tolerance in different barley genotypes (Zepeda-Jazo et al. 
2011; Velarde-Buendía et al. 2012; Bose et al. 2014). Do et al. (2014) did an exten-
sive study with 18 rice cultivars which differed in salinity tolerance. They reported 
remarkable discrepancies between putrescine (Put), spermidine (Spd) and Spm lev-
els in sensitive and tolerant cultivars subjected to 50 and 100 mM NaCl. High Put 
levels were kept constant in tolerant cultivars along with slightly increased Spm, 
while in the sensitive cultivars decreased Put but increased Spm levels were detected 
with a possible time course difference (quick or prolonged response) in accordance 
with the transcription profiles (Do et al. 2014).

Several of salinity tolerance traits including K+ homeostasis, Na+ sequestration 
and osmotic adjustment are related to and/or controlled by polyamine metabolism 
(Shabala and Munns 2012; Pottosin and Shabala 2014); therefore, the manipulation 
of polyamine biosynthesis has high potential for improved crop performance under 
salt stress. On the other hand, as it was indicated by Pottosin and Shabala (2014), 
“the more PA the better for stress tolerance” concept is not valid for most of the salt 
stress-tolerant species. Since, there can be fluctuations in the biosynthesis and con-
version of polyamines under salinity, manipulating the timing and localization of 
these processes is seemed to be the key component for improving crop performance. 
Maintenance of high K+ low Na+ levels in plant cells at salinity conditions can be 
facilitated by the biosynthesis and regulation of proteins responsible for K+ trans-
port and the efficient vacuolar sequestration of Na+ via slow and fast vacuolar chan-
nels. These processes are all known to be regulated by polyamines (Pottosin and 
Shabala 2014). Accordingly the limitation of Na+ entry into cytosol via the inhibi-
tion of non-selective cation channels by polyamines is also an intriguing opportu-
nity for improving salt tolerance in crop plants (Demidchik and Maathuis 2007; 
Pottosin and Shabala 2014).

At the end of this part, we want to emphasize two recent studies about the impor-
tance of polyamine conversion in stress responses of A. thaliana. These new find-
ings can be integrated and used in crop plants for improving salt tolerance. Since, 
polyamine metabolism is an evolutionary conserved route not only for plant devel-
opment but also for stress responses, it would be rationale to consider that same 
trends may be applicable to the agricultural plants. Therefore, deciphering poly-
amine conversion processes in more detail would provide an excellent opportunity 
for improving salt stress resistance or tolerance in crop plants. Zarza et al. (2017) 
studied the contribution of polyamine back-conversion process to salt tolerance in 
A. thaliana (Zarza et al. 2017). This reaction reverses the polyamine biosynthesis; 
first spermidine and, then, putrescine are synthesized from spermine and 
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 thermospermine by the activity of polyamine oxidases (Tavladoraki et  al. 2006; 
Takahashi et al. 2010; Kim et al. 2014; Zarza et al. 2017). Loss-of-function atpao5 
mutants exhibited enhanced salt stress tolerance in relation to high thermospermine 
levels. Besides that, alanine, arabitol, erythritol, fumarate, citrate, glucose, sucrose, 
rhamnose and ethanolamine metabolites were highly elicited in these mutants 
according to the metabolic analysis. Each of these metabolites either directly or 
indirectly contributes to salt stress tolerance mechanisms. The authors concluded 
that metabolic and transcriptional reprogramming which was driven by thermosper-
mine improved salt stress tolerance in A. thaliana (Zarza et  al. 2017). Another 
intriguing process related to polyamine conversion is the acetylation of polyamines 
which is catalysed by N-acetyltransferase activity 1 (NATA1) enzyme in A. thaliana 
(Lou et  al. 2016). Acetylated polyamines have been reported to be present in a 
diverse group of plants, but, still, not much is known about their exact role and how 
they function. Their role in defence against Pseudomonas syringae was studied, and 
it was found that coronatine-regulated putrescine acetylation attenuated antimicro-
bial defence in a way by competing with polyamine oxidases (Lou et al. 2016). This 
process is yet to be elucidated at abiotic stress conditions, which is most likely 
expected to be important for overall polyamine metabolism in plants.

9.3.2  Sugar Metabolism

Sugars are involved not only in the maintenance of growth but also in regulation 
of the expression of genes responsible for several biochemical processes; there-
fore, the effects of alterations in sugar levels become more remarkable and dra-
matic at stress conditions (Hare et al. 1998; Slama et al. 2015). Targeting sugar 
metabolism for enhancing salt stress tolerance in plants will be beneficial since it 
provides precursors of hormones and signalling molecules and has ROS scaveng-
ing activity (Cabello et  al. 2014). There are several reports indicating the rele-
vance of sugar metabolism both in the short and long terms of salinity. In different 
plants, sucrose, glucose and fructose levels were induced by salinity, while starch 
content was decreased. Accumulation of simple sugars is reported to be necessary 
to maintain cell turgor, stabilization of membranes and prevention of protein deg-
radation (Arbona et al. 2013). Metabolome analysis of halophyte Thellungiella 
and its comparison with Arabidopsis has revealed the involvement of sugar 
metabolism for efficient salt tolerance. Under salinity Thellungiella had higher 
levels of fructose, sucrose and complex sugars which contributed not only to the 
osmoprotectant capacity but also to ROS scavenging capacity. On the other hand, 
even in non- stressed conditions, the levels of these metabolites were higher in 
Thellungiella than that of Arabidopsis. Likewise, prestress proline levels were 
highly induced in Thellungiella as reported by Taji et al. (2004). Halophytes are 
constitutively well- prepared for the negative impact of salinity as compared to 
glycophytes (Hamed et al. 2013).
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In a recent publication, maize root and shoot metabolite profiles were compared 
in response to neutral and alkaline salt stresses (Guo et al. 2017). Among the sugars 
fructose, sucrose, talose and myoinositol in the roots and raffinose and galactinol 
in the shoots were increased; however, glucose levels were decreased in both. The 
authors concluded that gluconeogenesis was enhanced, and maintenance of carbon 
source and osmotic adjustment were possible by the degradation of polysaccha-
rides under salinity in maize (Guo et al. 2017). Wu et al. (2013) reported the differ-
ences in the metabolite profiles of salt stress-sensitive and salt stress-tolerant barley 
genotypes. In the tolerant genotype, proline and raffinose were the common osmo-
lytes both in roots and shoots. Sucrose, trehalose, mannitol and inositol were root- 
specific, while, asparagine, glycine, isoleucine and serine amino acids were the 
leaf- specific ones in the long term of the salinity. According to their findings, 
induced levels of proline and sugars served not only in osmotic adjustment and 
stabilization of the membranes but also as antioxidants since ascorbic acid and 
other antioxidants levels were not increased (Wu et al. 2013). Vulnerability of the 
germination and early seedling stage to salinity is found out to be related to the 
lower mobilization of sugars from seed storage reserves (Rosa et al. 2009). Pandey 
and Penna (2017) proposed that measurement of total soluble sugar content within 
the first 24 h of germination would provide an important clue for the tolerance level 
to salt stress. They found that at 150 mM NaCl treatment, there was a rapid increase 
in the soluble sugar content of mildly salt-tolerant Brassica juncea which facili-
tated the radicle emergence (Pandey and Penna 2017). Moreover, transcription of 
genes related to source and sink activity was altered by salinity. Genes involved in 
photosynthesis, photo assimilate export and nutrient mobilization were downregu-
lated as the transcription of genes involved in carbohydrate degradation, and lipid 
storage, and protein and polysaccharide synthesis were upregulated (Stitt et  al. 
2007; Chaves et al. 2009).

Trehalose as an osmoprotectant and stabilization agent contributes to tolerance 
strategies of plants when they are exposed to different abiotic stresses (Bianchi 
et  al. 1993; Drennan et  al. 1993; Ghaffari et  al. 2016). Trehalose-6-phosphate 
(T6P) is synthesized from UDPGlc and glucose-6 phosphate by trehalose-6-phos-
phate synthase, and it is dephosphorylated to trehalose by trehalose-6-phosphate 
phosphatase enzyme in plants (Paul et al. 2008). High levels of trehalose were 
found in rice plants which had better growth performance under salt stress (Garcia 
et al. 1997; Hoang et al. 2016). Henry et al. (2015) reported elevated levels of 
trehalose-6- phosphate in leaf, cob and kernels of maize plants subjected to salt 
stress. According to their overall findings, they proposed that T6P and SUCROSE 
NONFERMENTING- RELATED KINASE1 (SnRK1) may have different roles in 
source and sink tissues, which has a potential to target for improving maize per-
formance under salt stress conditions (Henry et al. 2015). Accordingly overex-
pression of a rice trehalose- 6- phosphate phosphatase gene (driven by an OsMads6 
promoter) improved harvest index and yield of maize plants subjected to water 
deficit at field conditions. Data from different field trials showed that crop perfor-
mance was increased by the modified T6P/sucrose ratio at mild and severe drought 
conditions (Nuccio et al. 2015). In a recent study, metabolic and transcriptional 
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profiling of central metabolic  components in barley colonized with endophytic 
fungus Piriformospora indica showed a positive correlation with trehalose metab-
olism and increased salt stress tolerance (Ghaffari et al. 2016).

Although there are some success stories of improved salt stress tolerance by 
manipulating sugar metabolism, some studies emphasized the undesirable traits and 
growth penalties in relation to modified sugar homeostasis. For example, Cortina 
and Culiáñez-Macià (2005) reported thick shoot, dark-green leaves and aberrant 
root development in tomato plants overexpressing the yeast trehalose-6-phosphate 
synthase (TPS1). Stunted growth was found in potato and alfalfa transgenic plants 
overexpressing E. coli trehalose biosynthetic genes (Jang et al. 2003; Suárez et al. 
2009). In such kind of transgenic approaches, the decision on the use of appropriate 
promoter was found to be important in order to overcome the undesired effects. 
When trehalose genes were expressed under the light-regulated promoter of the 
Rubisco small subunit or an ABA-inducible promoter, besides higher trehalose 
accumulation better vegetative growth, higher photosynthetic capacity, low Na+ 
accumulation in the leaves and delayed senescence were reported (Garg et al. 2002; 
Albacete et al. 2014).

9.4  New Possibilities for Metabolic Manipulation

Integration of bioinformatics and experimental data provides a wide range of pos-
sibilities for us to better understand plant metabolism under salt stress. Thoen et al. 
(2017) used a novel approach – multi-trait mixed model (MTMM) – to analyse the 
genetic architecture of complex traits against environmental stresses by genome- 
wide association in A. thaliana that can be used as a model strategy for producing 
next-generation crops starting with Brassica species. They compared 30 traits under 
different stress conditions including salt stress and selected candidate genes for 
multiple stress-responsive traits in 350 Arabidopsis accessions (Thoen et al. 2017). 
Among these several genes were found to be both abiotic and biotic responsive with 
contrasting effects such as TCH4 (encoding a cell wall modifying enzyme), AtCCR2 
(lignin biosynthesis related), ASG1 (ABA and salt responsive) and RMG1 (encod-
ing a disease resistance protein with a conserved pathogen recognition pattern). The 
last one is of great interest as its expression is upregulated by salt stress in roots, and 
it was previously reported as an activator of salicylic acid (SA) pathway (Yu et al. 
2013). A possible integration of SA signalling pathway to salt stress tolerance can 
be proposed. Jayakannan et al. (2015) reported that salt and oxidative stress toler-
ance is controlled by non-expresser of pathogenesis-related gene 1 (NPR1) depen-
dent SA signalling in A. thaliana. They found that NPR1has an important function 
in the regulation of Na+ entry into the roots and its delivery to the shoots. The inter-
action between salt stress and SA signalling is still unclear and looks deeper than it 
seems. Wang et al. (2016b) concluded that enhanced salinity tolerance in malate 
dehydrogenase (MDH) overexpressing apple was correlated to SA signalling since 
free and total SA levels were high in this plant. They also emphasized that in order 
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to provide appropriate SA concentration, both biosynthetic and degradation routes 
were induced. MDH activity is critical for malate valves involved in central metabo-
lism and redox homeostasis between different organelles (Wang et al. 2016b).

In the light of MTMM results, cell wall-modifying enzyme encoding TCH4 
reminded a recent finding by Endler et al. (2015) about the mechanism of sustained 
cellulose synthesis during salt stress. Plant cell walls are mainly composed of cel-
lulose that is synthesized by the activity of plasma membrane-localized and 
microtubule- guided cellulose synthase enzyme complexes (Endler et  al. 2015). 
Growth and development of plants depend on regular and proportional organization 
of primary and secondary cell walls. Their behaviours have remarkable effects on 
the plant biomass which would be more significant under stress conditions. When 
plant cells are subjected to salt stress, the integrity of cellulose synthase enzyme 
complexes is affected, and these complexes are disassembled from the plasma 
membrane. Endler et al. (2015) recently reported that two plant-specific proteins 
named as companion of cellulose synthase 1 and 2 proteins enable microtubule 
dynamics and cellulose synthase enzyme complex activity to support biomass pro-
duction under salinity in A. thaliana. Biomass development is improved by the 
alterations in metabolism-mediated gene expression in salt-tolerant wheat geno-
types which is of great importance for higher-yield performance under salinity con-
ditions (Takahashi et  al. 2015). Especially in long-term salinity, maintenance of 
high cellulose synthesizing capacity might have an important impact on crop perfor-
mance and yield. Reports providing evidence for the importance of cell wall in salt 
responses are rapidly increasing. In a recent article, Xiao et al. (2017) found that the 
mRNA level of Arabidopsis glucuronokinase (AtGlcAK) was highly induced after 
8 h of drought and salt treatments. This enzyme contributes to the phosphorylation 
of glucuronic acid and its conversion into UDP-glucuronic acid, which is an impor-
tant molecule of sugar interconversion and cell wall biosynthesis (Pieslinger et al. 
2010; Garlock et al. 2012; Xiao et al. 2017).

Two birds with one stone approach will make it possible to breed crop plants 
resistant to several environmental stresses. For sure, this kind of interesting links 
and connections resulted from the outcomes of MTMM analysis would widen our 
salt stress tolerance perspective; however, these promising analyses are still 
restricted to model plants. Moreover, integrated transcriptomic and metabolomics 
data put forward very clearly that the regulation of these processes took place not 
only at transcriptional level but also at post-transcriptional, translational and post- 
translational levels.

9.5  Conclusion

Extensive research has been carried out to examine salt stress responses and toler-
ance mechanisms of plants for decades. In most of the cases, field applications of 
these inputs are still far from the desired high-yield performance for crop plants. 
There are several reasons for this failure such as the unexpected negative effects on 
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growth and development due to the interference to signalling and regulatory path-
ways, combination of different stressors at field conditions at the same time, the 
discrepancies between the phenotypes of tolerant plants which are grown at green 
house and field, etc. Alterations in different metabolic routes and pathways via syn-
thesis or degradation of some certain metabolites have been reported to be neces-
sary for acclimation and survival under salinity. Generally plants tend to manipulate 
the levels of amino acids, lipids, sugars, sugar alcohols and TCA intermediates to 
cope with osmotic and ionic phases of salt stress, but the efficiency of these pro-
cesses differs according to the plant species. Manipulating plant metabolism for 
higher levels of glycine betaine and phenolic compounds or enabling them to accu-
mulate and use Na+ for osmotic adjustment or engineering plant leaves for salt 
glands just like halophytes will be the best solutions for high salt tolerance in crop 
plants. However, the feasibility of such modifications is very low and there are still 
so many unknowns about the mode of action. On the other hand, these mechanisms 
are usually extreme features which are unique to salt-tolerant plants and mostly to 
halophytes. The osmotic and ionic characteristics of salt stress challenge plants in 
two different but simultaneous ways; therefore, manipulating metabolites which 
could be effective in both phases will be more beneficial. Although it is a compli-
cated task, manipulating metabolic routes for higher osmotic and ionic stress toler-
ance will be more realistic for increasing the chance of crop plants to overcome 
salinity and other stresses. Among the metabolites studied so far, polyamines and 
sugars are the most promising ones in relation to their contribution not only to pro-
tection of membranes, proteins, leaf water status and cellular homeostasis but also 
for efficient biomass production under salinity conditions. On the other hand, com-
parative metabolic analysis provided information that most of the time variations 
between levels of polyamines and sugars in the roots and leaves of crop plants are 
good indicators of the degree of salt sensitivity or tolerance. These two metabolic 
routes are the best candidates for acquiring resistance against salinity; therefore, the 
more we learn about these processes, the closer we get to the final goal of manipu-
lating crops for increased yield performance at field conditions.
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Chapter 10
The Glyoxalase System: A Possible Target 
for Production of Salinity-Tolerant Crop 
Plants

Tahsina Sharmin Hoque, David J. Burritt, and Mohammad Anwar Hossain

Abstract Among the various abiotic stressors, soil salinity is one of the most det-
rimental, restricting the growth and productivity of major agricultural crops world-
wide. Apart from ionic, osmotic, and oxidative stress, one of the most important 
biochemical impacts of salt stress on plants is overaccumulation of methylglyoxal 
(MG), a cytotoxic compound that can cause degradation of proteins, lipids, and 
nucleic acids, inactivation of antioxidant systems and, finally, the death of plants. 
However, plants possess a complex network of enzymatic and nonenzymatic scav-
enging and detoxification systems to defend against MG-induced glycation and oxi-
dative stress. Among the various defense mechanisms employed by plants, the 
glyoxalase system (composed mainly of two enzymes—glyoxalase I and glyoxa-
lase II) is the most important, playing a crucial role in detoxifying MG, as well as 
regulating glutathione homeostasis and reactive oxygen species metabolism. Apart 
from its deleterious effects on plant growth and development, MG also has impor-
tant signaling roles associated with stress tolerance. Recent genetic engineering 
studies have shown that overexpression of glyoxalase genes confers tolerance of 
various abiotic stresses, including salinity stress. This chapter summarizes the cur-
rent knowledge and understanding of MG and the glyoxalase pathway, with respect 
to salinity stress tolerance and the potential for use of genetic engineering of gly-
oxalase genes into crop plants to improve crop yields under salt stress.
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Abbreviations

1O2  Singlet oxygen
ABA Abscisic acid
APX Ascorbate peroxidase
AsA Ascorbate
BR Brassinosteroid
CAT Catalase
CK Cytokinin
DHAP Dihydroxyacetone phosphate
DHAR Dehydroascorbate reductase
ET Ethylene
GA Gibberellin
GAP Glyceraldehyde-3-phosphate
GB Glycine betaine
Gly Glyoxalase
GPX Glutathione peroxidase
GR Glutathione reductase
GSH Reduced glutathione
GSSG Oxidized glutathione
GST Glutathione-S-transferase
HKT High-affinity potassium transporter
IAA Indole-3-acetic acid
JA Jasmonate
MDA Malondialdehyde
MDHAR Monodehydroascorbate reductase
MG Methylglyoxal
NAC N-acetyl-L-cysteine
NHX Na+/H+ exchanger
O2

•– Superoxide
OH• Hydroxyl radical
PCD Programmed cell death
POD Peroxidase
Pro Proline
PSII Photosystem II
ROS Reactive oxygen species
SA Salicylic acid
SLG S-D-lactoylglutathione
SOD Superoxide dismutase
SOS Salt Overly Sensitive
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10.1  Introduction

Plants are often exposed to abiotic and biotic stressors, which can reduce their 
growth and productivity. Abiotic stressors have a major impact on global agriculture 
and can reduce growth by more than 50% in most plant species (Wang et al. 2003; 
Rodríguez et al. 2005; Qin et al. 2011). Changing climatic conditions, combined 
with the demand for increased global food production because of population 
increases, has resulted in a demand for development of stress-tolerant crops (Takeda 
and Matsuoka 2008; Newton et al. 2011). Increased knowledge regarding the under-
lying mechanisms by which plants respond to stressors is crucial if broad-spectrum 
stress-tolerant crop varieties are to be developed.

Salinity stress due to poor agricultural practices or climatic changes is one of the 
most important abiotic stresses limiting global crop productivity, affecting large 
areas of land worldwide (Jagadish et al. 2012). It has been predicted that increased 
soil salinity in agricultural lands will have devastating effects globally by the middle 
of the twenty-first century, resulting in loss of up to 50% of cultivable land (Mahajan 
and Tuteja 2005). In plants, high soil salinity primarily causes osmotic stress and ion 
toxicity (Roy et al. 2014). In addition, secondary effects such as lower assimilate 
production, reduced cell expansion, membrane dysfunction, altered metabolism, and 
production of reactive compounds such as methylglyoxal (MG; CH3COCHO) and 
reactive oxygen species (ROS) (Hossain et  al. 2009; El-Shabrawi et  al. 2010; 
Upadhyaya et al. 2011; Kumar 2013; Mostofa et al. 2015a; Acosta- Motos et al. 2017; 
Gupta et al. 2017) also occur. Excessive production of MG and ROS in plants causes 
cellular damage due to the ability of these compounds to react with proteins, lipids, 
and nucleic acids, leading to disruption of cellular homeostasis. It is well established 
that excessive production of MG and ROS is a general response of plants to stressors, 
including salinity (Veena et al. 1999; Yadav et al. 2005a, b; Singla-Pareek et al. 2006; 
Hossain and Fujita 2009, 2010; Banu et al. 2010; El-Shabrawi et al. 2010; Hossain 
et al. 2009, 2010, 2011a, 2014a, b; Gupta et al. 2017).

In order to avoid cellular damage from excessive MG and ROS production, 
plants must upregulate their detoxification and scavenging processes in order to 
survive. Among various scavenging mechanisms employed by plants, the glyoxa-
lase system is the most efficient for detoxifying MG and helping to control ROS 
levels. The importance of glyoxalases has been well established, as many recent 
studies have demonstrated that increasing the activity of the glyoxalase pathway 
increases plants’ tolerance of various abiotic stressors. For example, overexpression 
of glyoxalase pathway genes in transgenic plants confers tolerance of salinity and 
other abiotic or biotic stresses (Yadav et  al. 2005a, b; Singla-Pareek et  al. 2006, 
2008; Lin et al. 2010; Saxena et al. 2011; Wani and Gosal 2011; Tuomainen et al. 
2011; Alvarez Viveros et al. 2013; Wu et al. 2013; Mustafiz et al. 2014; Kaur et al. 
2014a, b, c; Ghosh et al. 2014, 2016; Alvarez-Gerding et al. 2015, Rajwanshi et al. 
2016; Zeng et al. 2016; Gupta et al. 2017). This chapter discusses the effects of 
salinity stress on plants and plant salinity tolerance mechanisms, focusing on the 
roles of the glyoxalases. Furthermore, it summarizes the findings of recent studies 
that have used genetic engineering to modify the glyoxalase pathway to develop 
salinity-tolerant plants that also show broad-spectrum abiotic stress tolerance.
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10.2  Effects of Salt Stress in Plants

It has been estimated that more than 6% of the world’s land and 30% of cultivated 
and irrigated agricultural land are salt affected (Pitman and Läuchli 2002; Chaves 
et al. 2009). Depending upon the severity and duration of exposure, salinity causes 
alterations in many physiological and metabolic processes in plants, leading to 
growth inhibition and reduced productivity or even death of plants (Munns 2005; 
Rozema and Flowers 2008; Rahnama et al. 2010; James et al. 2011; Munns and 
Gilliham 2015). In vegetative plants, salt stress causes reduced cell turgor and slows 
the rates of root and shoot elongation, and leaf expansion (Werner and Finkelstein 
1995; Fricke et al. 2006), because of the negative impact of salinity on water uptake. 
High soil salinities cause both hyperosmotic stress and hyperionic stress, with plant 
growth initially being suppressed by osmotic stress; this is then followed by ion 
toxicity (Munns 2005; James et  al. 2011; Rahnama et  al. 2010), which can ulti-
mately lead to programmed cell death (Zhu 2007). High soil salinity stress reduces 
the water absorption capacity of roots, and leaf water loss is enhanced; this nega-
tively impacts plant metabolism, disrupts cellular homeostasis, and can uncouple 
major physiological and biochemical processes (Munns 2005). The negative impacts 
on plants of hyperionic stress resulting from high soil salinity are due to excessive 
accumulation of Na+ and Cl− ions in plant cells. Entry of excessive Na+ and Cl− ions 
into plant cells causes a severe ion imbalance resulting in disruption of plant metab-
olism and physiological processes (Gupta and Huang 2014). High cellular Na+ lev-
els disrupt K+ and Ca2+ nutrition and interfere with stomatal regulation, which 
results in reduced photosynthesis and plant growth. High cellular concentrations of 
Cl− disturb cellular integrity and affect photosynthetic processes through both mem-
brane damage and enzyme inhibition (Tavakkoli et  al. 2010). For example, high 
Cl− concentrations reduce the photosynthetic capacity and quantum yield of photo-
system  II (PSII) because of chlorophyll degradation (Tavakkoli et  al. 2010). 
Furthermore, salinity stress rapidly induces production and accumulation of reac-
tive carbonyl compounds such as MG (Yadav et al. 2005a, b; Hossain et al. 2009; 
Upadhyaya et al. 2011; Gupta et al. 2017), which can react with proteins, lipids, and 
nucleic acids (DNA and RNA) to form adducts (Martins et al. 2001; Hoque et al. 
2012a) that can disrupt cellular functions and eventually lead to cell death. Studies 
have also shown that salt stress significantly enhances the production of ROS, 
including singlet oxygen (1O2), superoxide (O2

•–), the hydroxyl radical (OH•), and 
H2O2 (Mahajan and Tuteja 2005; Tanou et  al. 2009; Ahmad et  al. 2010, 2012; 
Ahmad and Umar 2011; Ahmad and Prasad 2012a, b; Hossain et al. 2013a, b; Adem 
et al. 2014; Bose et al. 2014; You and Chan 2015). Hence, salinity-induced ROS 
formation can also lead to oxidative damage to proteins, lipids, and nucleic acids, 
which in turn disrupts key cellular functions of plants (El-Shabrawi et  al. 2010; 
Bose et al. 2014).

In general, high salinity causes membrane dysfunction, nutrient imbalances, 
accumulation of MG and ROS and impairment of their detoxification, inhibition of 
cell expansion, inactivation of enzymes (including those involved in antioxidant 
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metabolism), altered levels of plant hormones, decreased stomatal opening, and 
lower photosynthetic activity, which can result in a range of physiological and meta-
bolic disorders (Fig.  10.1; Mahajan and Tuteja 2005; Munns and Tester 2008; 
Rahnama et al. 2010; Hasanuzzaman et al. 2012b; Hossain et al. 2011b, 2013a, b; 
Bose et al. 2014; Roy et al. 2014; Nahar et al. 2015a; Mostofa et al. 2015a; Akram 
et al. 2017; Gupta et al. 2017). In addition, high soil salinities can cause reduced 
plant fertility, premature plant senescence (Krasensky and Jonak 2012; Allu et al. 
2014; Hussain et al. 2016), and limited nodulation, reducing the efficiency of nitro-
gen fixation and hence resulting in lower leguminous crop yields (Dong et al. 2013; 
Do et  al. 2016). While high salinity can inhibit plant growth, development, and 
yields, it is important to note that the severity depends on the salt concentration, the 
time of exposure, the plant genotype, and interactions with various other environ-
mental factors.

Salt stress

PCD

ROS and MG

Signal transduction
and activation of

stress genes

Plant defense
responses

Ion homeostasis
-Na+ extrusion
-Na+ compartmentation
-Na+ reabsorption

Na+ and Cl- toxicity
-leaf senescence
-inhibition of photosynthesis
 and enzyme activity
-disruption of cell organelles
 and their metabolism

Salinity tolerance

Osmotic adjustment
-Accumulation of
 ions/solutes/organic
 compounds

Activation of antioxidant
and glyoxalase machinery

and modulation of
hormones

Osmotic stress

-reduced osmotic potential
-inhibition of water uptake
-inhibition of cell division and
 elongation
-inhibition of leaf development

Ionic stress

Fig. 10.1 Detrimental effects of high salinity on plants and the corresponding defense responses 
used to overcome salt stress. Salt stress induces activation of complex regulatory networks, which 
lead to establishment of the defense responses required for tolerance. High salinity causes osmotic 
and ionic stress, resulting in reduced water uptake, ion toxicity, excessive production of methylg-
lyoxal (MG) and reactive oxygen species (ROS), programmed cell death (PCD) and, ultimately, 
inhibition of plant growth and development. MG and ROS can also act as signal molecules which, 
through signal transduction pathways, modulate expression of stress-responsive genes. This subse-
quently regulates various cellular processes, including those associated with ion homeostasis, 
osmotic adjustment, activation of antioxidant and glyoxalase defenses, and modulation of hor-
mone levels, which ultimately lead to salinity tolerance (Modified from Horie et al. 2012, with 
permission)
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10.3  Mechanisms of Salinity Tolerance in Plants

Plants have developed numerous physiological, biochemical, and molecular mecha-
nisms to tolerate high salinity. The mechanisms include ion homeostasis and com-
partmentalization, biosynthesis of osmoprotectants and compatible solutes, 
activation of the antioxidant and glyoxalase systems, and modulation of hormone 
levels (Abogadallah 2010; El-Shabrawi et al. 2010; Hossain et al. 2013a, b; Gupta 
et al. 2017). Salinity tolerance is a complex trait involving coordinated expression 
of many genes, which encode proteins that perform a diverse range of functions, 
including control of water loss through the stomata, ion sequestration, metabolic 
adjustment, osmotic adjustment, and antioxidant defense (Abogadallah 2010; 
El-Shabrawi et al. 2010; Roy et al. 2014; Acosta-Motos et al. 2017; Gupta et al. 
2017). An overview of the effects of high salinity and the resulting defense responses 
of plants that confer salt stress tolerance is shown in Fig. 10.1.

10.3.1  Ion Homeostasis and Compartmentalization

Under salt stress, high Na+ and Cl− ion concentrations in the cytoplasm are harmful 
for both glycophytes and halophytes; thus, maintaining ion homeostasis and com-
partmentalization is important for plant growth and development (Serrano et al. 
1997; Hasegawa 2013; Gupta and Huang 2014). Glycophytes restrict salt uptake 
and adjust their cellular osmotic potentials by synthesizing compatible solutes; in 
contrast, halophytes compartmentalize accumulated ions within vacuoles, and this 
helps to maintain a high cellular cytosolic K+/Na+ ratio. Thus, protection from 
salinity stress is achieved by transportation of excess ions into vacuoles, with high 
levels of ions often being sequestered in older tissues/organs—for example, leaves, 
which will eventually be lost from the plant (Zhu 2003). Membranes, along with 
their associated components, play a vital role in regulating ion uptake and trans-
port, which is essential for maintenance of ion homeostasis during salt stress 
(Sairam and Tyagi 2004; Osakabe et al. 2014). Ion transport is carried out by a 
range of carrier proteins, channel proteins, antiporters, and symporters. A large 
number of genes and proteins that encode K+ transporters and channels have been 
identified and the genes cloned in various plant species (Gupta and Huang 2014). 
Two examples are the plasma membrane transporter HKT (high-affinity potassium 
transporter), which regulates Na+ and K+ ion transport, and intracellular NHX 
(Na+/H+ exchanger), which maintains K+ homeostasis as well as regulating endo-
somal pH, thereby playing an essential role in salt tolerance. Overexpression of 
genes encoding proteins involved in the SOS (Salt Overly Sensitive) stress signal-
ing pathway, which plays a pivotal role in ion homeostasis in plants and involves 
three key proteins (SOS1, SOS2, and SOS3), confers salinity tolerance (Sanders 
2000; Hasegawa et al. 2000; Ishitani et al. 2000; Shi et al. 2002; Yang et al. 2009; 
Chakraborty et al. 2012; Ji et al. 2013; Zhou et al. 2014; Yang et al. 2015; Quan 
et al. 2017).
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10.3.2  Biosynthesis of Osmoprotectants and Compatible 
Solutes

Accumulation of a diverse range of osmolytes or compatible solutes is a well-known 
adaptive feature of plants growing under saline conditions. Plants produce a wide 
range of organic solutes or osmoprotectants, including ammonium compounds 
(e.g., glycine betaine [GB]), amino acids (e.g., proline [Pro]), carbohydrates (e.g., 
sugars—namely, glucose, fructose, fructans, and trehalose—and starch), and poly-
ols or sugar alcohols (e.g., mannitol and pinitol) (Rhodes and Hanson 1993; Koyro 
et al. 2012). These osmolytes are synthesized and accumulate to various extents in 
many plant species, with cellular concentrations of osmolytes maintained either by 
irreversible synthesis of the compounds or by a combination of synthesis and deg-
radation. The accumulation of osmoprotectants is often proportional to the external 
osmolarity. Osmolytes play a key role in protecting cellular structures, maintaining 
ion homeostasis and the activities of enzymes, and maintaining the cellular osmotic 
balance, by decreasing cellular water potentials and hence facilitating water uptake 
in plants grown in saline soils (Wang et al. 2003; Attipali et al. 2004; Ashraf and 
Foolad 2007; Kusano et al. 2007; Hayat et al. 2012; Ranganayakulu et al. 2013). 
Osmolytes can also act as low molecular weight chaperones because of their hydro-
philic nature, and directly scavenge ROS (Gupta and Huang 2014; Hossain et al. 
2014b). A number of studies have also shown that osmoprotectants—including pro-
line, glycine betaine, some sugars and sugar alcohols, and polyamines—can pro-
mote increases in the activities of antioxidant enzymes and hence reduce oxidative 
stress in plants grown in saline soils (Ashraf and Foolad 2007; Kubiś 2008; Hayat 
et al. 2012). For example, treatment of plants with mannitol, sorbitol and trehalose, 
polyamines, proline, and glycine betaine improves the performance of various plant 
species under saline conditions, including rice (Oryza sativa), maize (Zea mays), 
sugarcane (Saccharum spp.), tobacco (Nicotiana tabacum), ryegrass (Lolium 
perenne), olive (Olea europaea), soybean (Glycine max), and pistachio (Pistacia 
vera) (Theerakulpisut and Gunnula 2012; Nounjan et al. 2012; Sobahan et al. 2012; 
Mostofa et al. 2015a; Kaya et al. 2013; Patade et al. 2014; Hoque et al. 2008; Hu 
et al. 2012; Malekzadeh 2015; Kamiab et al. 2014).

10.3.3  Activation of the Antioxidant Defense System 
and Glyoxalase System

High salinity induces formation of ROS and MG and, in response to severe oxida-
tive and MG stress, plants upregulate both antioxidant defenses and the glyoxalase 
system to minimize stress-induced damage (Bose et al. 2014; Gupta et al. 2017). 
Both enzymatic and nonenzymatic antioxidants play critical roles in detoxifying the 
ROS induced by salinity stress. In plants, salinity tolerance is positively correlated 
with the activities of antioxidant enzymes—such as superoxide dismutase (SOD), 
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catalase (CAT), peroxidase (POD), glutathione peroxidase (GPX), ascorbate per-
oxidase (APX), glutathione-S-transferase (GST), monodehydroascorbate reductase 
(MDHAR), dehydroascorbate reductase (DHAR), and glutathione reductase 
(GR)—and with the accumulation of the nonenzymatic antioxidants glutathione 
(GSH), ascorbate (AsA), tocopherol, carotenoids, and flavonoids (e.g., anthocya-
nins), which scavenge excess ROS (Gill and Tuteja 2010; Hossain and Fujita 2010; 
Kadioglu et al. 2011; Vardharajula et al. 2011; Kaya et al. 2013; Van Oosten et al. 
2013; Kubiś et al. 2014). Recently, Vardharajula et al. (2011) and Wu et al. (2012) 
reported increased activities of a diverse range of antioxidant enzymes—including 
SOD, POD, CAT, and APX—in several plant species grown at high salinity. In addi-
tion, increased levels of antioxidants have been observed in salt-tolerant cultivars of 
various crop plants—including tomato (Lycopersicon pennellii), pea (Pisum sati-
vum), broccoli (Brassica oleracea), marigold (Calendula officinalis), and Barbados 
nut (Jatropha curcas) (Mittova et al. 2004; Hernández et al. 2000, 2010; Chaparzadeh 
et al. 2004; Gao et al. 2008)—suggesting an important role for antioxidants in alle-
viating salt stress–induced oxidative damage. Also, several studies have confirmed 
that exogenous application of nonenzymatic antioxidants such as GSH, AsA, and 
α-tocopherol, which interact with multiple stress-responsive pathways, provides 
plants with increased tolerance of salinity (Azzedine et  al. 2011; Dehghan et  al. 
2011; Salama and Al-Mutawa 2009; Farouk 2011; Ejaz et  al. 2012; Wang et  al. 
2014; Nahar et al. 2015a; Akram et al. 2017). Hence, antioxidant levels could poten-
tially be selection criteria for improving plant salinity tolerance.

10.3.4  Plant Hormones and Salinity Tolerance

Plant hormones are well known as key signaling molecules involved in regulating 
physiological and molecular responses (Fahad et al. 2015), plant development, and 
tolerance of or susceptibility to a diverse array of stresses, including high salinity 
(Ryu and Cho 2015). The major plant hormones abscisic acid (ABA), Indole-3-
acetic acid (IAA), cytokinins (CKs), brassinosteroids (BRs), jasmonates (JAs), 
salicylic acid (SA), gibberellins (GAs), and ethylene (ET) are all known to play 
roles, to various degrees, in tolerance of high salinity (Thomas et  al. 1992; 
Vaidyanathan et al. 1999; Mahajan and Tuteja 2005; Zhang et al. 2006; Shakirova 
et al. 2010; Yang et al. 2013; Amjad et al. 2014; Kissoudis et al. 2016). For exam-
ple, high salinity causes osmotic stress and water deficit in plants, resulting in 
increased production of ABA in both shoots and roots (Popova et al. 1995; Cramer 
and Quarrie 2002; Kang et al. 2005; Cabot et al. 2009). Accumulation of ABA can 
to some extent mitigate the negative impacts of salinity on photosynthesis, growth, 
and translocation of assimilates (Popova et al. 1995; Jeschke et al. 1997). BRs and 
SA have also been shown to regulate biochemical and physiological processes that 
lead to improved salt tolerance in plants (Ashraf et al. 2010). With respect to both 
the antioxidant and glyoxalase systems, recent studies have shown that exogenous 
application of hormones can increase the activities of both systems and promote 
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increased salinity tolerance (Yoon et al. 2009; Gurmani et al. 2011; Torabian 2011; 
Sharma et al. 2013; Bastam et al. 2013; Sripinyowanich et al. 2013; Fariduddin 
et al. 2014; Liu et al. 2016).

10.4  Production of Methylglyoxal in Plants  
in Response to High Salinity

Methylglyoxal is an oxygenated short aldehyde and a toxic metabolite, which accu-
mulates in plants under abiotic stresses, including high salinity (Yadav et  al. 
2005a, b; Hossain et al. 2009; Upadhyaya et al. 2011; Gómez Ojeda et al. 2013; Li 
et  al. 2017a). In plants, MG is formed spontaneously as a by-product of several 
metabolic pathways, including glycolysis, lipid peroxidation, and oxidative degra-
dation of glucose and glycated proteins (Shangari and O’Brien 2004; Kaur et al. 
2014a). MG is produced in plants mainly by a nonenzymatic route from 
glyceraldehyde- 3-phosphate (GAP)—which is an intermediate of glycolysis and 
photosynthesis—and from dihydroxyacetone phosphate (DHAP) (Richard 1993). 
Formation of MG from triose phosphates occurs through elimination of the phos-
phoryl group from the 1,2-enediolate of trioses, with a nonenzymatic formation rate 
of approximately 0.1 mM day−1 (Richard 1993). In plants exposed to high salinity 
or to other abiotic or biotic stressors, increased carbohydrate, protein, and lipid 
metabolism results in excessive production of aldehydes such as MG (Fig. 10.2; 
Mano et al. 2009; Ahuja et al. 2012; Kaur et al. 2014a, b, c; Mano 2012). The pro-
cesses of metabolism of aminoacetone, acetone, and ketones are considered minor 
routes for the production of MG in plants (Lyles and Chalmers 1992; Casazza et al. 
1984; Koop and Casazza 1985; Kalapos 1999; Kaur et al. 2014c). Under normal 
metabolic conditions, MG concentrations in plants range from 30 to 90 μM (Yadav 
et al. 2005a; Hossain et al. 2009), with a two- to sixfold increase in MG levels being 
observed in response to various abiotic stressors (Yadav et al. 2005a; Hossain et al. 
2009; Mostofa et al. 2015a, b; Gupta et al. 2017). For example, MG levels were 
found to increase by 77%, 67%, and 50% in pumpkin (Cucurbita maxima  L.), 
tobacco (N.  tabacum  L., cv. BY-2 and cv. Petit Havana), and potato (Solanum 
tuberosum L. cv. Taedong Valley) plants, respectively, under high salinity, in com-
parison with control plants (Hossain et al. 2009; Banu et al. 2010; Ghosh et al. 2014; 
Upadhyaya et al. 2011). Recently, Gupta et al. (2017) showed a 70–95% increase in 
MG levels in rice plants in response to high salinity and drought stress. Hence, MG 
accumulation is closely associated with stress responses (Yadav et al. 2005a, b). In 
addition to directly causing damage, high MG levels in plant cells cause increased 
oxidative stress due to enhanced ROS production (Maeta et al. 2005; Kalapos 2008); 
inhibit photosynthesis (Saito et al. 2011); generate advanced glycation end products 
(Thornalley 2003); modify proteins, nucleic acids, and basic phospholipids 
(Thornalley 2008; Thornalley et  al. 2010); disable antioxidant defense systems 
(Hoque et al. 2010; Hoque et al. 2012a); and interfere with cell division (Ray et al. 
1994).
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10.5  The Glyoxalase Pathway as the Main Methylglyoxal 
Detoxification System in Plants

In the course of their evolution, plants have developed the glyoxalase system to 
protect against excessive cellular MG levels induced by exposure to multiple abiotic 
stressors. The glyoxalase system is an essential and ubiquitous mechanism, which 
plants use to detoxify cytotoxic MG that would otherwise rise to lethal concentra-
tions under stressful conditions. The glyoxalase system consists of two major 
enzymes—glyoxalase I (Gly I) and glyoxalase II (Gly II)—which work together to 
catalyze GSH-dependent detoxification of MG and other reactive aldehydes 
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Fig. 10.2 Role of the glyoxalase (Gly) system in plant tolerance of high salinity. Under salinity, 
methylglyoxal (MG) production is enhanced by increased carbohydrate, protein, and lipid metabo-
lism, and higher MG levels induce increased reactive oxygen species (ROS) generation. The enzymes 
Gly  I and Gly  II efficiently detoxify MG by converting it to D-lactate in a reduced glutathione 
(GSH)–dependent manner. In addition, MG is degraded to D-lactate in a GSH-independent manner 
by the activity of the enzyme Gly III. Under high salinity the Gly pathway helps to maintain proper 
functioning of the antioxidant system, reducing ROS and maintaining cellular redox homeostasis by 
breaking down MG and regenerating GSH (Modified from Hoque et al. 2015, with permission)
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(Fig. 10.2; Yadav et al. 2008; Hossain et al. 2011a; Hoque et al. 2017). Gly I (S-D- 
lactoylglutathione lyase; EC 4.4.1.5) is a metalloenzyme, which requires divalent 
metal ions for activation, binding two metal ions, one per active site (Ridderström 
et al. 1998). Gly II (S-2-hydroxyacylglutathione hydrolase; EC 3.1.2.6) belongs to 
the superfamily of metallo-β-lactamases (Ghosh et al. 2014). MG detoxification is 
accomplished by sequential action of Gly I and Gly II and involves two irreversible 
reactions. GSH and MG spontaneously form hemithioacetal, and the isomerization 
of hemithioacetal adducts to S-D-lactoylglutathione (SLG) is catalyzed by 
Gly I. SLG is then converted to D-lactate, with GSH being recycled back into the 
system by the action of Gly II (Thornalley 1993; Kaur et al. 2014a; Li 2016). For 
effective MG detoxification the availability and cellular concentration of GSH are 
very important, as low levels of GSH can lead to MG accumulation. In addition to 
Gly I and Gly II, a third glyoxalase—glyoxalase III (Gly III; containing a DJ-1/PfpI 
domain)—has recently been identified in plants. This enzyme directly converts MG 
to D-lactate in a single GSH-independent step (Ghosh et al. 2016).

In addition to the glyoxalase system, enzymes such as aldo-keto reductases and 
aldehyde dehydrogenases play minor roles in detoxifying MG (Simpson et al. 2009; 
Narawongsanont et al. 2012; Kirch et al. 2005). However, the glyoxalase system is 
by far the most efficient MG detoxification system in plants under both normal and 
stressful environmental conditions (Singla-Pareek et al. 2006; Alvarez Viveros et al. 
2013; Ghosh et al. 2016). For example, a significant increase in Gly I activity was 
observed after 24 h in the presence of 25 mM MG (Hossain et al. 2009) suggesting 
that an increased MG level causes a rapid increase in Gly I activity. Furthermore, 
Hoque et al. (2017) showed rapid increases in the activities of Gly I and Gly II in 
response to higher cellular MG levels. Glyoxalases are known to be differentially 
regulated in plants under abiotic stress, and recent studies have demonstrated the 
involvement of glyoxalases in several plant stress responses. Glyoxalases not only 
are involved in MG detoxification but also are important for maintaining the ratio of 
cellular GSH to oxidized glutathione (GSSG) and for proper functioning of antioxi-
dant enzymes that directly or indirectly utilize and regenerate GSH—e.g., GR, GST, 
GPX, and DHAR (Yadav et al. 2005b). Hence the glyoxalase system plays a crucial 
role in cellular defense against glycation and oxidative stress (Fig. 10.2); thus, gly-
oxalases are considered potential markers associated with plant stress susceptibility 
or tolerance (Thornalley 1993; Kalapos 2008; Kaur et al. 2014c; Gupta et al. 2017).

10.6  Interactions Between the Glyoxalase and Antioxidant 
Systems for High Salinity Tolerance

As mentioned in Section 10.5, in plants both the glyoxalase and antioxidant systems 
are largely dependent on GSH (Fig. 10.3) (Hossain et al. 2011a). GSH is a multi-
functional molecule with diverse roles in plant stress tolerance and stress signaling 
(Noctor et al. 2012). Recently the use of stress-tolerant or stress-sensitive transgenic 
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plants has helped to advance our understanding of abiotic stress/tolerance response 
networks in plants. Coordinated induction of both the glyoxalase and antioxidant 
systems is required to render plants more tolerant of abiotic stress, as synergistic 
reductions in MG and ROS levels and efficient regulation of GSH levels, as well as 
GSH-utilizing and -regenerating enzymes, are required for high levels of tolerance 
(Yadav et al. 2005b; El-Shabrawi et al. 2010; Hossain et al. 2011b; Upadhyaya et al. 
2011). The interaction between ROS and MG detoxification systems was first 
described by Yadav et  al. (2005b) in transgenic tobacco (N.  tabacum var. Petit 
Havana) plants overexpressing both Gly I and Gly II genes. Transgenic plants main-
tained higher glyoxalase enzyme activities and showed reduced ROS- and 
MG-induced damage under conditions of high salinity. Surprisingly, the transgenic 
plants maintained higher APX, GR, GST, and GPX activities. Later, Upadhyaya 
et al. (2011) reported that transgenic potato (S. tuberosum L. cv. Taedong Valley) 
plants overexpressing AsA biosynthetic genes also showed the importance of an 
interaction between both ROS and MG detoxification systems with respect to high 
salinity tolerance. Importantly, transgenic potato plants maintained a higher GSH/
GSSG ratio; higher APX, DHAR, GR, GST, GPX, Gly I, and Gly II activities; and 
lower MG levels than wild-type plants. El-Shabrawi et al. (2010) showed that the 
salt-tolerant rice genotype Pokkali maintained higher GSH levels; a higher GSH/
GSSG ratio; and higher activity of Gly I and Gly II, SOD, CAT, POD, and GPX than 
the salt-sensitive genotype IR64. The tolerant genotype also showed lower ROS 
accumulation and less ROS-induced DNA damage. These findings support the 
importance of GSH for high salinity tolerance and demonstrate that coordinated 
induction of GSH biosynthesis and GSH-metabolizing enzymes is correlated with 
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Fig. 10.3 Mechanistic interactions of the antioxidant defense and glyoxalase systems for regula-
tion of reactive oxygen species (ROS) levels, methylglyoxal (MG) levels, and signaling functions 
in plants under salinity or abiotic stress. For further discussion, please see the text (Modified from 
Hossain et al. 2011a, b with permission)
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high salinity tolerance in plants. Studies on heat- or cold-priming-induced salinity 
and drought stress tolerance have also demonstrated the relationship between the 
glyoxalase and antioxidant systems with respect to abiotic stress tolerance (Hossain 
et al. 2013a, b). Recently several studies treating plants with plant growth regula-
tors, osmoprotectants, signaling molecules, or other chemicals have also confirmed 
the importance of the relationship between the glyoxalase and antioxidant systems 
for abiotic stress tolerance (Yadav et al. 2005b; Hoque et al. 2008; Kumar and Yadav 
2009; Hossain et al. 2010, 2011b; Hasanuzzaman et al. 2011a, b; Hasanuzzaman 
et  al. 2012a,  b; Mostofa et  al. 2014a,  b; Hossain et  al. 2014a,  b; Mostofa et  al. 
2015a, b; Nahar et al. 2015a, b; Jin et al. 2015; Gupta et al. 2017).

10.7  Signaling Roles of Methylglyoxal and Exogenous 
Methylglyoxal–Mediated High Salinity Tolerance 
in Plants

Though MG is most often regarded as a toxic molecule, inhibiting growth and 
development processes in plants, at low levels it acts as an important signaling mol-
ecule and is involved in regulating a diverse range of processes, including cell pro-
liferation and survival, reproductive growth and development, control of the redox 
status of cells, and many aspects of general metabolism and cellular homeostasis 
(reviewed by Hoque et al. 2016; Sankaranarayanan et al. 2017). MG can regulate 
plant stress responses by controlling stomatal opening and closure, production of 
ROS, cytosolic Ca2+ oscillations, activation of inward-rectifying potassium chan-
nels, accumulation of anthocyanins, the activities of glyoxalases, and expression of 
many stress-responsive genes (Hoque et al. 2012b, c, d; Kaur et al. 2014b; Hoque 
et al. 2015, 2016, 2017). It has been suggested that MG plays important roles in 
plant signal transduction as it transmits and amplifies cellular signals and functions 
promoting plant adaptation to salinity and other adverse environmental conditions. 
Recent studies have shown that treatment of plants with low concentrations of MG 
improves abiotic stress tolerance. Li et al. (2017a) demonstrated that application of 
MG to wheat (Triticum aestivum L. cv. Yunmai 41) plants increased salinity toler-
ance. In controls the imposition of salt stress inhibited seed germination and root 
and shoot growth, whereas application of exogenous MG reduced the inhibitory 
effects of salinity. The activities of Gly I and Gly II increased, whereas the endog-
enous MG level decreased, in MG-treated seedlings. Importantly, MG treatment 
increased the activities of SOD, CAT, APX, and GR; increased GSH and AsA lev-
els; and reduced the levels of ROS and malondialdehyde (MDA). MG treatment 
also altered betaine, proline, and sugar content under salt stress, whereas the posi-
tive effects of MG were neutralized when seedlings were treated with the MG scav-
enger N-acetyl-L-cysteine (NAC). Li and coworkers also demonstrated that 
treatment with MG improves cadmium tolerance in wheat (Li et al. 2017b).
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10.8  Genetic Engineering of Glyoxalase Pathway Enzymes 
to Improve Salinity Tolerance in Plants

Modification of the glyoxalase system has the potential to enhance abiotic stress 
tolerance in genetically modified crop plants (Kaur et  al. 2014a,  c; Gupta et  al. 
2017). The levels of glyoxalase enzymes can be used as phenomic biomarkers to 
indicate the degree of stress tolerance a plant processes, and plants with high gly-
oxalase enzyme levels have been shown to be potentially tolerant of a range of 
abiotic stressors (Kaur et al. 2014c; Gupta et al. 2017). In recent years, our under-
standing of the roles of glyoxalases has been broadened by various transcriptomic, 
proteomic, and metabolomic analyses of various plant species (Singla-Pareek et al. 
2003, 2006; Hossain et al. 2009; Lin et al. 2010; Mustafiz et al. 2011; Gupta et al. 
2017), and glyoxalase genes (Gly I and Gly II) from different plant species have 
been cloned and characterized, with promising results obtained in genetically engi-
neered plants that overexpress Gly  I or Gly  II or both, with respect to increased 
abiotic and biotic stress tolerance, including salinity (Table 10.1) (Veena et al. 1999; 
Reddy and Sopory 1999; Singla-Pareek et  al. 2003, 2006, 2008; Yadav et  al. 
2005a, b; Verma et al. 2005; Bhomkar et al. 2008; Roy et al. 2008; Lin et al. 2010; 
Saxena et al. 2011; Wani and Gosal 2011; Tuomainen et al. 2011; Alvarez Viveros 
et al. 2013; Wu et al. 2013; Mustafiz et al. 2014; Kaur et al. 2014a, b, c; Ghosh et al. 
2014, 2016; Alvarez-Gerding et al. 2015, Rajwanshi et al. 2016; Zeng et al. 2016; 
Gupta et al. 2017). Generally, transgenic plants that overexpress glyoxalase path-
way genes have better glutathione homeostasis and retain higher antioxidant and 
glyoxalase enzyme activities that help to maintain optimum cellular level of MG 
and ROS, ensuring signaling functions but restricting ROS- and MG-induced cel-
lular damage. The transgenic plants also show higher photosynthetic rates, higher 
yields and yield-attributing traits, and increased yields under stressful conditions 
(Gupta et al. 2017). Thus, genetic manipulation of the glyoxalase system in plants 
has the potential to contribute to production of crop plants with resistance to high 
salinity and multiple abiotic and biotic stresses.

10.9  Conclusions and Future Perspectives

Salinity-induced overaccumulation of damage causing MG and ROS is a universal 
response in plants and affects plant growth, development, and survival. To survive 
under saline conditions, plants need to sense and respond appropriately to the level 
of stress. Activation of the glyoxalase system and maintenance of optimum levels of 
MG and ROS are important for salinity tolerance. Over the past few years, signifi-
cant progress has been made in understanding the roles of the glyoxalase system in 
regulating MG, as well as ROS levels, in plants exposed to salinity or other environ-
mental stressors, but the signaling roles of MG still require further investigation. In 
addition, a large number of transcriptome, proteomic, metabolomic, and genetic 
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Table 10.1 Genetic modification of glyoxalase genes to confer abiotic stress tolerance

Gene Plant species Response phenotype References

Gly I Tobacco (Nicotiana 
tabacum)

Improved salt stress tolerance Veena et al. (1999)

Gly I Tobacco (Nicotiana 
tabacum)

Improved tolerance of MG 
and salt stress

Reddy and Sopory (1999)

Gly I Black gram (Vigna 
mungo)

Improved salt stress tolerance Bhomkar et al. (2008)

Gly I Arabidopsis thaliana Improved salt stress tolerance Roy et al. (2008)
Gly I Rice (Oryza sativa) Improved salt stress tolerance Verma et al. (2005)
Gly I Tobacco (Nicotiana 

tabacum)
Improved salt stress tolerance Yadav et al. (2005a)

Gly I Tobacco (Nicotiana 
tabacum)

Improved Zn tolerance Lin et al. (2010)

Gly I Tobacco (Nicotiana 
tabacum)

Improved tolerance of Zn, 
Cd, and Pb

Tuomainen et al. (2011)

Gly I Tobacco (Nicotiana 
tabacum)

Improved tolerance of MG, 
salt stress, mannitol, and 
H2O2

Wu et al. (2013)

Gly I Tobacco (Nicotiana 
tabacum)

Improved tolerance of MG 
and salt stress

Mustafiz et al. (2014)

Gly I Rice (Oryza sativa) Improved tolerance of salt 
stress, heavy metal, and 
mannitol

Zeng et al. (2016)

Gly I Mustard (Brassica juncea) Improved tolerance of salt, 
heavy metal, and mannitol

Rajwanshi et al. (2016)

Gly II Rice (Oryza sativa) Improved salt stress tolerance Singla-Pareek et al. 
(2008)

Gly II Mustard (Brassica juncea) Improved salt stress tolerance Saxena et al. (2011)
Gly II Rice (Oryza sativa) Improved salt stress tolerance Wani and Gosal (2011)
Gly II Arabidopsis thaliana Improved salt and anoxic 

stress tolerance
Devanathan et al. (2014)

Gly II Tobacco (Nicotiana 
tabacum)

Improved salt stress tolerance Ghosh et al. (2014)

Gly I + 
Gly II

Tobacco (Nicotiana 
tabacum)

Improved salinity tolerance 
and setting of viable seeds in 
Zn-spiked soils

Singla-Pareek et al. 
(2003, 2006) and Yadav 
et al. (2005b)

Gly I + 
Gly II

Tomato (Solanum 
lycopersicum)

Improved salt stress tolerance Alvarez Viveros et al. 
(2013)

Gly I + 
Gly II

Carrizo citrange (Citrus 
sinensis × Poncirus 
trifoliata)

Improved salt stress tolerance Alvarez-Gerding et al. 
(2015)

Gly I + 
Gly II

Rice (Oryza sativa) Improved salinity, drought, 
heat, and sheath blight 
tolerance

Gupta et al. (2017)

Gly III Rice (Oryza sativa) Improved tolerance of MG Ghosh et al. (2016)

Gly glyoxalase, MG methylglyoxal
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engineering studies have revealed linkages between the glyoxalase and ROS detoxi-
fication systems with respect to regulating salinity tolerance. However, further stud-
ies investigating the importance of the glyoxalase system in abiotic stress tolerance 
should be conducted in different cellular organelles, at various stages of plant 
growth, in different crops. In-depth investigation of the physiological, biochemical, 
and metabolic changes observed in glyoxalase-overexpressing transgenic crop 
plants is also needed for better understanding of the regulatory roles of glyoxalases 
in plants, if genetic engineering is to be used to produce salinity-tolerant and mul-
tiple stressor–tolerant crop plants.
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Chapter 11
Cross-Protection by Oxidative Stress: 
Improving Tolerance to Abiotic Stresses 
Including Salinity

Vokkaliga T. Harshavardhan, Geetha Govind, Rajesh Kalladan, 
Nese Sreenivasulu, and Chwan-Yang Hong

Abstract Abiotic stresses severely limit crop productivity. Plants being sessile, 
they are continuously exposed to a broad range of environmental stresses. Hence, 
multiple stress situations are more likely to occur in field conditions. Nevertheless, 
plants have evolved strategies to sense their environment to modulate its growth. 
However, its prime aim is to survive under adverse conditions and complete its life 
cycle. It is with the idea to increase or sustain productivity under adverse conditions 
that we are interested in. The response of plants to adverse environmental condition 
is sensed by changes in ROS leading to oxidative stress. Hence, it can be speculated 
that plants that are tolerant to oxidative stress would also be tolerant to multiple 
abiotic stress (abiotic stress-induced oxidative stress). In other words, cross- 
protection to multiple abiotic stresses can be achieved by developing plants tolerant 
to oxidative stress. Cross-protection can be enhanced by developing inherent toler-
ance by using conventional breeding or genetic engineering techniques or induced 
tolerance by priming. Here we try to compile the opinion of using oxidative stress 
tolerance as first line of defense against multiple abiotic stresses leading to cross- 
protection in field conditions.
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Keywords Cross-protection · Broad-spectrum stress tolerance · Redox homeosta-
sis · Energy balance · Inherent tolerance · Genetic engineering · Priming · 
Oxidative stress · Drought · Salinity · Extreme temperatures · Heavy metal stress

Abbreviations

•OH Hydroxyl radical
ABA Abscisic acid
APX Ascorbate peroxidase
AsA Ascorbate
CAT Catalase
DHAR Dehydroascorbate reductase
GPX Glutathione peroxidase
GR Glutathione reductase
GSH Glutathione
GST glutathione S-transferase
H2O2 Hydrogen peroxide
MDHAR Monodehydroascorbate reductase
MV Methyl viologen
NA Not available
NO Nitric oxide
O2•− Superoxide radical
OE Overexpression
PEG Polyethylene glycol
POX Peroxidase
PSI Photosystem I
PSII Photosystem II
RONSS Reactive oxygen, nitrogen, and sulfur species
ROS Reactive oxygen species
SA Salicylic acid
SOD Superoxide dismutase

11.1  Introduction

In field, plants are exposed to multiple environmental factors (abiotic) that may or 
may not be suboptimum for their growth and development. However, plants have 
developed various strategies to respond to its ever-changing environmental condi-
tions, by monitoring its surroundings and adjusting its metabolic systems accord-
ingly to maintain homeostasis and survive stressful conditions (Mittler 2006; Mittler 
and Blumwald 2010; Sreenivasulu et  al. 2007, 2012). Nevertheless, with the 
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severity of environmental stress, the plant’s genetic background and its memory of 
stress exposure determine its daily survival or death. These factors determine the 
performance of the individual. Therefore the genome-environment interaction is 
essential in elucidating the nature of the phenotypic variation leading to the plant’s 
successful performance in response to environmental cues (Pastori and Foyer 2002). 
Most of the crop varieties currently used in agriculture have been selected for their 
high productivity to cope with food security with increasing population demand and 
not for their stress tolerance traits (Gilliham et al. 2017; Taiz 2013).

Abiotic stress is an important feature in agriculture that has a huge impact on 
reduction in growth and productivity with additional challenge on plants by biotic 
stress leading to substantial yield loss. Stress combination studies instead of indi-
vidual stresses have now been recognized and gained importance (Rizhsky et al. 
2004; Mittler 2006; Kissoudis et  al. 2014; Suzuki et  al. 2014; Ramegowda and 
Senthil-Kumar 2015; Zandalinas et al. 2017; Pandey et al. 2017). Lab studies have 
demonstrated that plant’s response to a combination of stresses is different from 
plant’s response to individual stresses (Mittler 2006; Mittler and Blumwald 2010; 
Atkinson and Urwin 2012). However, outcome with experiments with plants under 
combination of stresses depends on the plant age, its developmental stage, severity 
of stress factors, and its inherent capacity of stress tolerance. The responses observed 
are inclined to the dominant stress factor. In addition, research on multiples stresses 
has been to simulate controlled stress to mimic natural conditions in the field, but 
nevertheless field conditions are not controlled. In nature, the environment of the 
plant is highly variable with abiotic stress factors that can occur in combinations or 
in successions. The loss in agricultural productivity can be minimized by reduction 
in yield caused by abiotic stress if the plants have broad-spectrum stress tolerance 
or cross-protection or tolerance.

Cross-protection, or tolerance, is the phenomena in which plants displaying tol-
erance to one kind of stress also display tolerance to other one or more stress factors 
(Pastori and Foyer 2002; Mittler 2006). Targeting responses that are shared across 
various kinds of stress could be the best components to be targeted to impart cross- 
protection or broad-spectrum stress tolerance (Fig. 11.1). Plants adapt to its variable 
environment mainly owing to the plasticity reflected by the cells to adjust the 
dynamics of cellular reduction/oxidation (redox) processes. In all aerobic organ-
isms, metabolic processes such as respiration and photosynthesis unavoidably lead 
to the production of ROS in the mitochondria, chloroplast, and peroxisome (Apel 
and Hirt 2004; Gill and Tuteja 2010). Although under optimal growth conditions, 
ROS are produced at a low level in organelles, and they get elevated during stress. 
Till date, all kinds of abiotic and biotic stresses trigger a generalized stress response 
called oxidative stress caused by the accumulation of activated oxygen molecules 
called reactive oxygen species (ROS). Under abiotic stress condition, stomatal clo-
sure limits the uptake of CO2 which results in the overproduction of ROS due to 
overreduction of photosynthetic electron transport chain (Apel and Hirt 2004; 
Noctor et al. 2014).
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11.2  Oxidative Stress: A Generalized Response

All kinds of abiotic and biotic stresses trigger a generalized stress response called 
oxidative stress caused by the accumulation of reactive oxygen species (ROS). In 
general, oxidative stress can be defined as a physiological state wherein oxidation 
exceeds reduction leading to oxidative damage to cell compounds. Hence, it is an 
imbalance of the reduction/oxidation (redox) state of the cell caused by lack of 
electrons resulting in imbalance between ROS generation and its detoxification. 

Abiotic/biotic stress
(drought, high light, heat, chilling,
heavy metals, pathogens, insect

attack etc)

General stress
response

Specific stress
response

Imbalance in redox status

Oxidative stress

Tolerance to oxidative stress

Balancing redox
homeostasis

Inherent genetic
stress tolerance

Pre-treatment
or priming

stress tolerance

Fig. 11.1 Oxidative stress is a general stress response, and tolerance to oxidative stress imparts 
cross-protection or multiple stress tolerance
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Interestingly, it is believed that O2 derivatives are one of the oldest stresses on the 
planet (Dowling and Simmons 2009). Therefore, plants have evolved the ability to 
employ oxidative stress – imbalance in ROS – not only for signaling needs and sens-
ing other stresses but for regulation of growth, polarity, and death (Demidchik et al. 
2003, 2010; Foreman et al. 2003), sensing hormones and regulatory agents (Murata 
et  al. 2001; Demidchik et  al. 2004, 2009; Krishnamurthy and Rathinasabapathi 
2013) and many other processes that are not primarily related to stress or oxidation. 
Environmental stresses like salinity, extreme temperature, or drought result in a 
marked increase in ROS level leading to oxidative damage in plant cells (Robinson 
and Bunce 2000).

One of the most important consequence of abiotic stresses is the overaccumula-
tion of ROS like O2

•−, H2O2, and •OH in plant cells (Mittler et al. 2004). Plants have 
several strategies to withstand an oxidative stress, mainly by use of antioxidants – 
enzymes and nonenzymatic substances that scavenge ROS and free radicals 
(reviewed by Alscher et al. 2002; Dietz et al. 2006; Dietz 2003; Mittler et al. 2004; 
Gill and Tuteja 2010; Wani et al. 2016; Upadhyaya and Hossain 2016). It has now 
become quite evident that changes in cellular redox environment play a pivotal role 
in integrating external stimuli and stress signaling network in plants (Fujita et al. 
2006; Spoel and Loake 2011; Suzuki et al. 2012; Scheibe and Dietz 2012). Therefore, 
the cell must tightly regulate its ROS levels to avoid cellular damage.

Many reviews have focused on ROS scavenging involved in plant defense against 
oxidative stress (Smirnoff 2005; Dietz et al. 2006; Pitzschke et al. 2006; Vieira Dos 
Santos and Rey 2006; Moller et al. 2007; Foyer and Noctor 2009, 2011; Gill and 
Tuteja 2010; Asensi-Fabado and Munne-Bosch 2010; Farmer and Mueller 2013; 
Zagorchev et al. 2013). Detailed reviews have focused on ROS describing its metab-
olism (Apel and Hirt 2004; Noctor et al. 2014), signaling networks (Miller et al. 
2010; Suzuki et al. 2012; Baxter et al. 2014), and cross talk with other signaling 
molecules involved in developmental and stress response processes (Suzuki et al. 
2012; Noctor et al. 2014).

Most of the injury to plants due to abiotic stresses is related to ROS-initiated 
oxidative damage. Hence, enhancing tolerance to several environmental stresses 
could be achieved through the modulation of gene expression to different ROS- 
scavenging enzymes ultimately reducing ROS in cells. Nevertheless, to improve 
tolerance to oxidative stress, plants have been overexpressed for genes encoding 
either ROS-scavenging enzymes or enzymes modulating the cellular antioxidant 
capacity, which have been found to be successful (Liu et al. 2013; Zhai et al. 2013; 
Lee et al. 2007; Diaz-Vivancos et al. 2013; Xu et al. 2014).

In plants, the main sites of ROS production are localized in different cellular 
compartments: chloroplast, peroxisomes, mitochondria, plasma membrane, and 
apoplast. In light, chloroplast and peroxisomes are the major source of ROS produc-
tion, while in the dark, it is the mitochondria (Foyer and Noctor 2003; Moller 2001; 
Rhoads et al. 2006). This undesirable by-product of cellular metabolism, ROS, is 
known to play a crucial role in molecular signaling.
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288

The major ROS-producing sites during abiotic stress are the chloroplast, mito-
chondria, peroxisome, and apoplast (Dietz et al. 2016; Gilroy et al. 2016; Huang 
et al. 2016; Kerchev et al. 2016; Rodriguez-Serrano et al. 2016; Takagi et al. 2016). 
The major contributors of ROS are the chloroplast and mitochondria performing 
normal physiological processes like photosynthesis and respiration. Their rate of 
ROS production steeply increases under abiotic and biotic stress resulting in oxi-
dative stress (Hossain and Fujita 2013; Hossain et  al. 2010, 2013a, b, 2015; 
Mittler 2002).

11.3  Photosynthesis: Sensor of Environmental Stress

Chloroplast and mitochondrial redox state and ROS metabolism serve as the source 
of retrograde signals that regulate nuclear gene expression and modulates the accli-
mation of plants to environmental stimuli (Rhoads and Subbaiah 2007; Pogson 
et al. 2008; Woodson and Chory 2008; Shapiguzov et al. 2012; Szechyńska-Hebda 
and Karpiński 2013). Chloroplast retrograde signaling plays a major role in net-
working signals received from different organelles and ROS, which might be an 
important mediator role. As observed, chloroplastic ROS production and photo-
synthetic functions are also regulated by cues perceived by cell wall or apoplastic 
spaces (Padmanabhan and Dinesh-Kumar 2010). Mitochondrial ROS production is 
much lower when compared to chloroplast ROS production. However, ROS gener-
ated in mitochondria also regulate a number of cellular processes, including stress 
adaptations and programmed cell death (Hossain et  al. 2015; Robson and 
Vanlerberghe 2002).

Chloroplast is the vital source of ROS, generated during light reaction in PSII 
and PSI, which is increased during stress also due to limited CO2 availability and 
impaired ATP synthesis (Takahashi and Murata 2008; Yamamoto et  al. 2008; 
Nishiyama and Murata 2014; Noctor et al. 2014) leading to oxidative stress (Foyer 
and Shigeoka 2011). Reduced rate of photosynthetic carbon fixation is commonly 
observed under various abiotic stresses including salinity, drought, extreme tem-
perature, and heavy metals (Abogadallah 2011; Cruz de Carvalho 2008; Kaushal 
et al. 2011; Kim and Portis 2004; Sanda et al. 2011; Wise 1995).

Plant stress adaptive mechanism involves the reestablishment of cellular energy 
balance. Hence, photosynthesis that plays a major role in modulating energy signal-
ing and balance has significant contribution in energy homeostasis of the whole 
plant. The chloroplast involves a series of photochemical and biochemical reactions 
that are interconnected with several redox components.

ROS generation in chloroplast by abiotic stresses (drought, high or low tem-
perature, heavy metal toxicity, high light, salinity) results in photoinhibition 
(Allakhverdiev et al. 2002; Allakhverdiev and Murata 2004; Ohnishi and Murata 
2006; Allakhverdiev et al. 2008; Takahashi et al. 2009; Foyer and Noctor 2005). 
Chloroplast response to variations in environmental stress has been widely stud-
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ied and reviewed (Biswal et  al. 2011; Li et  al. 2009; Sage and Kubien 2007; 
Allakhverdiev et al. 2008; Lawlor 2009; Lawlor and Tezara 2009; Pfannschmidt 
et al. 2009). Alterations in pigment composition, structural organization, primary 
photochemistry, and CO2 fixations all act as stress sensors with PSII and RuBisCO, 
the major stress sensors (Biswal and Raval 2003; Biswal 2005). The imbalance in 
energy between source and sink helps plants to regulate stress adaptation 
(Ensminger et al. 2006; Wilson et al. 2006). Under stress, the energy balance and 
redox homeostasis between source and sink is perturbed, and the altered redox 
homeostasis signals readjust to tolerate stress. However, the mechanism of energy 
sensing has not yet clearly been understood. The plants exhibit dynamic stress 
adaptation behavior and as much as possible try to maintain optimal photosyn-
thetic efficiency (Biswal et al. 2008).

11.4  Oxidative Stress-Tolerant Plants Are Cross-Protected 
to Other Abiotic Stresses

Oxidative stress is a highly regulated process, wherein the fate of the plant is deter-
mined by the equilibrium between ROS and antioxidative capacity of the plant. 
Several reports confirmed that enhanced antioxidant defense combats oxidative 
stress induced by abiotic stressors like salinity (Hasanuzzaman et al. 2011; Hossain 
et al. 2011), drought (Selote and Khanna-Chopra 2010; Hasanuzzaman and Fujita 
2011), heat (Chakraborty and Pradhan 2011; Rani et al. 2013), cold (Zhao et al. 
2009; Yang et al. 2011), flooding (Li et al. 2011), heavy metal toxicity (Hossain 
et  al. 2010; Gill et  al. 2011), UV radiation (Kumari et  al. 2010; Li et  al. 2010; 
Ravindran et al. 2010), and ozone (Yan et al. 2010). Developing plants with higher 
antioxidative potential provides an opportunity to develop plants with enhanced 
tolerance to abiotic stresses.

To overcome and withstand oxidative stress, plants have an effective antioxida-
tive system that includes both enzymatic and nonenzymatic compounds to regulate 
redox homeostasis. The enzymatic antioxidant defense system includes mainly 
superoxide dismutase (SOD), ascorbate peroxidase (APX), monodehydroascorbate 
reductase (MDHAR), dehydroascorbate reductase (DHAR), glutathione reductase 
(GR), catalase (CAT), glutathione peroxidase (GPX), glutathione S-transferase 
(GST), and peroxidase (POX). The nonenzymatic antioxidant defense system 
mainly includes ascorbate (AsA), glutathione (GSH), tocopherol, carotenoids, and 
flavonoids (Apel and Hirt 2004; Hossain and Fujita 2013).

Plants genetically modified to reduce oxidative damage under stress by 
manipulation of ROS-detoxifying enzymes or nonenzymatic oxidants are 
reported to be tolerant to a range of abiotic stresses, providing cross-protection. 
Crop plants which showed improved tolerance to abiotic stresses, which are 
manipulated for ROS detoxifying and nonenzymatic oxidants, are listed in 
Table 11.1.

11 Cross-Protection by Oxidative Stress…
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11.5  Genetic Engineering for Abiotic Oxidative Stress 
Tolerance

Transgenic tobacco, rice, wheat, and Medicago plants overexpressing isoform of 
SOD were found to be tolerant to multiple abiotic stresses. Transgenic tobacco 
plants displayed enhanced tolerance to salt, drought, and PEG-induced drought 
stress (Badawi et  al. 2004; Faize et  al. 2011). Transgenic rice was tolerant to 
MV-induced oxidative stress, salt, and drought stress (Prashanth et al. 2008; Wang 
et  al. 2005). Similarly, transgenic wheat and Medicago also displayed oxidative 
stress tolerance along with photooxidative stress tolerance caused by other abiotic 
stresses (Melchiorre et al. 2008; Rubio et al. 2002). In tomato, overexpression of 
SOD leads to enhanced tolerance to MV-induced oxidative stress and salinity (Wang 
et al. 2007). Transgenic Arabidopsis and cotton overexpressing SOD were tolerant 
to drought (Liu et al. 2013; Zhang et al. 2014).

Overexpression of APX in tobacco resulted in enhanced tolerance of plants to 
salinity, drought, PEG-induced water deficit, osmotic stress, and MV- and paraquat- 
induced oxidative stress (Fotopoulos et  al. 2008; Badawi et  al. 2004; Sun et  al. 
2010; Singh et al. 2014). Similarly, transgenic tomato expressing APX displayed 
enhanced tolerance to drought, UV-B, heat, and chilling stress (Wang-Yueju et al. 
2005; Wang et al. 2006). Overexpression of APX in Arabidopsis and rice resulted in 
enhanced tolerance to salinity and cold stress, respectively (Sato et  al. 2011). 
Moreover, constitutively expressed cytosolic ascorbate peroxidase 1 (APX1) in 
Arabidopsis increased tolerance to heat and drought combined stress (Koussevitzky 
et al. 2008). Transgenic plants overexpressing CAT displayed enhanced tolerance to 
oxidative stress caused by drought, cold, high light, and salinity (Mohamed et al. 
2003; Matsumura et  al. 2002). Transgenic studies in tobacco, tomato, rice, and 
potato overexpressing either MDHAR or DHAR showed enhanced tolerance to salt, 
drought, PEG-induced water deficit, ozone, and MV-induced oxidative stress 
(Eltayeb et al. 2006, 2007, 2011; Kavitha et al. 2010; Li et al. 2010, 2012; Sultana 
et al. 2012). Likewise, improved oxidative stress tolerance and multiple stress toler-
ance toward salinity, drought, MV-induced oxidative stress, and cold were also 
observed in transgenic plants overexpressing other enzymatic antioxidant defense 
system GR, GPX or GST (Ding et al. 2009; Le Martret et al. 2011; Kouřil et al. 
2003; Yoshimura et al. 2004; Gaber et al. 2006; Qi et al. 2010; Ji et al. 2010; Jha 
et al. 2011; Liu et al. 2013).

Pyramiding two or more genes is an alternative approach to increase tolerance to 
a desired level (Ahmad et al. 2010; Lee et al. 2007). Transgenic plants co- expressing 
multiple antioxidant genes (various combinations of two or more genes SOD, APX, 
CAT, GST, or DHAR) displayed better oxidative stress tolerance compared to single 
gene transformants (Ahmad et al. 2010; Faize et al. 2011; Lee et al. 2007; Wang 
et al. 2011; Zhao and Zhang 2006; Zhao et al. 2009).

Apart from the enzymatic components of the antioxidant system of ascorbate- 
glutathione (AsA-GSH) pathway, it also includes the nonenzymatic components – 
AsA and GSH. The response of cells to environmental conditions depends on the 
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altered redox ratios of AsA/DHA or GSH/GSSG (Tausz et al. 2004). Under field 
conditions, the ratio of AsA/DHA is relatively lower compared to the ratio GSH/
GSSG (Noctor and Foyer 1998). Studies have highlighted the importance of high 
ratio of GSH/GSSG and/or AsA/DHA in abiotic stress tolerance that is achieved by 
either increased GSH and AsA or diminution of GSSG and DHA (Szalai et  al. 
2009). Transgenic plants overexpressing the enzymes involved in the biosynthesis 
of AsA or GSH have been reported to have improved abiotic oxidative stress toler-
ance (Hemavathi et al. 2010; Lim et al. 2012; Lisko et al. 2013; Liu et al. 2013; 
Upadhyaya et al. 2011; Zhang et al. 2011).

11.6  Induced Cross-Protection by Chemicals

Chemical priming for crop stress management is a promising and emerging field 
(Antoniou et al. 2016). Use of chemical agents overcomes the drawback of imple-
menting inherent cross-protection by methodologies that are time-consuming (con-
ventional breeding) and unacceptable by many countries (transgenic approach).

A number of agrochemicals are available that are targeted as defense inducers. 
The principle action of these chemicals is an initial disruption of ROS homeostasis 
(induce accumulation of H2O2) in cells on application of inducer, followed by trig-
gering enhanced detoxification capacity of the cells. Direct application of ROS by 
oxidative agents has shown to induce cross-protection against abiotic stresses. Best 
known among them is the application of H2O2 and O3. Reactive oxygen (H2O2), nitro-
gen (NO), and sulfur (H2S) species (RONSS) have shown to play an important role 
in stress acclimation (Savvides et al. 2016). When these are applied at low concentra-
tions, they act as priming agents and enhance abiotic stress tolerance. For example, 
strawberry, tomato, and soybean plants pretreated with chemical primers displayed 
enhanced abiotic stress tolerance (Christou et  al. 2013, 2014; İşeri et  al. 2013; 
Radhakrishnan and Lee 2013). H2O2, a known activator of antioxidant defense, is 
used for wheat seed pretreatment to sow in an environment that experienced drought 
and/or salt stress (Wahid et al. 2007; He and Gao 2009). The priming increases the 
antioxidant capacity that is correlated with increased transcripts of enzymatic anti-
oxidants and or AsA and GSH biosynthesis (Christou et al. 2013, 2014).

Priming with exposure to stress or chemical compounds can also modulate abiotic 
stress tolerance (Filippou et al. 2013; Hossain and Fujita 2013; Mostofa and Fujita 
2013; Borges et al. 2014; Mostofa et al. 2015; Nahar et al. 2015; Wang et al. 2014). 
Recent studies provide evidence that initial exposure to chemical priming agents 
(such as H2O2, ABA, NO, SA, etc.) renders plants more tolerant to abiotic stresses 
(Hasanuzzaman et al. 2011; Mostofa and Fujita 2013; Mostofa et al. 2014; Sathiyaraj 
et al. 2014; Teng et al. 2014). Exogenous application of H2O2 induced tolerance to 
salinity, drought, chilling, and high temperatures and heavy metal stress, all of which 
cause elevated H2O2 production (Gong et al. 2001; Uchida et al. 2002; de Azevedo 
Neto et al. 2005; Chao et al. 2009; Liu et al. 2010; Wang et al. 2010, 2014; Ishibashi 
et al. 2011; Gondim et al. 2012, 2013; Hossain and Fujita 2013).
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Although these chemical agents are effective at low concentrations, they can be 
deleterious at higher concentration (Sagor et al. 2013; Sathiyaraj et al. 2014; Bajwa 
et al. 2014). In addition, exogenous priming agents may have physiological effect 
on plants. The effects depend on the type of priming agent used, concentration, and 
frequency of application and method of application, environmental condition, and 
plant species. Hence, there is a need for development of technologies for appropri-
ate application of appropriate concentration that is plant specific. In addition, their 
impact on environment (beneficial microorganisms, pollinators, aquatic habitat, 
etc.) must be studied. Chemical priming agents, as seed treatment is most desirable 
as it reduces cost of later priming treatment in field conditions.

11.7  Conclusion

Oxidative stress that results due to ROS accumulation accompanies almost all abi-
otic stresses. Combinations of abiotic stresses result in an even more severe oxida-
tive stress condition. Hence, regulation and control of cellular ROS homeostasis 
play a primary defense mechanism for enhanced multiple stress tolerance or cross- 
protection against abiotic stresses. Plants with cross-protection against multiple abi-
otic stresses provide us with improved agronomic and genetic tool for sustainable 
agriculture that is climate resilient. For example, the antioxidant enzyme ascorbate 
peroxidase 1 has been proved to be crucial for drought and heat combined stress 
tolerance. Genetic engineering of transcription factor provides another opportunity 
to master regulate many stress-responsive genes. In addition, hormonal cross talk 
modulates plant responses to multiple stresses, which also opens new vistas for 
engineering plants tolerant to stress combination.
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Chapter 12
Strategies to Alleviate Salinity Stress 
in Plants

Sara Francisco Costa, Davide Martins, Monika Agacka-Mołdoch, 
Anna Czubacka, and Susana de Sousa Araújo

Abstract Soil salinization is a major threat to agriculture in arid and semiarid 
regions. Besides the identification and use of salt-adapted species or cultivars in 
saline areas, the use of treatments to alleviate the effects of salinity stress is a 
promising solution to ensure crop production in such adverse conditions. Chemical, 
biological, and physical treatments are being successfully applied to seeds, 
seedlings, or plants before exposure to salinity stress. These treatments activate 
physiological and molecular pathways enabling the seed or plant to respond more 
quickly and/or more vigorously after exposure to salinity. Coupled to this, 
agricultural management practices have also contributed to mitigation of the effects 
of excessive salt accumulation in the soil. The acquired fundamental knowledge 
about how a plant reacts to high salt concentrations has been essential for the 
development of educated and applied strategies for salinity alleviation. In this 
chapter, we provide a general overview of the main strategies applied to alleviate 
salinity effects in plants, with a critical discussion of the main achievements 
described in this field.
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Abbreviations

ABA Abscisic acid
ACC 1-Aminocyclopropane-1-carboxylic acid
AMF Arbuscular mycorrhizal fungi
APX Ascorbate peroxidase
BABA β-Aminobutyric acid
CaCl2 Calcium chloride
CAT Catalase
CuSO4 Copper sulfate
EC Electrical conductivity
EMF Electromagnetic field
ET Ethylene
FAO Food and Agriculture Organization
GA3 Gibberellic acid
H2O2 Hydrogen peroxide
H2S Hydrogen sulfide
IAA Indoleacetic acid
JA Jasmonate
K+ Potassium
K3PO4 Tripotassium phosphate
KCl Potassium chloride
KH2PO4 Monopotassium phosphate
KNO3 Potassium nitrate
KOH Potassium hydroxide
MDA Malondialdehyde
MF Magnetic field
MgSO4 Magnesium sulfate
Na+ Sodium
NaCl Sodium chloride
NCBI National Center for Biotechnology Information
NO Nitric oxide
NO3 Nitrate
n-Si Nanosilicon particles
n-SiO2 Nanosilicon dioxide particles
O2

− Superoxide radical
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OH− Hydroxyl radical
P5CR Pyrroline-5-carboxylate reductase
P5CS Pyrroline-5-carboxylate synthetase
PEG Polyethylene glycol
PGPB Plant growth–promoting bacteria
PGPR Plant growth–promoting rhizobacteria
POX Peroxidase
Put Putrescine
QTL Quantitative trait locus
RONSS Reactive oxygen–nitrogen–sulfur species
ROS Reactive oxygen species
SA Salicylic acid
SMF Static magnetic field
SNP Sodium nitroprusside
SOD Superoxide dismutase
Spd Spermidine
Spm Spermine
UV Ultraviolet radiation
ZnSO4 Zinc sulfate

12.1  Introduction

Soil salinization is a major threat to agriculture in arid and semiarid regions, where 
water scarcity and inadequate drainage of irrigated lands severely reduce crop yield 
(Hanin et al. 2016). According to information available at the Food and Agriculture 
Organization (FAO) Soils Portal (http://www.fao.org/soils-portal/soil-management), 
more than 6% of the world’s total land area is affected by salt accumulation. The 
same source indicates that the total area of saline soils has been estimated at 
397  million hectares, while sodic soils represent 434  million hectares. This 
threatening scenario could be exacerbated presently by the emerging climate 
changes observed in different areas of the world.

Salinization can broadly refer to the accumulation of different salts, including 
potassium, magnesium, calcium and sodium carbonates, bicarbonates chlorides, 
and sulfates (Bockheim and Gennadiyev 2000). Consequently, this diverse ionic 
composition will result in a wide range of physiochemical properties. The literature 
discussing salt-affected soils often uses two different concepts: soil salinization and 
soil sodicity. According to the FAO Soils Portal, salt-affected soils can be divided 
into saline, saline–sodic, and sodic, depending on salt amounts, types of salt, the 
amount of sodium present, and soil alkalinity. Saline soils are those that have a 
saturation soil paste extract electrical conductivity (EC) of more than 4 dS m−1 at 
25  °C (which corresponds to approximately 40  mM sodium chloride (NaCl)), 
generating an osmotic pressure of approximately 0.2  MPa (Grieve et  al. 2008; 
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Munns and Tester 2008). Soil sodicity is a term more restricted to the amount of Na+ 
held in the soil. High sodicity (more than 5% of Na+ in the overall cation content) 
causes clay to swell excessively when wet, therefore severely limiting air and 
water movements and resulting in poor drainage (Munns 2005; Hanin et al. 2016). 
Because of the nature of salts present in sodic soils, they are usually alkaline—an 
aspect also limiting crop cultivation. Saline–sodic soils have, as the name indicates, 
intermediate properties.

A growing body of research has discussed the effects of soil salinity on plant 
responses (for recent reviews, see Munns and Gilliham (2015); Hanin et al. (2016); 
Negrão et al. (2017)). The response of plants to salinity can be described in two 
main phases, reflecting a time frame of biological processes occurring: shoot ion- 
independent (early) responses and ion-dependent (late) responses (Negrão et  al. 
2017). An early response (a couple of minutes or a day after stress imposition) is 
characterized as a rapid response by the plant, in which the osmotic effect of the salt 
is sensed in the soil. Early responses are also known as the osmotic phase (Roy et al. 
2014). Decreased soil water potential leads to a decline in water uptake by the plant, 
causing stomatal closure, reducing photosynthesis, and inhibiting leaf expansion, 
which results in a decrease in the shoot growth rate (Munns and Tester 2008; Das 
et al. 2015; Nongpiur et al. 2016; Hanin et al. 2016). The ionic phase happens when 
salts’ toxic effects are sensed within the plant because of their accumulation (Munns 
2005). The second phase is a slower response occurring after several days to weeks 
and takes place after toxic accumulation of Na+ in photosynthetic tissues (Roy et al. 
2014). As a result of the salt accumulation over time, there is a slower inhibition of 
growth, occurring especially in older leaves, causing their senescence (Munns and 
Tester 2008). In contrast to young leaves, old leaves are not capable of diluting 
the salt that enters their cells, and this leads to their death. If the leaves’ death rate 
is higher than the leaves’ production rate, then the photosynthetic capacity will 
be impaired, leading to a reduced growth rate (Munns and Tester 2008; Nongpiur 
et al. 2016).

According to Negrão et al. (2017), salinity tolerance mechanisms in plants can 
be classified into three different categories: ion exclusion, which refers to net 
exclusion of toxic ions from the shoot; tissue tolerance, which refers to 
compartmentalization of toxic ions in specific tissues, cells, and subcellular 
organelles; and shoot ion-independent tolerance, which focuses on maintenance of 
growth and water uptake independent of the extent of Na+ accumulation in the 
shoot. For a detailed description of the main physiological, cellular, and metabolic 
responses activated in each case, see Munns and Tester (2008); Roy et al. (2014). 
Nevertheless, it is worth highlighting that ion transport via cell membranes is the 
basic factor determining salinity tolerance (Ismail and Horie 2017). Moreover, 
salinity leads to oxidative stress in plants because of production of reactive oxygen 
species (ROS) such as superoxide radicals (O2

−), hydrogen peroxide (H2O2), and 
hydroxyl radicals (OH−), which can trigger DNA and cellular damage (El-Mashad 
and Mohamed 2012). To cope with this, antioxidative stress defenses are triggered 
through enzymatic antioxidant mechanisms including catalase (CAT), superoxide 
dismutase (SOD), and peroxidase (POX), among others (Gharsallah et al. 2016). 
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Under salt stress, concomitant accumulation of compatible solutes occurs with the 
accumulation of solutes in the cytosol (Munns and Tester 2008). Low-weight solutes 
such as proline, polyols, amino acids, proteins, and betaine—commonly referred to 
as compatible solutes—play a role in both osmoprotection and osmotic adjustment 
under high salt concentrations (El-Mashad and Mohamed 2012; Gharsallah et al. 
2016). Indeed, overproduction of proline in plants imparts stress tolerance by 
maintaining cell turgor or osmotic balance; stabilizing membranes, thereby 
preventing electrolyte leakage; and bringing concentrations of ROS within normal 
ranges, thus preventing oxidative bursts in plant (Hayat et al. 2012).

Plant morphology, biochemistry, and physiology also play a major role in shap-
ing the different degrees of salinity tolerance (Nongpiur et al. 2016). Among plants 
there is a gradient of NaCl tolerance in the environment, from the very tolerant ones 
to the very sensitive ones. Species of the genera Tecticornia or Atriplex fall into the 
salt-tolerant group and are often termed halophytes (Munns and Tester 2008; 
Flowers and Colmer 2015). Rice (Oryza sativa) has been described as one of the 
species most sensitive to salinity (Das et al. 2015). In the field, where the salinity 
can rise to 100 mM NaCl (about 10 dS m−1), rice will die before maturity, while 
wheat (Triticum aestivum) will still be able to produce a reduced yield (Munns et al. 
2006). Thus, wheat is considered a moderately salt-tolerant crop. On the other hand, 
barley (Hordeum vulgare) is considered one of the most salt-tolerant cereals, but it 
dies after extended periods at salt concentrations higher than 250  mM NaCl 
(equivalent to 50% seawater) (Munns et  al. 2006). These examples allow us to 
conclude that understanding of the mechanism by which crop production could be 
maintained in a saline growing scenario is needed to ensure our food security (Landi 
et al. 2017). Differences in salinity responses can occur within the same genus. As 
an example, in the Brassica genus, B. napus is the most tolerant species, followed 
by B. juncea and then by B. oleracea (Chakraborty et al. 2016).

There have been significant breakthroughs in the understanding of the mecha-
nisms, control, and modulation of Na+ accumulation in plants (Munns and Tester 
2008). Numerous genes have been identified that could be used in molecular breed-
ing programs. As an example, Saltol, a major quantitative trait locus (QTL) for salt 
tolerance, is being transferred into seven popular locally adapted rice varieties: 
ADT45, CR1009, Gayatri, MTU1010, PR114, Pusa 44, and Sarjoo 52 (Singh et al. 
2016). In another study, transgenic tomato plants overexpressing a vacuolar Na+/H+ 
antiporter were able to grow, flower, and produce fruit in the presence of 200 mM 
NaCl (Zhang and Blumwald 2001). Despite the success of these approaches, they 
are time consuming and likely not accessible to all salinity-devoted researchers or 
farmers, because of their cost. In this context, the development of easy and cost- 
effective approaches to mitigate the impacts of salinity stress in plants and crop 
production is highly desirable.

One strategy to mitigate the effects of salt stress in plants could be the applica-
tion of chemical, biological, and physical treatments in seeds, seedlings, or plants 
before exposure to salinity stress (see Fig. 12.1). Those treatments, mainly applied 
before seed sowing, are expected to activate physiological and molecular pathways 
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enabling the seed to respond more quickly and/or more vigorously after exposure to 
an abiotic stress factor. This chapter aims to provide a general overview of the main 
treatments applied to plants to alleviate salinity effects, with a critical discussion of 
the main achievements described in this field.

12.2  Chemical Strategies to Alleviate Salinity Stress

Seed and plant priming constitutes a technology to enhance plant tolerance of vari-
ous abiotic stresses including salinity. Seed priming is generally defined as a pre-
sowing treatment, applied before germination, to improve the speed and uniformity 
of germination (Paparella et  al. 2015). The efficiency of the priming technology 
depends on the plant species, the method of treatment and its duration, and the dose 
of the protectant/priming agent used (Nawaz et al. 2013; Jisha and Puthur 2016). 
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Fig. 12.1 Schematic representation of the multiple strategies available to alleviate salinity stress 
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Nevertheless, the concept of priming can be further extended to seedlings and whole 
plants. In this context, plant priming is a mechanism leading to a physiological state 
that enables plants to respond more rapidly and/or more robustly after exposure to 
biotic or abiotic stresses (Aranega-Bou et al. 2014). Plant priming can be initiated 
naturally in response to an environmental stress event, which acts as a cue indicating 
an increased probability of facing that specific stress factor in the future (Savvides 
et al. 2016).

Salinity stress can be alleviated by the use of many chemical agents. Some of 
them are natural metabolites produced by plants in small amounts but, if applied 
exogenously, they alter gene expression and regulation of metabolism, leading to 
enhanced salt tolerance. Those substances include sugars (e.g., trehalose), amino 
acids and their derivatives (e.g., proline, glycine betaine, melatonin, β-aminobutyric 
acid (BABA), and glutathione), plant growth regulators (e.g., jasmonate (JA) and 
salicylic acid (SA)), polyamines (e.g., spermine (Spm), spermidine (Spd), and 
putrescine (Put)), and vitamins, which are involved in the integration of stress sig-
nals (Vaishnav et al. 2016). Under salt stress conditions, they could also play a role 
as osmoprotectants or antioxidants. Another group of chemical agents effective in 
inducing plant tolerance of abiotic stresses are reactive oxygen–nitrogen–sulfur 
species (RONSS), which are known also for their damaging activity if they occur 
in a high concentration. This group of compounds includes reactive molecules con-
taining oxygen (e.g., H2O2), sulfur (e.g., hydrogen sulfide (H2S)), and nitrogen 
(e.g., nitric oxide (NO)). Numerous plant stress physiology studies have been 
devoted to studying the role of sodium nitroprusside (SNP), an inorganic com-
pound that is a source of NO (Vaishnav et al. 2016; Savvides et al. 2016).

Chemical pretreatment of plants before stress occurrence increases their toler-
ance of adverse environmental conditions, since it contributes to plants responding 
faster and more strongly to unfavorable conditions (Savvides et al. 2016). A nonex-
haustive list of chemical priming treatments targeting the improvement of seed, 
seedling, and plant salt stress tolerance is presented in Table 12.1. Seed germination 
is a critical step in plant development. In many crops, germination may be delayed 
and growth of seedlings inhibited under saline conditions. Consequently, it is not 
surprising that a large body of research is focused on understanding seed priming, 
as well as developing new priming protocols. The application of chemical agents for 
plant and seed pretreatment seems to be an inexpensive method of crop protection 
from salinity stress because the compounds have been shown to be effective in low 
concentrations (Savvides et al. 2016). Another benefit is that the tolerance of salinity 
stress induced by the use of chemical agents becomes systemic although they are 
usually applied only to the seeds, roots, or leaves. However, most studies have 
determined plant tolerance of the stress soon after chemical priming. Therefore, the 
durability of crop protection provided by the aforementioned chemical compounds 
remains an open question. In Sects.  12.2.1–12.2.4 we discuss some chemical 
priming approaches described in the literature.
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Table 12.1 Priming treatments adopted for developing salinity stress tolerance in plants

Species

Plant 
growth 
stage Priming agent

Method of 
application Reference

Eggplant 
(Solanum 
melongena)

Plant Proline Foliar sprayed Shahbaz et al. 
(2013)

Rice (Oryza 
sativa)

Seedling Proline, trehalose Added to 
medium

Nounjan et al. 
(2012)

Silicon Added to 
medium

Kim et al. (2014)

Silicon Added to soil Farooq et al. (2015)
Seed NaCl, KCl, CaCl2, KNO3, 

ascorbic acid, mannitol, 
PEG, sorbitol, wood 
vinegar

Soaked in 
solution

Theerakulpisut 
et al. (2016)

Spd, GA3 Soaked in 
solution

Chunthaburee et al. 
(2014)

Soybean (Glycine 
max)

Seed Proline, glycine betaine Soaked in 
solution

Vaishnav et al. 
(2016)

KNO3 Soaked in 
solution

Miladinov et al. 
(2015)

Wheat (Triticum 
aestivum)

Seed Cysteine Soaked in 
solution

Nasibi et al. (2016)

Choline Soaked in 
solution

Salama and 
Mansour (2015)

CaCl2 Soaked in 
solution

Tamini (2016)

Seedling Proline Foliar sprayed Talat et al. (2013)
Faba bean (Vicia 
faba)

Seed Melatonin Soaked in 
solution

Dawood and 
El-Awadi (2015)

Ascorbic acid, 
nicotinamide

Soaked in 
solution

Azooz et al. (2013)

Salicylic acid Soaked in 
solution

Anaya et al. (2018)

Seed/
seedling

Silicon Added to 
medium/foliar 
sprayed

Abdul Qados and 
Moftah (2015)

Mung bean 
(Vigna radiata)

Seed Chitosan Soaked in 
solution

Sen and Mandal 
(2016)

BABA Soaked in 
solution

Jisha and Puthur 
(2016)

Broccoli 
(Brassica 
oleracea)

Seedling Methyl jasmonate, urea Foliar sprayed del Amor and 
Cuadra-Crespo 
(2011)

(continued)
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Table 12.1 (continued)

Species

Plant 
growth 
stage Priming agent

Method of 
application Reference

Tomato (Solanum 
lycopersicum)

Seedling Spd Foliar sprayed Zhang et al. (2016)
Silicon Added to 

medium
Li et al. (2015)

Seed Silicon Treated with 
solution

Almutaiori (2016)

PEG Soaked in 
solution

Pradhan et al. 
(2015)

Kentucky 
bluegrass (Poa 
pratensis)

Seedling Spd Foliar sprayed Puyang et al. 
(2016)

Lentil (Lens 
culinaris)

Seed Silicon Soaked in 
solution

Sabaghnia and 
Janmohammadi 
(2015)

Zinnia (Zinnia 
elegans)

Seedling Silicon Added to 
medium

Manivannan et al. 
(2015)

Winter cherry 
(Physalis 
angulata)

Seed PEG Soaked in 
solution

de Souza et al. 
(2016)

Rape (Brassica 
napus)

Seed PEG Soaked in 
solution

Kubala et al. (2015)

Cotton 
(Gossypium spp.)

Seed KNO3 Soaked in 
solution

Nazir et al. (2014)

Pepper 
(Capsicum 
annuum)

Seed KCl, NaCl, CaCl2 Soaked in 
solution

Aloui et al. (2014)

Maize (Zea mays) Seed NaCl, CaCl2 Soaked in 
solution

Gebreegziabher and 
Qufa (2017)

Black seed 
(Nigella sativa)

Seed KNO3, CaCl2, NaCl, 
ZnSO4, CuSO4

Soaked in 
solution

Gholami et al. 
(2015)

Pea (Pisum 
sativum)

Seed KCl, KOH Soaked in 
solution

Naz et al. (2014)

Okra 
(Abelmoschus 
esculentus)

Seed KCl, mannitol, CaCl2 Soaked in 
solution

Dkhil et al. (2014)

Common bean 
(Phaseolus 
vulgaris)

Seed Vitamin B12 Soaked in 
solution

Keshavarz 
and Modares 
Sanavy (2015)

Tobacco 
(Nicotiana 
rustica)

Plant Ethanolamine Added to 
medium

Rajaeian and 
Ehsanpour (2015)

BABA β-aminobutyric acid, GA3 gibberellic acid, PEG polyethylene glycol, Spd spermidine
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12.2.1  Amino Acids and Their Derivatives

Proline is an amino acid acting as an osmoprotectant, which plays an important 
role in reducing oxidative stress when plants are coping with abiotic stresses 
(Kavi Kishor and Sreenivasulu 2014; Per et al. 2017). Under stress, plants usu-
ally increase the production of endogenous proline. Therefore, exogenous appli-
cation of this amino acid has been considered a promising way to alleviate 
salinity effects. Shahbaz et al. (2013) reported that foliar-sprayed proline amelio-
rated the adverse effect of salinity on the shoot fresh weights of two tested egg-
plant cultivars and water use efficiency in one of them. Addition of proline to the 
media in which rice seedlings were grown caused upregulation of proline synthe-
sis genes encoding pyrroline-5-carboxylate synthetase (P5CS) and pyrroline-
5-carboxylate reductase (P5CR) and a further increase in endogenous proline 
(Nounjan et al. 2012). However, exogenous proline also reduced the activity of 
four antioxidant enzymes (SOD, POX, ascorbate peroxidase (APX), and CAT) 
and uptake of sodium ions, resulting in a low Na+/K+ ratio. In the same experi-
ment, trehalose was also tested. This nonreducing sugar was shown to be less 
effective in limiting Na+ uptake and simultaneously decreased production of 
endogenous proline. Although proline and trehalose did not overcome growth 
limitation under salt stress, they showed a beneficial impact during the stress 
recovery period (Nounjan et al. 2012).

Pretreatment of wheat (T. aestivum) seeds with cysteine enhanced tolerance of 
salinity stress, increasing the activity of antioxidant enzymes and decreasing ion 
toxicity (Nasibi et al. 2016). The beneficial effect of cysteine on wheat plants can be 
attributed to production of either glutathione or H2S—molecules that are well 
known for their antioxidant roles. Mung bean (Vigna radiata) seeds treated with 
BABA showed positive effects against salt stress via accumulation of proline, total 
protein, and carbohydrate in seedlings (Jisha and Puthur 2016). Moreover, the 
activities of antioxidant enzymes increased in BABA-primed seeds. The biomass of 
seedlings raised from primed seeds was increased in comparison with nonprimed 
ones, under stressed and unstressed conditions. On the basis of these findings, the 
authors concluded that seed priming with BABA is a cost-effective technique and a 
promising strategy to overcome negative effects of salinity stress and, likely, other 
abiotic stresses in crops.

Dawood and El-Awadi (2015) studied the suitability of using melatonin as a 
priming agent. In this work, seeds of faba bean (Vicia faba) were soaked in a mela-
tonin solution and the seedlings were irrigated with diluted seawater. Interestingly, 
the application of melatonin showed beneficial features, since it improved growth 
parameters, relative water content and the contents of photosynthetic pigments, 
total carbohydrates, total phenolics, and indoleacetic acid (IAA). Melatonin 
treatment also reduced the contents sodium and chloride ions.
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12.2.2  Polyamines and Vitamins

The effect of salt stress can be alleviated in crops through prior treatment with com-
pounds belonging to the polyamine family (Zhang et al. 2016). Spd, Spm, and Put 
are polyamines that are naturally present in plant tissues. Their content usually 
increases under salinity stress because they are able to alleviate its effects. They can 
interact with membrane phospholipids, thus stabilizing cellular structures. 
Polyamines also stabilize the structures of many enzymes and maintain K+/Na+ 
homeostasis by limiting Na+ uptake by roots and limiting loss of K+ by shoots (Zhao 
et al. 2007). Furthermore, polyamines neutralize ROS induced under salt stress and 
thus protect cells from oxidative damage (Puyang et al. 2016). Exogenous Spd was 
used for foliar spraying of young tomato plants, which were then exposed to 
salinity–alkalinity stress 7 days later (Zhang et al. 2016). The results showed that 
Spd caused a decreases in ROS and malondialdehyde (MDA) content. Also, a 
simultaneous increase in antioxidant enzyme activities and nonenzymatic 
components of the antioxidant system was noticed, which resulted in chloroplast 
protection from damage because of the stress. Likewise, an improvement in the 
salinity tolerance of Kentucky bluegrass by exogenous Spd treatment was reported 
by Puyang et al. (2016). The grass leaves were sprayed with Spd twice before being 
exposed to NaCl solution for 28 days. Spd treatment mitigated decreases in the K+/
Na+ ratio and in the content of chlorophyll, potassium, calcium, and magnesium 
ions. Moreover, the treatment also resulted in a reduction in electrolyte leakage and 
Na+ content and caused an increase in the content of endogenous osmoprotectants 
such as proline, Spm, and Spd. Khan et al. (2012) reported that seed priming with 
polyamines (Spd, Spm, and Put) enhanced the germination and early growth of hot 
pepper seedlings (Capsicum annuum) in comparison with untreated seeds.

Other interesting findings were described by Chunthaburee et al. (2014), who 
treated rice seeds with Spd and gibberellic acid (GA3). This combined treatment 
enhanced the antioxidant system in the plants and reduced the production of H2O2. 
Moreover, Spd and GA3 priming improved ion homeostasis and delayed the loss of 
pigments. Although the application of these substances improved the growth of 
seedlings, the beneficial effect was quantitatively small, which might limit their use 
in a seed technology context.

Seed priming with vitamins has been revealed to be an approach that could stim-
ulate the growth of legume and cereal seedlings under unfavorable conditions. Faba 
bean seeds treated with ascorbic acid and nicotinamide showed increased content of 
photosynthetic pigments, soluble carbohydrates and proteins, proline, and other 
amino acids, whereas transpiration and ion leakage decreased (Azooz et al. 2013). 
The application of nicotinamide was found to be more effective in the alleviation of 
salt stress effects than ascorbic acid. However, the combination of these two vita-
mins resulted in an enhanced synergistic effect. Priming seeds of common bean 
(Phaseolus vulgaris) with vitamin B12 also increased the survival capacity of bean 
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plants. This positive effect was due to concomitant stimulation of antioxidant 
enzyme activity and reduction of ROS (Keshavarz and Modares Sanavy 2015). 
Application of choline enhanced salt tolerance in wheat through stimulation of 
membrane biosynthesis to maintain plasma membrane stability, fluidity, and there-
fore ion homeostasis (Salama and Mansour 2015).

12.2.3  Plant Growth Regulators and Organic or Inorganic 
Compounds

Another essential group of chemical agents that play a major role in adaptation to 
stresses, including salinity, are plant growth regulators. They affect plant growth 
and development, and induce defense against a variety of abiotic stresses. Application 
of SA on faba bean seeds resulted in a positive effect on germination parameters and 
improved establishment of seedlings (Anaya et al. 2018). This work also highlighted 
that this beneficial response is dose dependent, with the lowest applied concentration 
of SA being the one with the most positive effect, even under strong salinity.

Salinity stress may also be alleviated by application of nitrogen fertilizer such as 
urea, which is commonly used in agriculture. Foliar application of this compound on 
broccoli plants grown at 40 mM NaCl allowed maintenance of growth, gas exchange, 
and leaf N–NO3 concentrations at levels similar to those in nonsalinized plants (del 
Amor and Cuadra-Crespo 2011). Similar results were obtained when methyl jasmo-
nate was used in the same way. Foliar application of both urea and methyl jasmonate 
became ineffective when a threefold increase in salinity was applied.

In soybean, priming of seeds with NO, applied as SNP, played a protective role 
in germination and seedling development under salinity stress (Vaishnav et  al. 
2016). The germination rate of SNP-primed seeds under salinity conditions was 
82% higher than that of untreated seeds. Interestingly, SNP treatment seemed to 
have an impact on plant architecture, resulting in longer seedlings with more lateral 
roots. Treated seedlings also accumulated more chlorophyll and showed a higher 
content of endogenous proline than untreated seedlings or those treated with other 
tested substances (glycine betaine, mannitol, or proline). They also exhibited a 
reduced MDA content, which indicated lower lipid peroxidation. The overall results 
indicated that a myriad of plant protective responses are activated in response to 
SNP priming, which may be of relevance to development of new seed treatments.

Much attention has been devoted to investigating the usefulness of silicon (Si) in 
the alleviation of salinity stress in crops. It is a very common element in nature, and 
its role in plant stress tolerance is complex and multifaceted (Yin et al. 2016). First 
of all, it is a component of the double-layer cuticle, being the first physical barrier 
limiting transpiration during salinity stress. Other roles of silicon in response to 
salinity have been postulated, including maintenance/improvement of water status 
and a decrease in oxidative damage (Yin et al. 2016). Last, but not least, silicon 
reduces concentrations of Na+ ions and limits their transportation, resulting in 
alleviation of salinity (Manivannan et al. 2015; Kim et al. 2014). Priming treatments 
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with nanosilicon (n-Si) and nanosilicon dioxide (n-SiO2) particles resulted in 
improved germination of lentil (Lens culinaris) (Sabaghnia and Janmohammadi 
2015) and tomato seeds (Almutaiori 2016) under salt stress. Seedling traits such as 
weight, root length, and shoot length were also positively affected. The authors 
concluded that application of nanomaterials on seeds may stimulate defense 
mechanisms of plants and increase salinity tolerance in other crops. The role of 
silicon and nanosilicon in the mitigation of salt stress in faba beans was investigated 
by Abdul Qados and Moftah (2015). Both forms of silicon were effective in 
improving the salt tolerance of plants by increasing plant height, fresh and dry 
weight, and total yield under salt conditions. In a hydroponic system, silicon 
supplementation of Zinnia elegans resulted in alleviation of salinity stress induced 
by NaCl treatment (Manivannan et  al. 2015). Silicon-treated plants displayed 
enhanced growth and improved photosynthetic parameters. Moreover, silicon 
improved membrane integrity, resulting in reduced electrolyte leakage potential and 
lipid peroxidation levels (Manivannan et  al. 2015). Silicon was also shown to 
increase the activity of antioxidant enzymes in rice, which contributed to reduced 
levels of oxidative damage (Kim et  al. 2014). In tomato, exogenous silicon 
application affected seedling tolerance of salinity stress (Li et  al. 2015). Silicon 
treatment improved tomato growth, photosynthetic pigment and soluble protein 
content, the net photosynthetic rate, and root morphological traits under salt stress. 
One interesting aspect of this study was the fact that the leaf transpiration rate and 
stomatal conductance were not decreased but increased by application of silicon 
under salt stress (Li et al. 2015). Silicon has been described as modulating the level 
of stress-related plant growth regulators such as JA, SA, and abscisic acid (ABA). 
Kim et  al. (2014) monitored the content of these molecules in rice roots under 
salinity stress after application of silicon and noted that the levels of ABA were 
higher 6 and 12 hours after treatment but became insignificant after 24 hours. The 
authors concluded that the uptake of greater silicon amounts limits the activation of 
ABA metabolism, which regulates stomatal conductance during stress conditions, 
contributing to the improved performance of silicon-treated plants under salinity.

Some natural polysaccharides have shown beneficial effects in plant protection 
against salt stress. As an example, Sen and Mandal (2016) tested the response of 
mung bean seeds primed with chitosan under NaCl stress. Chitosan promoted seed 
germination and seedling growth, particularly in the early phase of growth.

12.2.4  Exploring the Potentialities of Osmopriming 
and Halopriming

Osmopriming has unexploited potential to improve crop response to salinity. This 
seed-priming method involves treatment of seeds with solutions with a low water 
potential (e.g., an osmotic solution). Numerous chemicals are used in the seed 
osmopriming technique, including polyethylene glycol (PEG), mannitol, and 
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sorbitol (Nawaz et al. 2013; Paparella et al. 2015). Soaking of seeds in such a low- 
water- potential solution enables a slow imbibition that is sufficient to trigger seed 
germination metabolic processes; however, germination remains inhibited. The 
impacts of osmopriming on the activation of many enzymes, DNA damage, and 
repair responses, as well as on the modulation of ROS-mediated damage of cellular 
components, has been reviewed extensively (for an example, see Paparella et  al. 
2015).

Primed seeds usually germinate faster and more uniformly (Nawaz et al. 2013). 
The most commonly used osmotic agent in osmopriming is PEG, which is often 
used in combination with ionic salts. Osmoprimed seeds have showed improved 
vigor and germination under salt stress. As an example, Pradhan et al. (2015) primed 
tomato (Solanum lycopersicum) seeds with PEG  6000 and observed resulting 
beneficial effects on the germination percentage, vigor index, and seedling dry 
weight under salt stress. Kubala et al. (2015) also used PEG 6000 to prime seeds of 
B. napus and noted that PEG treatment improved germination and seedling growth 
under salinity stress. Additionally, these authors demonstrated that this improved 
phenotype was connected with a significant increase in proline content. PEG 8000 
was used as a seed-priming agent in Physalis angulata under saline conditions 
(de Souza et al. 2016). The authors observed that this treatment resulted in higher 
germination  percentages and  uniformity under saline conditions. Moreover, 
seedlings showed relatively normal growth and had slightly greater biomass. The 
authors concluded that priming induced the activation of physiological mechanisms 
responsible for osmotic adjustment and synthesis of proteins involved in defense 
against free radicals. The authors also suggested that such responses reflect 
reprogramming of the transcriptome under such conditions, resulting in upregulation 
of genes related to ion transport and genes encoding antioxidant enzymes (de Souza 
et al. 2016).

Another promising priming technique is halopriming, which involves soaking 
seeds in solutions of inorganic salts such as NaCl, potassium chloride (KCl), potas-
sium nitrate (KNO3), tripotassium phosphate (K3PO4), monopotassium phosphate 
(KH2PO4), magnesium sulfate (MgSO4), or calcium chloride (CaCl2) (Nawaz et al. 
2013). Priming seeds of cotton and soybean with KNO3 had a positive effect on 
germination and seed vigor under salinity stress (Miladinov et al. 2015; Nazir et al. 
2014). Similarly, seed priming with different salts—KCl, NaCl, and CaCl2—showed 
a positive effect on germination in pepper under salt stress by speeding up imbibi-
tion, which enabled faster metabolic activity in the seeds (Aloui et  al. 2014). In 
maize (Zea mays), seed priming with NaCl and CaCl2 increased germination and 
seedling growth parameters in comparison with nonprimed seeds under salt stress 
(Gebreegziabher and Qufa 2017). Interestingly, those two priming treatments 
showed different impacts on maize physiology. While NaCl priming improved crop 
maturity and yield, CaCl2 priming accelerated the germination process.

The efficiency of salt priming for seedling growth has been extensively examined 
in the literature. Priming agents such as KNO3, CaCl2, NaCl, zinc sulfate (ZnSO4), 
and copper sulfate (CuSO4) were tested to overcome salinity effects in black seed 
(Nigella sativa) (Gholami et al. 2015). Among the tested compounds, NaCl was the 
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most effective in the alleviation of an adverse effect of salt stress, promoting effi-
cient germination. Despite the primacy of NaCl, KNO3, CaCl2, and ZnSO4 were 
also effective in promoting germination performance and seedling development but 
to a lesser extent (Gholami et al. 2015). Pisum sativum seeds primed with KCl and 
potassium hydroxide (KOH) showed improvements in the germination percentage 
and seedling growth (Naz et al. 2014). When wheat seeds were primed with CaCl2, 
salinity tolerance of the seedlings was improved, as seen by their enhanced growth 
(Tamini 2016). A deeper investigation of mechanisms triggered by priming showed 
that cell membranes were stabilized, chlorophyll content and activity of nitrate 
reductase were enhanced, and accumulation of proline, total soluble sugars, and 
proteins occurred. On the basis of this, the author suggested that priming of seeds 
with CaCl2 successfully triggers physiological and metabolic processes that could 
support wheat cultivation in salt-affected soils. In okra (Abelmoschus esculentus), 
seed priming with KCl, CaCl2, and mannitol improved the germination percentage, 
seedling dry weight, and final emergence percentage (Dkhil et  al. 2014). 
Theerakulpisut et  al. (2016) compared the effectiveness of ten priming agents— 
NaCl, KCl, CaCl2, KNO3, ascorbic acid, mannitol, PEG 6000, sorbitol, wood vine-
gar (made from eucalyptus), and distilled water—in protection of rice seedlings 
against salinity stress. Of all tested agents, KNO3, mannitol, and wood vinegar 
were most effective in enhancing growth parameters of seedlings. The application 
of these compounds allowed maintenance of ion homeostasis while preventing 
chlorophyll degradation and membrane damage in plant tissues (Theerakulpisut 
et al. 2016).

Besides seeds, salt treatments have been also successfully applied in plant prim-
ing. As an example, Yan et al. (2015) pretreated sweet sorghum plants with NaCl for 
10 days, then the plants were stressed with twice as high a concentration of that 
compound for an additional 7 days. The authors found a higher photosynthetic rate 
during stress and a smaller reduction of dry matter in pretreated plants than in non-
pretreated ones. According to these authors, pretreatment of the plants with the 
lower salt concentration enhanced their osmotic resistance and reduced root uptake 
of sodium ions, which highlighted a concerted mechanism to deal with the constraint 
(Yan et al. 2015).

12.3  Biological Treatments to Improve Crop Salinity 
Tolerance

The identification of physiological responses, as well as biochemical networks 
involved in halophyte responses to salinity, has provided new salt stress–related 
genes available for plant improvement. This finding has supported the development 
of new approaches to alleviate salinity in plants and possibly stimulate crop 
cultivation in soils with enhanced salt accumulation (Shrivastava and Kumar 2015). 
Some of these genes have been used in molecular breeding approaches, as genetic 
engineering, but the effects of introduced genes need to be evaluated in the field to 
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determine their effects on salinity tolerance and yield improvement (for a review, 
see Roy et al. 2014). Unfortunately, the ecological interaction of microorganisms 
inhabiting the roots (the rhizosphere) and leaves (the phyllosphere) of halophytes 
has been neglected in these studies, but it is important to keep in mind that they may 
contribute significantly to the halophytes’ well-being and salinity tolerance (Ruppel 
et al. 2013).

Plants are capable of recruiting and forming mutualistic associations with a num-
ber of soil microorganisms, with beneficial effects on the plants’ productivity and 
resilience in harsh conditions (De-La-Peña and Loyola-Vargas 2014; Munns and 
Gilliham 2015; Kasim et al. 2016). The contribution of a specialized microbiome in 
assisting plants to withstand salinity is often overlooked; however, it can be used as 
an alternative to the development of salt-tolerant crops through genetic modification 
(Yuan et al. 2016). Mounting evidence highlights the fact that rhizospheric fungi 
and plant growth–promoting rhizobacteria (PGPR) found in association with plants 
help them to acquire some degree of salinity stress tolerance (Campanelli et  al. 
2012; Habib et al. 2016; Kang et al. 2014; Bal et al. 2013; Gururani et al. 2013; 
Hajiboland 2013).

12.3.1  Rhizospheric Fungi

Campanelli et al. (2012) investigated how alfalfa (Medicago sativa) plants inocu-
lated with Glomus viscosum dealt with NaCl stress. Inoculated alfalfa plants showed 
diminished progression of tissue wilting and increased plant height, root density, 
and leaf area in comparison with noninoculated plants. Additionally, mycorrhizal 
dependency increased at higher NaCl concentrations but, on the other hand, 
mycorrizhal colonization was negatively affected (Campanelli et  al. 2012). Such 
findings highlight the need to carefully choose microbial species to be used in 
specific crops. Also, the source of the inoculum—either derived from a culture 
collection or isolated from a naturally saline environment—must be considered 
when assessing the potential of these microorganisms to assist plant growth under 
stressful conditions (Estrada et  al. 2013). Isolation of microbial inoculants from 
plants’ natural habitat has been shown to be more efficient in assisting plant 
acclimation to harsh environments (Bal et al. 2013; Querejeta et al. 2006; Liu et al. 
2016). Estrada et  al. (2013) concluded that use of native arbuscular mycorrhizal 
fungi (AMF) from a saline environment was more effective than use of AMF from 
a culture collection, providing greater protection against oxidative damage and 
more efficient photosynthetic apparatus and stomatal conductance. Bearing that in 
mind, some studies have demonstrated that native microbial inoculants isolated 
from saline soils can perform better and display a greater capacity to promote plant 
growth (Bharti et al. 2013; Campagnac and Khasa 2013; Damodaran et al. 2014; 
Liu et al. 2016; Azad and Kaminskyj 2016).
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12.3.2  Plant Growth–Promoting Bacteria

Plant growth–promoting bacteria (PGPB) or rhizobacteria (PGPR) have been stud-
ied for their potential to promote plant growth, serving as an important tool to 
increase worldwide crop productivity even under salinity. For example, the 
interaction of Burkholderia cepacia SE4 and Promicromonospora sp. SE188 with 
Cucumis sativus seedlings (Kang et al. 2014) has been studied. Other studies have 
included assessment of the effects of Bacillus pumilus strain DH-11  in Solanum 
tuberosum plants (Gururani et  al. 2013) and Exiguobacterium oxidotolerans in 
Bacopa monnieri (Bharti et al. 2013). Common findings in all of these studies were 
that the microorganism–plant interactions enhanced shoot and root growth, nutrient 
uptake, chlorophyll content, photosynthetic efficiency, and the K+/Na+ ratio in saline 
environments.

Plant growth regulators have a crucial role in controlling a number of physiologi-
cal and metabolic processes during plant development and interaction with environ-
mental conditions. Ethylene (ET) is thought to be a coordinator between plant 
development and their response to stress conditions, including high salt levels (Ma 
et al. 2012; Ellouzi et al. 2014; Peng et al. 2014; Tao et al. 2015). Concentrations of 
ET and its precursor 1-aminocyclopropane-1-carboxylic acid (ACC) can increase in 
plants exposed to such stressful conditions (Habib et al. 2016). Whether the accu-
mulation of ET or ACC has a beneficial or detrimental effect on plant responses to 
salinity still remains unclear (Tao et al. 2015; Habib et al. 2016). Some studies have 
pointed out that ET may play a negative role in regulating plant adaptation to salin-
ity, with potential inhibitory effects on root and shoot length and overall plant 
growth (Barnawal et al. 2014; Nadeem et al. 2014). One way to prevent an inhibitory 
effect of ET is through accumulation of compounds, such as ACC deaminase, that 
can interfere with its synthesis, reducing the excess of ET in plants. ACC deaminase–
containing PGPR can be used as a way to reduce the deleterious effects that ET 
accumulation may exert in plants tissues (Bal et al. 2013; Ali et al. 2014; Barnawal 
et al. 2014; Tao et al. 2015; Habib et al. 2016). Inoculation of rice seed with ACC- 
utilizing bacteria (Alcaligenes spp.) improved plant performance under NaCl- 
imposed stress (Bal et al. 2013). Association with two bacterial strains containing 
ACC deaminase—Bacillus megaterium UPKR2 and Enterobacter sp. UPMR18—
led to higher germination rates and biomass accumulation in okra seedlings under 
NaCl stress, with improved chlorophyll content and ROS-scavenging enzyme 
activity (Habib et al. 2016). Similar results were obtained with P. sativum inoculated 
with the ACC deaminase–containing rhizobacterium Arthrobacter protophormiae 
SA3, in which a 60% decrease in ACC content was noted (Barnawal et al. 2014). 
Besides overcoming the toxic effects of ET-induced damage, inoculation with this 
rhizobacterium also proved beneficial for nodulation and mycorrhization (Barnawal 
et al. 2014). The use of other PGPB endophytes from the genus Pseudomonas has 
also been a successful approach to alleviate the toxic effects of salinity stress. Ali 
et al. (2014) used the ACC deaminase–containing PGPB endophytes P. fluorescens 
YsS6, P. migulae 8R6, and ACC deaminase–deficient mutants of them to promote 
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tomato plant growth in the absence or presence of salt stress. The results showed 
that tomato plants inoculated with P. fluorescens YsS6 and P. migulae 8R6 were 
healthier and accumulated more biomass than noninoculated control plants (Ali 
et  al. 2014). Interestingly, when treated with the corresponding bacterial ACC 
deaminase–knockout mutants, plants were shown to be more salt sensitive, with a 
performance similar to that of noninoculated plants, which may lead one to conclude 
that this enzyme has a direct effect on plant adaptation in response to salt stress (Ali 
et al. 2014).

As a result of successful plant–microbe interactions, PGPR can further multiply 
into microcolonies or biofilms, providing additional protection against environmental 
stresses. In a study carried out by Kasim et al. (2016), Bacillus amyloliquefaciens 
showed the highest biofilm formation while efficiently enhancing growth and 
recovery of salt-sensitive barley cultivar Giza  123 seedlings under NaCl stress. 
Similar results were obtained by Chen et  al. (2016), who found that 
B.  amyloliquifaciens SQR9 conferred salt tolerance in maize plants, improving 
chlorophyll content and accumulation of total soluble sugar, while alleviating 
oxidative damage with increasing POX/CAT activity.

12.4  Physical Treatments to Alleviate Salinity Stress 
in Crops

The use of physical methods to increase plant production offers eco-friendly 
advantages and the possibility of use on a high-throughput scale. Physical invig-
oration methods (also known as “physical priming”) are an alternative approach 
to current chemically or biologically based ones. The use of physical invigora-
tion methods has been established as a promising approach to develop new 
biotech- based solutions for the growing seed market (Araújo et al. 2016). Several 
reports have described successful use of agents such as temperature; magnetic 
fields (MFs); or microwave, ultraviolet (UV), or ionizing radiation as promising 
presowing seed treatments (for reviews, see Paparella et al. 2015; Araújo et al. 
2016). In general, presowing exposure to nonlethal doses of these physical agents 
has a positive impact not only in stimulating germination but also in improving 
the final quality and physiological performance of the plants, in terms of growth 
and yield. Presowing temperature treatments are a frequent approach to break 
seed dormancy, enhancing the overall quality of seed lots (Liu and El-Kassaby 
2015). However, in this section we will not focus on thermopriming, because 
usually it is combined with other priming approaches (hydropriming or 
osmopriming; see Paparella et al. 2015). To the best of our knowledge, there have 
been only a few reports describing the use of physical invigorations methods to 
stimulate salinity tolerance. Nevertheless, we have collected some examples 
from literature databases, and we discuss their potential application as treatments 
to alleviate salinity stress in plants.
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12.4.1  Ionizing Radiation

Gamma rays are known to have several potential applications in agriculture, includ-
ing crop improvement, depending on the dose of exposure (Ahuja et al. 2014). The 
characterization of the effects of the gamma rays on seeds is a topic receiving grow-
ing attention. Several studies have demonstrated the suitability of low-/high- dose 
gamma radiation as an efficient seed invigoration treatment (Araújo et al. 2016). 
Moreover, some recent reports have supported its use as an effective treatment to 
alleviate salinity effects in plants.

Rejili et al. (2008) examined the effects of the interaction of salinity and gamma 
radiation on the growth and K+/Na+ ionic balance of Gannouch and Mareth 
populations of M.  sativa cultivar Gabès. This work analyzed the morphological 
changes and physiological responses of the two alfalfa populations irradiated with a 
350  Gy dose and cultivated in the presence of different salt concentrations for 
50  days. The results showed that exposure to gamma radiation, alone or in 
combination with salt stress, significantly increased shoot numbers, stem height and 
chlorophyll b content in the Gannouch population, while no change occurred in the 
Mareth population. The authors concluded that the growth of gamma-irradiated 
plants was stimulated and that these plants were more tolerant of salt stress (Rejili 
et al. 2008). In a similar approach, Kumar et al. (2017) investigated the effects of 
presowing gamma radiation seed treatments on pigeon pea (Cajanus cajan) plant 
growth, seed yield, and seed quality under salt stress (80 and 100 mM NaCl) and 
control (0  mM NaCl) conditions. The study was conducted in two genetically 
diverse varieties, Pusa-991 and Pusa-992. A positive effect of presowing exposure 
of seed to low-dose gamma radiation (<0.01 kGy) under salt stress was evident in 
pigeon pea. Pigeon pea variety Pusa-992 showed a better salt tolerance response 
than Pusa-991 and, importantly, irradiated plants performed better than nonirradiated 
plants even at increasing salinity levels. Gamma radiation caused a favorable 
alteration in the source–sink (shoot–root) partitioning of recently fixed carbon (14C), 
enhanced glycine betaine content, reduced protease activity, reduced the partitioning 
of Na+, and promoted accumulation of K+ under salt stress. Changes in these traits 
were important to differentiate between salt-tolerant and salt-susceptible varieties 
of pigeon pea and impacted on the seed yield and quality under salinity (Kumar 
et al. 2017). Importantly, these works revealed that the metabolic pathways activated 
in response to irradiation under salt stress are also genotype dependent.

In another study, Ahmed et al. (2011) investigated the effects of gamma radiation 
doses (0, 20, 40, and 80 Gy) on damsissa (Ambrosia maritima) plants under salt 
stress. In this work, salt stress was imposed in sandy loam soil (sand-to-loam ratio 
3:2) with a mixture of salts (NaCl, CaCl2, and MgSO4 in a 2:2:1 ratio). The authors 
observed that irradiation of damsissa seeds with 40 or 80  Gy increased plant 
tolerance of salinity, in comparison with control, with regard to plant height, fresh/
dry weights, and photosynthetic pigment. Importantly, they reported that irradiation 
alleviated the adverse effects of salinity by increasing total sugar and total soluble 
phenols in damsissa plant shoots. These findings provide new clues about metabolic 
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pathways triggered by irradiation and might contribute to improving the salinity 
response of these plants.

12.4.2  Magneto-Priming

The study of the effects of MFs on biological organisms, including plants, dates 
back to the second half of the nineteenth century (Pietruszewski and Martínez 
2015). Several recent reviews have summarized the impacts of MFs on many 
biological processes in plants, such as growth, development, and metabolism 
(Maffei 2014; Wolff et al. 2014). Static magnetic fields (SMFs) and electromagnetic 
fields (EMFs) are used in agriculture for seed priming, also known as “magneto- 
priming,” with proven beneficial effects on seed germination, vigor, and crop yield 
(Baby et al. 2011). Recently, some researchers have investigated the suitability of 
using MFs to alleviate the impacts of salinity in crops and postulated some molecular 
mechanisms behind this improved response.

Rathod and Anand (2016) reported that magneto-priming (50 mT for 2 h) caused 
a significant increase in the height, leaf area, and dry weight of wheat plants under 
nonsaline and saline conditions. In this work, the authors described a decrease in the 
Na+/K+ ratio in plants from primed seeds compared with those from unprimed seeds 
under salinity. Interestingly, magneto-priming seemed to be more beneficial to the 
salt-sensitive variety (HD 2967) that was studied than to the salt-tolerant one 
(Kharchia) under saline conditions. The authors concluded that magneto-priming 
induced tolerance, allowing primed plants to yield similarly under saline conditions 
as unprimed plants did under normally sown conditions.

The effects of MFs in seed germination and growth of sweet corn under NaCl 
stress (0, 50, and 100  mM) were investigated (Karimi et  al. 2017). Seeds were 
exposed to weak (15 mT) or strong (150 mT) MFs for 6, 12, and 24 hours. While 
salinity reduced germination and seedling growth in nontreated seeds, MF-treated 
seeds showed better performance in terms of the aforementioned traits, regardless 
of the NaCl concentration tested. The authors also found that the improved response 
of MF-treated seeds was related to the maintenance of the water content and 
suggested that MF treatment primed the plant for salinity by H2O2 signaling. 
Magnetic field priming for 6 hours was suggested for enhancing germination and 
growth of sweet corn under salt stress (Karimi et al. 2017). In another study, Kataria 
et al. (2017) investigated the effects of presowing seed treatment with MFs (200 mT 
for 1 h) in alleviating the adverse effects of salt stress on germination in soybean and 
maize. In both species, magneto-primed seeds had enhanced percentage germina-
tion and early seedling growth parameter values (root and shoot length, and vigor 
indexes) under different salinity levels (0–100  mM NaCl) in comparison with 
untreated seeds. Interestingly, these authors also noticed that the levels of O2

− and 
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H2O2 in germinating magneto-primed seeds of maize and soybean were also 
increased. They suggested that increased water uptake, greater activity of hydrolytic 
enzymes (α-amylase and protease), and increased free radical content in MF-treated 
seeds as compared with untreated seeds under both nonsaline and saline conditions 
enhanced the rate of germination and seedling vigor (Kataria et al. 2017).

12.4.3  Ultraviolet Radiation

UV radiation is a part of the nonionizing region of the electromagnetic spectrum 
and constitutes approximately 8–9% of total solar radiation (Coohill 1989). As a 
consequence of the stratospheric ozone layer being depleted, the amounts of solar 
UV radiation reaching the earth’s surface are increasing, as is interest in 
understanding the mechanisms by which plants may protect themselves from this 
threat (Hollósy 2002). UV exposure triggers specific protective responses in plants, 
whose molecular signature could be used to design new treatments to improve the 
response to abiotic constraints as salinity.

The information available regarding the potential use of UV radiation as a salin-
ity alleviation treatment is very limited. To the best of our knowledge, only the work 
of Ouhibi et al. (2014) is available in the PubMed bibliographic repository of the 
National Center for Biotechnology Information (NCBI; https://www.ncbi.nlm.nih.
gov, accessed on the 10th  August 2017). In this work, lettuce (Lactuca sativa) seeds 
were treated with UV-C radiation in an attempt to improve the resulting seedlings’ 
tolerance of salt stress (Ouhibi et al. 2014). Two levels of UV-C radiation (0.85 or 
3.42 kJ m−2) were tested, and UV-primed seeds and nonprimed seeds were grown 
under either nonsaline conditions or 100 mM NaCl. In nonprimed seeds, salt stress 
resulted in a smaller increase in the fresh weights of roots and leaves, accompanied 
by a restriction in tissue hydration and K+ ion uptake, as well as an increase in Na+ 
ion concentrations in all organs. These effects were mitigated in plants grown from 
the UV-C primed seeds, with the salt-mitigating effect of UV-C being more pro-
nounced at 0.85  kJ  m−2 than at 3.42  kJ  m−2, which suggested a dose- dependent 
effect of the treatment. The authors suggested that UV-C priming could be used as 
a simple and cost-effective strategy to alleviate NaCl-induced stress in lettuce 
(Ouhibi et al. 2014).

UV-C light has been described as a powerful tool for stimulating the synthesis 
and accumulation of health-promoting phytochemicals (before and after harvest), 
extending the shelf life of fresh plant products or stimulating plant defenses against 
biotic attacks (Urban et al. 2016). Consequently, the ability of UV-C to stimulate 
plant adaptation to abiotic constraints is postulated, and it needs to be further 
investigated.
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12.5  Field and Water Management Practices

We have previously described some chemical, physical, and biological treatments 
that can be exogenously applied to plants. Nevertheless, added value may be 
obtained if these treatments are coupled to adequate field and water management 
practices, constituting a useful approach to improvement of soil quality (Li et al. 
2016). Such efforts should aim to minimize unproductive water losses, maintain soil 
salinity at tolerable levels, and enhance organic matter and nutrient availability 
(Bezborodov et al. 2010). Several technologies have been developed and used to 
control the aforementioned constraints, including mulching of the soil surface with 
plastic or crop residues (Pang et al. 2010; Maomao et al. 2014; Zhao et al. 2014; Li 
et al. 2016), a buried straw layer (Zhao et al. 2014), repellent salinity agents (Shahein 
et al. 2015), or conservation agricultural practices (Devkota et al. 2015). Mulching 
of the soil surface, using materials such as crop residues or plastic, is considered to 
be one of the main options to mitigate the toxic effects of soil salinization, promoting 
soil quality and consequently increasing crop yield (Bezborodov et al. 2010; Zhang 
et al. 2014; Xie et al. 2017). As residues are placed on the soil surface, they will 
shade the topsoil and prevent water loss by evaporation, increase soil moisture 
accumulation, and help reduce salt accumulation (Li et al. 2013; Li et al. 2016). 
When the material used derives from crop residues, it additionally assists in building 
soil organic carbon (Bezborodov et  al. 2010; Maomao et  al. 2014). As these 
substrates of natural origin decompose, organic carbon is released into the saline 
soil and mitigates the nutrient limitation of the microbial community, increasing soil 
microbial activity (Kamble et al. 2014; Li et al. 2016; Xie et al. 2017). Xie et al. 
(2017) concluded that maize straw application was successful in alleviating topsoil 
salinity. As straw decomposes, organic carbon fractions are released into the soil, 
promoting soil aggregation, increasing soil porosity, and reducing salt accumulation 
in the surface soil (Zhao et al. 2016a, Xie et al. 2017). Moreover, incorporation of a 
straw layer into the soil interrupts the continuity of capillary movement of salt from 
deeper soil layers and ultimately reduces salt levels in topsoil (Zhao et al. 2016b; 
Xie et al. 2017). Practices such as burying a straw layer also have a significant effect 
on soil water distribution. Zhao et al. (2016a) observed that use of a buried maize 
straw layer at a depth of 40 cm, combined with a plastic mulch cover, led to greater 
soil water content and significantly reduced salt content in the upper 40 cm depth, 
throughout the growth season of sunflower. Buried straw layer treatment alone 
induced a decrease in salt content in the early growth period (Zhao et al. 2016a). A 
buried straw layer combined with plastic mulching also had a positive effect on the 
microbial community, leading to significantly greater populations of bacteria, 
actinomyces, and fungi (Li et  al. 2016). Recent findings have demonstrated that 
adoption of conservation agriculture practices—involving reduced tillage, residue 
retention, and crop rotation—have great potential to positively affect salt 
accumulation by reducing evaporation and upward salt transport (Devkota et  al. 
2015; Murphy et al. 2016). As soil water evaporates, it leads to salt accumulation on 
the surface. This process can explain the more pronounced soil salinization occurring 
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near the soil surface (10 cm) than in the top 90 cm soil fraction (Devkota et  al. 
2015). Therefore, the effect of crop residues on salt accumulation is more efficient 
up to 30  cm from the soil surface; below this depth, its effect is insignificant 
(Davkota et al. 2015).

Soil remediation can also be achieved through the addition of antisalinity agents 
such as Dinamic, Uni-sal, or humic acid applied through drip irrigation. Shahein 
et  al. (2015) demonstrated that a combination of Dinamic and Uni-sal led to 
successful increases in the leaf nutrient profile, yield, fruit quality, shoot weight, and 
plant length in tomato plants irrigated with saline water (Shahein et al. 2015). In a 
similar study, the results obtained by El-Khawaga (2013) corroborated the positive 
influence of Uni-sal and other antisalinity agents such as Cal-Mor and citric acid on 
palm trees under salinity stress. Soil supplementation with sulfur also had a positive 
effect on date palm offshoots’ tolerance of salinity, increasing accumulation of 
compatible solutes and chlorophyll content, which resulted in enhanced dry weight 
accumulation and water status (Abbas et al. 2015). The benefits of sulfur and sulfur- 
containing compounds could be related to their involvement in improving nutrient 
assimilation and stimulating ROS-scavenging activity through the sulfur metabolite 
glutathione (Khan et al. 2014; Abbas et al. 2015).

12.6  Conclusions

The development of new strategies to alleviate salinity in plants and stimulate crop 
cultivation under salinity stress is a relevant research purpose to face the needs of a 
world with growing soil salinity issues. Chemical, biological, and physical 
treatments are now available to address this challenge, being able to induce salinity 
tolerance at a systemic level, even if they are only applied on the seeds, roots, or 
leaves. Importantly, new agricultural practices focused on field and water 
management are also available to mitigate the harmful effects of excessive saline 
soils on growth and productivity of crops.

As described in this chapter, salinity can affect plant metabolic processes in dif-
ferent ways, depending not only on the time frame of the response to the salt con-
straint but also on the organ/tissue in which the response took place, as well as the 
plant genotype or species studied. A considerable number of studies have been 
aimed at understanding the molecular mechanism behind salinity tolerance in 
plants, with the ultimate goal being to reduce the effects of salinity on growth and 
yield (Munns and Tester 2008; Roy et al. 2014, Negrão et al. 2017). Physiological 
responses and biochemical networks involved in salt-tolerant plant responses to 
salinity have been revealed, and new salt stress–related genes have been made 
available for plant improvement.

The majority of the strategies described herein are seed treatments—also known 
as priming treatments—which trigger a physiological state that enables the growing 
plant to respond faster and in a more robust way when exposed to environmental 
constraints (Aranega-Bou et  al. 2014; Savvides et  al. 2016). Consequently, the 

12 Strategies to Alleviate Salinity Stress in Plants



330

previous fundamental knowledge about how a plant reacts to the effects of a high 
salt concentration has been essential for the development of strategies for salinity 
alleviation. As we have described, treatments applied to alleviate the effects of 
salinity, aimed at accumulation of compatible solutes (e.g., proline and glycine 
betaine) or photosynthetic pigments, ROS scavenging (e.g., polyamines and 
antioxidant enzymes), or stimulation of ROS-mediated signaling cascades (e.g., 
H2O2 accumulation) have been designed. Those approaches have been revealed to 
enhance the plant’s ability to ensure water and nutrient uptake, photosynthesis, 
biomass accumulation and, ultimately, yield. An important future application of 
these “biomarkers” is that they can be used to monitor the suitability of new 
formulations or to screen for plant accessions that are better adapted to coping with 
saline conditions.

Omics technologies - global molecular profiling - applied to target plant species 
and crops can provide new insights into the molecular mechanism underlying plant 
adaptation to salinity. Transcriptomics, proteomics, and metabolomics are extending 
our knowledge of the molecular mechanisms associated with plant response to 
salinity. In time, they will reveal new target regulatory points that might possibly be 
modulated by the application of treatments “by design,” addressing the particularities 
of the soil and the crop’s requirements. These approaches also need to be combined 
with an investment in new and sustainable agricultural practices that can ensure 
food security for local populations under the threat of the growing salinity scenario.
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Chapter 13
Polyamines and Their Metabolic  
Engineering for Plant Salinity Stress Tolerance

Tushar Khare, Amrita Srivastav, Samrin Shaikh, and Vinay Kumar

Abstract Polyamines (PAs) are small polycationic aliphatic amines and are ubiq-
uitous in the plant kingdom. They play important roles in plant growth, develop-
ment, and stress responses. Several research reports have established a correlation 
between their accumulation and salt stress tolerance in different plant species. 
Creditable research in the recent past has proved their vital roles in stress responses 
and adaptation strategies employed by plants, including scavenging of free radicals, 
neutralization of acids, and stabilization of cell membranes. They are able to bind 
several charged molecules including DNA, proteins, membrane phospholipids, and 
pectic polysaccharides, and have been credited with roles in protein phosphoryla-
tion and post-transcriptional modifications. They also play important roles in plant 
growth regulation, as well as acting as signaling molecules. Owing to their diverse 
functions in plant growth, development, and stress responses, they have emerged as 
potent targets for metabolic engineering to confer salt stress tolerance on manipu-
lated plants. This chapter highlights their biosynthesis and transport, their exoge-
nous applications to alleviate salt stress, and their metabolic engineering for 
developing salt-tolerant plants.
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Abbreviations

ABA Abscisic acid
ACC Aminocyclopropane carboxylate
ADC Arginine decarboxylase
APOX Ascorbate peroxidase
cDNA Complementary DNA
DAO Diamine oxidase
dcSAM Decarboxylated S-adenosylmethionine
EMS Ethyl methanesulfonate
FAD Flavin adenine dinucleotide
Fv/Fm Variable fluorescence/maximum fluorescence
GABA Gamma aminobutyric acid
GOT Glutamate oxaloacetate transaminase
GPT Glutamate pyruvate transaminase
GR Glutathione reductase
GS Glutamine synthetase
LAT L-type amino acid transporter
NAD Nicotinamide adenine dinucleotide
NADH Reduced nicotinamide adenine dinucleotide
NADH-GDH NADH-dependent glutamate dehydrogenase
NADH-GOGAT NADH–glutamine oxoglutarate aminotransferase
NADPH Reduced nicotinamide adenine dinucleotide phosphate
NDPK Nucleoside diphosphate kinase
NO Nitric oxide
ODC Ornithine decarboxylic acid
ORF Open reading frame
PA Polyamine
PSII Photosystem II
Put Putrescine
PUT Polyamine uptake transporter
ROS Reactive oxygen species
SAM S-adenosylmethionine
SAMDC S-adenosylmethionine decarboxylase
SAMS S-adenosylmethionine synthetase
SOD Superoxide dismutase
Spd Spermidine
SPDS Spermidine synthase
Spm Spermine
SPMS Spermine synthase
tSpm Thermospermine
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13.1  Introduction

Polyamines (PAs) are small polycationic aliphatic amines. They are abundantly 
found in plants and are involved in several plant growth and development processes. 
The common PAs spermidine (Spd), spermine (Spm), and putrescine (Put) are 
apparently involved in plant responses to microbial symbionts that are critical for 
plant nutrition (El Ghachtoul et al. 1996), and are involved in molecular signaling 
events in interactions between plants and pathogens (Martin-Tanguy 1987). Several 
biological processes ranging from growth to development, as well as responses to 
environmental stimuli, are included in the functions of PAs (Evans and Malmberg 
1989; Galston and Kaur-Sawhney 1990).

PAs are present in free, soluble conjugated, and insoluble bound forms. They are 
synthesized from the amino acids ornithine or arginine. Their capacities to neutral-
ize acids and act as antioxidant agents—as well as their roles in membrane/cell wall 
stabilization—make them indispensable for normal functioning of cells. They are, 
indeed, able to bind several negatively charged molecules, such as DNA (Basu et al. 
1990; Pohjanpelto and Höltta 1996), proteins, membrane phospholipids (Beigbeder 
1995; Tassoni et al. 1996), and pectic polysaccharides (D’Oraci and Bagni 1987). 
They have been shown to be involved in protein phosphorylation (Ye et al. 1994), 
post-transcriptional modifications (Mehta et al. 1994), and conformational transi-
tion of DNA (Basu et al. 1990). There is direct evidence that they are essential for 
growth and development in prokaryotes and eukaryotes (Tabor and Tabor 1984; 
Heby and Persson 1990; Slocum 1991; Tiburcio et al. 1990). PAs are considered to 
be plant growth regulators, which mediate hormone effects or act as independent 
signaling molecules, especially in stress situations (Evans and Malmberg 1989; 
Galston and Kaur-Sawhney 1995).

13.2  Biosynthesis and Metabolism of Polyamines

Putrescine [NH2(CH2)4NH2], spermidine [NH2(CH2)3NH(CH2)4NH2], and spermine 
[NH2(CH2)3NH(CH2)4NH(CH2)3NH2] are the most commonly found PAs in higher 
plants. These three PAs differ in the number of amino groups, each of which carries 
a positive charge (NH3

+) at physiological pH. In addition, uncommon PAs such as 
homo-spermidine, 1,3-diaminopropane, cadaverine, and canavalmine have also 
been detected in plants, animals, algae and bacteria.

The precursors for PA biosynthesis are the amines ornithine and arginine. 
Arginine is converted to Put by sequential action of the enzymes arginine decarbox-
ylase (ADC), N-carbamoyl putrescine amidohydrolase, and agmatine deiminase. 
N-carbamoyl putrescine amidohydrolase is allosterically regulated by its substrate. 
Ornithine is directly converted to Put by the enzyme ornithine decarboxylase. Put 
acts as a precursor for the triamine Spd. The third amino group of Spd is donated 
from decarboxylated S-adenosylmethionine (dcSAM), formed by decarboxylation 
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of S-adenosylmethionine (SAM), catalyzed by Spd synthase (SPDS). Another 
amino group is added to Spd, again by dcSAM, to form the tetramine Spm, and this 
reaction is catalyzed by Spm synthase (SPMS).

Homeostasis of PAs is achieved by regulation of the activities of PA biosynthesis 
enzymes, particularly SAM decarboxylase (SAMDC). This enzyme is synthesized 
as a proenzyme, which is then processed to form the active enzyme. Processing of 
SAMDC and an increase in its activity are promoted when the Put concentration is 
high in cells, thus leading to synthesis of Spd and Spm. Accumulation of the product 
of SAMDC—dcSAM—is known to inactivate SAMDC by irreversible modifica-
tion at the cysteine residue in one of its subunits, which leads to its inactivation. 
SAMDC is also known to be regulated at the translational level. SAMDC has two 
upstream open reading frames (ORFs) in the 5’ untranslated region of its transcript. 
When PA levels in the cell are high, the peptide coded by one of these upstream 
ORFs is known to suppress translation of the main SAMDC ORF, thus stopping 
synthesis of dcSAM and hence that of Spd and Spm. When PA levels are low, the 
translation product of the other upstream ORF induces translation of SAMDC and 
hence promotes PA biosynthesis. Figure 13.1 postulates the processes involved in 
homeostasis of PAs in cells.

13.2.1  Polyamine Transport and Conjugation

PAs are synthesized in cells, but preformed PAs may be transported intracellularly, 
as well as across the plasma membrane, according to the PA requirement of cells. 
Transport of PAs is mediated by PA uptake transporters (PUTs), which belong to the 

Fig. 13.1 Processes involved in homeostasis of polyamine in cells. (a)  Regulation of 
S-adenosylmethionine decarboxylase (SAMDC) activity by putrescine and decarboxylated 
S-adenosylmethionine (dcSAM). (b) Role of upstream open reading frames in translational regula-
tion of the SAMDC protein under low and high polyamine availability
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L-type amino acid transporter (LAT) family, located in the endoplasmic reticulum, 
Golgi membranes, and plasma membrane. Long-distance transport of PAs is thought 
to occur through the xylem and depends on the transpiration pull.

Storage forms of PAs occur as conjugates with phenolic acids such as cinnamic 
acid, coumaric acid, or sinapic acid. These conjugates may exist as basic conjugates 
if only one of the amines is used in conjugate formation or as neutral conjugates if 
all of the amines are bound to phenolic acid. Phenolic acid–PA conjugates are 
formed by amide linkages between the PA and the coenzyme  A (coA) esters of 
phenolic acids in reactions catalyzed by transferases such as Spd dicoumaroyltrans-
ferase, Spd disinapoyltransferase, or Spd hydroxycinnamoyl transferase. The genes 
coding for these transferases are expressed in actively growing tissues such as root 
tips, developing embryos, or actively metabolizing tissues such as the tapetum, and 
they may represent sources of PAs required for growth and proliferation.

PAs are also covalently linked to proteins through the activity of transglutamin-
ases. Transglutaminases are a widely distributed enzyme family, which brings about 
post-translational modification of proteins with PAs. The PAs may attach to either a 
glutamine or a lysine residue of a protein to make them positively charged or cat-
ionic, thus altering the solubility and properties of the protein. PAs may also form 
cross-links between two proteins, thus altering their stability and conformation.

13.2.2  Physiological Roles of Polyamines

PAs are present in actively growing tissues, where they play a role in regulating cell 
division and differentiation. Put and Spd are seen to be essential for survival of cells, 
while Spm may not be required, as evidenced from silencing of genes in the PA 
biosynthetic pathway. PAs are known to regulate fundamental processes, including 
cell proliferation, enzyme activities, ion transport, and membrane stabilization. PAs 
are also known to regulate plant growth and developmental processes such as 
embryogenesis, germination, morphogenesis, reproductive development, and 
responses to biotic and abiotic stresses. However, given the multiple effects of PAs, 
it is difficult to ascribe a definite mode of action to them at the molecular level.

13.2.3  Cross Talk Between Polyamines and Other  
Biosynthetic Pathways

Spd and Spm are known to inhibit aminocyclopropane carboxylate (ACC) syn-
thase activity, which converts SAM into ACC, a precursor of ethylene. On the other 
hand, ethylene inhibits SAM decarboxylase activity and thus the biosynthesis of 
Spd and Spm. Hence, ethylene and PA biosynthesis pathways act antagonistically 
to each other.
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Breakdown of Put is mediated by the enzyme diamine oxidase (DAO), which 
converts Put to Δ1-pyrroline, NH3, and H2O2. PA oxidase metabolizes Spd and Spm 
to form pyrroline and aminopyrroline, respectively, diaminopropane, and H2O2. 
Pyrroline is further converted to the nonprotein amino acid gamma aminobutyric 
acid (GABA) by a nicotinamide adenine dinucleotide (NAD)–dependent dehydro-
genase, which feeds into the Kreb’s cycle. Methyl-Put provides the pyrrolidine ring 
in the synthesis of nicotine and tropane alkaloids. The H2O2 formed by PA oxidation 
is thought to play a role in lignin polymerization. Cross talk between PA metabo-
lism and a number of other biosynthetic pathways (ethylene, GABA, alkaloids, lig-
nin) suggests a regulatory mechanism for stress signaling in plants.

13.3  Polyamines in Stress Responses

There is creditable evidence confirming the role of PAs in stress tolerance. 
Transcription of PA biosynthesis genes, their translation, and enzyme activities are 
known to be induced under abiotic and biotic stress. Scavenging of excess reactive 
oxygen species (ROS) is a direct strategy by which plants adapt to adverse environ-
ments. However, plants can also alter their metabolism and accumulate beneficial 
metabolites, including PAs. Often changes in PA metabolism and expression levels 
of their pathway genes are positively linked with enhanced tolerance of abiotic 
stresses and pathogenic attack in plants (Shi and Chan 2014). For example, overex-
pression of FcWRKY70 increased Put accumulation to confer drought tolerance on 
Fortunella crassifolia (Gong et al. 2015). Spd promotes biomass accumulation and 
upregulates proteins involved in cell rescue. Spd was involved in inducing antioxi-
dant enzymes in tomato (Lycopersicon esculentum) seedlings subjected to high- 
temperature conditions (Sang et  al. 2017). Exogenous Spm treatment induced 
defense responses and resistance against Phytophthora capsici, a root rot pathogen, 
in Capsicum annuum (Koc et al. 2017). Furthermore, Spd was found to be vital for 
adjustment of intracellular PA pathways and endogenous PA homeostasis, which 
enhanced salt tolerance in rice (Saha and Giri 2017).

13.3.1  Mode of Action of Polyamines in Stress Responses

PAs are reported to protect plants against stress through mechanisms including the 
following:

 1. Polycationic PAs are known to bind anionic molecules such as nucleic acids and 
proteins, thus stabilizing them. This property may be important in preventing 
stress-induced damage to these macromolecules. Spd and Spm have been shown 
to prevent radiation and oxidative stress–induced strand breaks in DNA.
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 2. PAs are important for membrane transport regulation in plants. They have been 
shown to block two slow and fast vacuolar cation channels. The effect of PAs is 
direct, and the channels open when PAs are withdrawn. PAs also affect vacuolar 
and plasma membrane H+ and Ca2+ pumps, and have been reported to bring about 
stomatal closure in response to drought stress by blocking the activity of a KAT1- 
like inward K+ channel in the guard cell membrane. This is an indirect effect 
caused by low-affinity PA binding to the channel protein. PA-induced stomatal 
closure provides a link between stress conditions and PA levels.

 3. PAs are known to modulate ROS homeostasis. They are known for inhibiting 
auto-oxidation of metals, which eventually reduces the electron supply required 
for ROS generation. Experimental evidence of the role of PAs in directly acting 
as scavengers of alkyl, hydroxyl, peroxyl, and superoxide radicals at physiologi-
cal concentrations is not available. PAs are known to induce antioxidant enzymes 
in stress situations, as evidenced by use of inhibitors of PA biosynthesis or trans-
genics overexpressing enzymes involved in PA biosynthesis. For example, appli-
cation of D-arginine, which is an inhibitor of PA biosynthesis enzymes, resulted 
in reduced levels of PAs and increased levels of ROS. In addition, overexpression 
of ADC resulted in enhanced drought stress tolerance, attributed to reduced ROS 
generation in transgenic plants. However, better and more concrete evidence is 
needed to prove a direct link between increased PA levels and antioxidant 
enzymes. PAs—especially Spm—seemingly act as signaling molecules to acti-
vate the antioxidant machinery. Generation of H2O2 by PA catabolism, which 
may be promoted when PA levels are above a specific threshold, is known to play 
a vital role in regulation of signaling cascades under abiotic and biotic stress 
conditions. For example, generation of H2O2 by PA oxidase in the apoplast is 
thought to play a role in initiating a hypersensitive response in plants, which 
leads to the induction of defense response genes. Hence, the ratio of PA biosyn-
thesis and catabolism may be important in inducing stress tolerance either by 
prevention of oxidative damage or by induction of programmed cell death.

Additionally, abiotic stresses often induce accumulation of abscisic acid (ABA) 
and nitric oxide (NO), and the interactions between them. PAs trigger protective 
responses, including regulation of the channels for ion homeostasis and stomatal 
responses to improve and maintain water status, which induces the antioxidant 
machinery to check excess ROS generation, with synthesis and accumulation of 
compatible osmolytes. All of these phenomena help to enhance the abiotic stress 
tolerance of plants (Shi and Chan 2014).

13.4  Role of Polyamines in Salt Stress Tolerance

PAs are present in all compartments of the plant cell, including the nucleus, which 
indicates their participation in diverse fundamental processes in the cell, ranging 
from replication, transcription, translation, and preservation of membrane integrity 
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to acting as signaling molecules, modulation of enzyme activities, plant growth and 
development, and plant adaptations to challenging environments (Galston et  al. 
1997; Walden et al. 1997; Kaur-Sawhney et al. 2003).

PAs are potential biochemical indicators of salinity tolerance in plants (Ashraf 
and Harris 2004). They play crucial roles in tolerance of abiotic stresses, including 
salinity, and increases in the levels of PAs are correlated with stress tolerance in 
plants (Bouchereau et al. 1999; Shi and Chan 2014; Gupta et al. 2014; Liu et al. 
2005). PA overaccumulation has been reported in different plant species in response 
to salt stress, and has been credited with stress-alleviating or protective effects, 
mainly via scavenging of free radicals (Groppa and Benavides 2008), stabilizing 
cell membranes and intracellular ionic balances (Ruiz et al. 2007). Because of their 
cationic nature, PAs interact with anionic macromolecules, and these reversible 
ionic interactions lead to stabilization of DNA, membranes, and selective proteins 
(Bachrach 2005), and also act as modulators of stress-regulated gene expression. In 
addition, PAs play an important role in maintaining membrane integrity (Legocka 
and Kluk 2005).

13.4.1  Endogenous Content of Polyamines  
and Salinity Tolerance

Since the early reports of active Put accumulation in plants growing under salt 
stress, one of the key issues has been deciphering the mechanisms underlying stress- 
induced changes in PA metabolism and coinciding abiotic stress tolerance (Kaur- 
Sawhney et  al. 2003). In recent years, an abundance of data concerning 
stress-dependent PA accumulation have appeared. Cellular PA levels were changed 
under most abiotic stress conditions (Alcázar et al. 2011; Alet et al. 2012; Hussain 
et al. 2011). PAs have been shown to increase the survival of various plants under 
salt stress (Kuznetsov and Shevyakova 2007).

Increases in endogenous PA levels were reported in Arabidopsis and sunflower 
plants when the plants were exposed to salinity stress (Kasinathan and Wingler 
2004; Mutlu and Bozcuk 2005; Quinet et al. 2010). In rice roots and Lupinus luteus 
seedlings, very early and temporary increases in Put and Spm accumulation under 
salt stress were observed (Legocka and Kluk 2005). The intracellular PA level is 
regulated by PA catabolism. PAs are oxidatively catabolized by amine oxidases, 
which include copper-binding DAOs and flavin adenine dinucleotide (FAD)–bind-
ing PA oxidases. These enzymes play a significant role in stress tolerance (Drolet 
et al. 1986; Gupta et al. 2014). PAs block both inward and outward currents through 
nonselective cationic channels in pea mesophyll protoplasts, thus assisting the pro-
cess of adaptation to salt stress by reducing Na+ uptake and K+ leakage from meso-
phyll cells. In Vicia faba, PAs targeted inward K+ channels in guard cells and 
modulated stomatal movements, providing a link between stress conditions, PA lev-
els, ion channels, and stomata regulation (Alcázar et al. 2010). Higher endogenous 
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levels of PAs, particularly Spd, are positively correlated with greater increases in 
antioxidant potentials. Put has also been observed to activate the antioxidant 
machinery to curb ROS generation and consequently prevent lipid peroxidation and 
denaturation of biomolecules, which ultimately resulted in better plant growth 
under salt stress (Gill and Tuteja 2010; Amri et al. 2011).

13.4.2  Exogenous Application of Polyamines  
and Salinity Tolerance

The effects of exogenous PAs in improving salt tolerance have been observed in 
various plant species such as rice, belladonna, barley, tobacco, cucumber, and rape-
seed (Tavladoraki et  al. 2012; Li et  al. 2013; Sagor et  al. 2013). Application of 
exogenous PAs has been found to increase the level of endogenous PAs during 
stress. PA treatments have been associated with maintenance of membrane integrity, 
accumulation of compatible osmolytes, reduced ROS generation, lesser organelle 
levels of Na+ and Cl−, and less negative impacts on photosynthetic machinery, in 
comparison with nontreated plants (Gupta et al. 2014). It has been suggested that 
binding of PAs to membranes prevents lipid peroxidation and quenching of free 
radicals. PAs binding have protected the composition of thylakoid membranes from 
degradation in oat leaves, and also reduced membrane fluidity in microsomal mem-
branes in Phaseolus. Binding of PAs to microsomal membranes in L. luteus most 
likely rigidified microsomal membrane surfaces, stabilizing them against NaCl 
(Tonon et al. 2004; Legocka and Kluk 2005). Further, the production of superoxide-
dependent radicals by senescing microsomal membranes was inhibited by PAs 
(Legocka and Kluk 2005). Elevated levels of cellular PA may modulate the activity 
of plasma membrane ion channels, improving ionic relations by preventing NaCl-
induced K+ efflux from the leaf mesophyll and assisting in the plant’s adaptation to 
salinity (Shabala et al. 2007). Application of exogenous PAs (Spd and Put) partially 
prevented reductions in phospholipid and PA content in tonoplast vesicles, attenuat-
ing salt injury in barley seedlings (Zhao and Qin 2004), and also increased the 
length of internodes and the numbers of internodes and leaves in a commercial 
genotype of pomegranate, Rabab, increasing the growth of seedlings. The exoge-
nous treatment have been considered to be responsible to protect the plasma mem-
brane against stress damage by maintaining membrane integrity, thereby preventing 
superoxide-generating reduced NAD phosphate (NADPH) oxidase activation or 
inhibiting protease and RNase activity (Amri et al. 2011). A comparative proteomic 
analysis was performed to investigate PA-mediated responses; 36 commonly regu-
lated proteins were successfully identified in Bermuda grass; among them, proteins 
involved in electron transport and energy pathways were largely enriched, and 
nucleoside diphosphate kinase (NDPK) and three antioxidant enzymes were exten-
sively regulated by PAs. Taking these findings together, it has been proposed that 
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PAs could activate multiple pathways that enhance Bermuda grass adaptation to salt 
and drought stresses (Shi et al. 2013).

13.4.2.1  Application of Exogenous Putrescine and Salinity Tolerance

Exogenously applied Put (1 mM) has been shown to alleviate salt stress (200 mM 
NaCl) in terms of fresh weight increase and electrolyte leakage in in vitro callus 
from the Malus sylvestris Mill., cv. ‘Domestica’ (Kuznetsov and Shevyakova 2007) 
apple. In the green alga Scenedesmus obliquus it conferred some kind of tolerance 
of enhanced NaCl salinity on the photosynthetic apparatus and permitted cell 
growth (Demetriou et al. 2007). In seedlings of Indian mustard and Virginia pine, 
exogenous addition of Put improved seedling growth by preventing lipid peroxida-
tion and denaturation of macromolecules through induction of the antioxidative 
enzymes ascorbate peroxidase (APOX), glutathione reductase (GR), and superox-
ide dismutase (SOD), increasing glutathione and carotenoid levels and reducing the 
activities of acid phosphatase and V-type H+-ATPase (Verma and Mishra 2005; Tang 
and Newton 2005). Exogenous Put reduced Na+ accumulation and increased alka-
loid and endogenous Put levels in the roots of a salt-sensitive rice cultivar and in 
tissues from Atropa belladonna plants grown under saline conditions (Gill and 
Tuteja 2010; Dupont-gillain et al. 2017; Ali 2000). In soybean (Glycine max L.) 
seedlings, exogenous Put increased endogenous Put levels but decreased ADC 
activity. However, Put increased SAMDC and DAO levels, resulting in increased 
Spd and Spm levels (Verma and Mishra 2005; Gu-wen et al. 2014).

13.4.2.2  Application of Exogenous Spermidine and Salinity Tolerance

Investigations have established that accumulation of Na+, loss of K+ ions, and inhi-
bition of plasma membrane–bound H+-ATPase activity in salt-stressed plants can be 
overcome by exogenous Spd treatment (Roy et al. 2005). Spm and Spd treatments 
significantly prevented electrolyte and amino acid leakage from roots and shoots of 
rice subjected to salinity; they also prevented chlorophyll loss, inhibition of photo-
chemical reactions of photosynthesis, and downregulation of chloroplast-encoded 
genes such as psbA, psbB, psbE, and rbcL, indicating a positive correlation between 
salt tolerance and accumulation of PAs in rice. Exogenous treatment increased plant 
growth by preventing chlorophyll degradation and increasing PA levels, as well as 
antioxidant enzyme levels in cucumber and Panax ginseng seedlings (Parvin et al. 
2014; Duan et al. 2008). These PAs are known to interact with phospholipids or 
other anionic groups of membranes, and in this process they stabilize the mem-
branes. There have been several recent reports affirming the participation of PAs—
especially thylakoid-bound PAs—in regulating the structure and/or function of the 
photosynthetic apparatus in challenging environments (Amri et al. 2011). Exogenous 
Spd application promoted assimilation of excess NH4

+ by coordinating and strength-
ening the synergistic action of reduced NAD (NADH)–dependent glutamate 
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dehydrogenase (NADH-GDH), glutamine synthetase (GS)/NADH–glutamine oxo-
glutarate aminotransferase (NADH-GOGAT), and transamination pathways. 
Subsequently, NH4

+ and its related enzymes GDH, GS, glutamate oxaloacetate 
transaminase (GOT), and glutamate pyruvate transaminase (GPT), in  vivo, are 
maintained in a proper and balanced state to enable mitigation of stress-resulted 
damage in salt-sensitive cultivars of tomato (Solanum lycopersicum) (Zhang et al. 
2013). Under salinity–alkalinity stress conditions, exogenous Spd enhanced the 
activities of SAMDC and DAO in zoysia grass cultivars (Li et al. 2016) and reduced 
the activities of ADC. These results suggest that exogenous Spd treatment can regu-
late the metabolic status of PAs caused by salinity–alkalinity stress, and eventually 
enhance tomato (S. lycopersicum) plant tolerance of that stress (Hu et al. 2012).

PAs (Spd or Spm) have also been shown to inhibit the extent of salt-induced 
protein carbonylation. While the salt-induced increase in anthocyanin or reducing 
sugar levels was further prompted by Spd or Spm, the proline content was elevated 
by Spd, particularly in rice (Roychoudhury et al. 2011). This resulted in reduced 
Na+ content and higher chlorophyll values, higher variable fluorescence/maximum 
fluorescence (Fv/Fm) values, and a higher net photosynthetic rate in wheat seed-
lings (Gill and Tuteja 2010). There were slight improvements in leaf Ca2+ and Mg2+ 
content. Increased Ca2+ and Mg2+ uptake may be beneficial in stressful and recovery 
phases, as these ions are vital for maintaining membrane integrity, as well as reduc-
ing Na+ uptake. Thus, reduced uptake of toxic ions such as Na+ and higher uptake of 
beneficial ions such as Ca2+ and Mg2+ under Spd treatment may be attributed to bet-
ter salt tolerance in plants (Anjum 2011). Observable changes in level of proteins 
involved in protein-metabolism and stress defense were seen on exogenous Spd 
application in cucumber seedlings (Li et al. 2013). It has been postulated that Spd 
treatment might play an important role in salt tolerance via regulation of the Calvin 
cycle, protein-folding assembly, and inhibition of protein proteolysis (Li et al. 2013; 
Gupta et al. 2014).

13.4.2.3  Application of Exogenous Spermine and Salinity Tolerance

When seedlings of Sorghum bicolor treated with 0.25 mM Spm were subjected to 
salt stress, they showed improvement in growth and partial increases in the activities 
of peroxidase and GR, with a concomitant decrease in the level of membrane lipid 
peroxidation (Chai et  al. 2010). Shu et  al. (2013) reported that Spm treatment 
induced antioxidant systems in chloroplasts and concomitant improved the effi-
ciency of photosystem  II (PSII) in cucumber. During salinity, Spm may directly 
regulate plasma and tonoplast membrane channels and/or regulatory proteins 
involved in signaling. It would also be interesting to consider that Spm, as a sub-
strate of flavin-containing PA oxidases, produces H2O2 in the apoplast and accord-
ingly seems to be implicated in oxidative stress signaling. This may be relevant to 
composition of apoplastic barriers, having pivotal roles during salt stress responses 
and adaptation (Alet et al. 2012). Under salinity conditions, Mesembryanthemum 
crystallinum could accumulate both free and bound Spm in both leaves and roots, 
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which supports the involvement of PAs in the development of salt resistance 
(Shevyakova et al. 2006a, b).

13.5  Transgenic Approaches to Obtaining Polyamine- 
Overaccumulating Salt-Tolerant Plants

Several studies have demonstrated positive effects of increments in PA levels on 
plant growth and survival in one or more biotic/abiotic stress conditions. PA accu-
mulation is correlated with enhanced stress tolerance (Groppa and Benavides 2008; 
Marco et al. 2015). Differential regulation of PA biosynthesis pathway genes during 
stress is evidenced by their different expression levels, which show the involvement 
of stress-induced pathways in PA regulation (Alcázar et al. 2010). The importance 
of PA regulation has been confirmed by demonstrations of poor performance of 
transgenic plants carrying loss-of-function mutations in PA synthesis genes (Urano 
et al. 2004; Marco et al. 2015). For example, Arabidopsis thaliana spe1-1 and spe 
2-1 ethyl methanesulfonate (EMS) mutants showed low ADC activity and were 
unable to accumulate PAs after acclimation to a higher saline environment. The 
mutants showed decreased salt tolerance in comparison with their wild-type coun-
terparts (Kasinathan and Wingler 2004). Similarly, Arabidopsis acl5/spms double 
mutants, compromised in Spm and thermospermine (tSpm) production, displayed 
hypersensitivity to salt and drought stress (Yamaguchi et al. 2006, 2007). Equivalent 
approaches of gene silencing/knockout were used by Alet et al. (2012), Sagor et al. 
(2013), and Cuevas et al. (2008), which indicated the vital role of different genes 
and their expression levels in PA biosynthesis, not only under salinity stress but also 
in different stress environments. A strategy for production of plants with improved 
salt tolerance includes transgenic plant production with altered PA levels, overex-
pressing PA biosynthesis genes. Though the extent of amendment of endogenous 
levels of one or more specific PAs overexpressed in transgenic lines varies, all of the 
transgenic lines share a mutual augmentation in tolerance of many abiotic stresses, 
including salinity. The genes procured for such approaches include ODC, ADC, 
SAMDC, SPDS, and SPMS (Marco et al. 2015).

One of the key enzymes involved in biosynthesis of SAM is S-adenosyl-L- 
methionine synthetase, a common precursor of PA as well as ethylene. Gong et al. 
(2014) introduced complementary DNA (cDNA) coding for SAM synthetase 
(SAMS) (SlSAMS1) in the tomato genome via Agrobacterium tumefaciens–medi-
ated transformation. The raised transgenic line exhibited a substantial improvement 
in tolerance of alkali stress, with a sustained nutrient balance, high photosynthetic 
ability, and low oxidative damage in comparison with nontransformed lines. The 
overexpression of SlSAMS1 markedly improved biomass production under high salt 
(sodic–alkali) stress, as well as prolonging plant survival, showing the importance 
of SAMS in improving tolerance of alkali–salt stress in tomato. The full-length 
SAMS gene from Suadea salsa (SsSAMS2) was introduced into Nicotiana tabacum 
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via Agrobacterium-mediated genetic transformation (Qi et al. 2010). The transgenic 
line showed more tolerance of salt stress, with improvements in seed numbers, 
weight, and PA accumulation in comparison with wild-type plants.

The putative effects of Put on salinity-mediated responses in Lotus tenuis was 
analyzed by Espasandin et  al. (2017). Micropropagated plantlets from wild-type 
and transgenic lines harboring a construct for ADC (pRD29A::oat arginine decar-
boxylase) were cultivated under gradually increasing saline conditions. Healthier 
transgenic lines were observed in comparison with wild-type plants with reduced 
growth. The overexpression of ADC resulted in better osmotic adjustment (improved 
by 5.8-fold) via proline release. The transgenic plants also showed balanced Na+/K+ 
ratios, correlating with their healthier growth.

SPDS cDNA from Cucurbita ficifolia was cloned and the gene was introduced 
into A. thaliana under the controlled CaMV 35S promoter (Kasukabe et al. 2004). 
The stably integrated and actively transcribed transgene in T2 and T3 was proved to 
be responsible for improved SPDS activity and Spd content. The transgenic line 
also showed improved tolerance of multiple abiotic stresses (chilling, hyperosmo-
sis, drought, paraquat toxicity), including salinity.

Transgenic Oryza sativa harboring tritordeum SAMDC was induced with 
50 μmol of ABA (Roy and Wu 2002). The transgenic lines showed 3- to 4-fold 
increments in Spm and Spd content in comparison with nontransformed plants 
under salt stress. In the regrowth analysis, transgenic plants showed reasonable 
growth at 150 mM salt concentration. Constitutive overexpression of SAMDC (of 
human origin) in tobacco gave rise to elevated Put and Spm levels, as well as salt 
and osmotic stress tolerance (Waie and Rajam 2003). On the other hand, modulation 
of genes other than those involved in PA biosynthesis also influenced PA levels in 
the plants and hence their tolerance of abiotic stresses (Moschou et  al. 2012; 
Tavladoraki et al. 2012). ACC synthase and ACC oxidase genes are important for 
ethylene biosynthesis. Antisense silencing of these genes in transgenic tobacco 
resulted in improved tolerance of multiple stress factors, including salinity 
(Tavladoraki et  al. 2012). Similarly, carnation antisense ACC synthase– or ACC 
oxidase–transformed tobacco plants displayed higher SAMDC activity as well as 
higher Put and Spd levels, contributing to increased tolerance of oxidative stress, 
high salinity, and low pH. Examples of transgenic approaches for improved salt 
tolerance are listed in Table 13.1. A schematic representation of implementation of 
genes involved in PA synthesis to improve salt tolerance in plants is shown in 
Fig. 13.2.

13.6  Summary and Conclusions

Polyamines are an interesting group of polycationic amines that affect a number of 
processes in plant growth, metabolism, and development. They are present in almost 
all cellular compartments, and their biosynthesis is fairly well understood. The bio-
synthetic pathway of PAs shares components with other metabolic pathways in the 
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cell, and this cross talk may play an important role in their homeostasis. PAs exist 
in free or conjugated forms and are known to bind to macromolecules such as pro-
teins and nucleic acids. Though the mechanisms underlying regulation of plant 
growth and development by PAs are far from understood, their contribution to stress 
tolerance has been well established by using various approaches. Their role in stress 
tolerance is thought to be mediated primarily through stabilization of macromole-
cules, preventing oxidative damage and regulating ion transport. H2O2 generated as 
a result of PA catabolism is also thought to play a role in stress signaling. However, 
a causal role of PAs in stress tolerance has not yet been demonstrated. PAs differ 
from plant hormones in that they are generally present in abundance in cells—in 
millimolar concentrations versus the micromolar concentrations reported for hor-
mones. PAs therefore qualify as growth regulators or metabolites required for 
growth and development of plants, as well as for stress tolerance.

Table 13.1 Transgenic plants overexpressing genes related to polyamine biosynthesis to achieve 
better salt tolerance

Gene Source
Transgenic 
plant Enhanced characters Reference

ADC Avena 
sativa L.

Oryza sativa L. Increased Put levels and biomass 
under saline conditions

Roy and Wu 
(2001)

ODC Mouse Nicotiana 
tabacum

Increased Put levels; improved salt 
tolerance

Kumria and 
Rajam (2002)

SAMDC Tritordium Oryza sativa L. Increased Spd and Spm levels; 
increased seedling growth under 
salt stress

Roy and Wu 
(2002)

SAMDC Human Nicotiana 
tabacum var. 
Xanthi

Increased Put and Spd levels; 
improved salt tolerance up to 
250 mM level

Wie and 
Rajam (2003)

SPDS Cucurbita 
ficifolia

Arabidopsis 
thaliana

Improved SPDS activity and Spd 
content; improved tolerance of 
multiple abiotic stresses, including 
salinity

Kasukabe 
et al. (2004)

SAMS1 Solanum 
lycopersicum

Solanum 
lycopersicum

Substantial growth in tolerance of 
alkali stress; sustained nutrient 
balance; high photosynthetic 
ability; low oxidative damage

Gong et al. 
(2014)

SAMS2 Suadea salsa Nicotiana 
tabacum

Greater tolerance of salt stress; 
improved seed numbers and 
weight; high polyamine 
accumulation

Qi et al. 
(2010)

ADC Avena 
sativa L.

Lotus tenuis Better osmotic adjustment 
(improved by 5.8-fold) via proline 
release; balanced Na+/K+ ratio

Espasandin 
et al. (2017)

ADC  arginine decarboxylase, ODC ornithine decarboxylic acid, Put  putrescine, 
SAMDC S-adenosylmethionine decarboxylase, SAMS S-adenosylmethionine synthetase, Spd sper-
midine, SPDS spermidine synthase, Spm spermine
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Chapter 14
Single-Gene Versus Multigene Transfer 
Approaches for Crop Salt Tolerance

Satpal Turan

Abstract Plants face many challenges during biotic and abiotic stresses during 
their lifetime. Salinity stress is the most typical abiotic stress and combines water 
stress and ionic stress. It affects plants in many aspects at the molecular, cellular, 
and morphological levels. In response and adaptation to salt stress, plant gene 
regulation is modulated at the transcriptional or post-transcriptional level. Efforts 
have been made to overcome salinity by traditional approaches such as breeding, 
priming, and modern techniques of genetic engineering. However, because salt 
tolerance depends on multigenic properties, it is hard to control this problem simply 
by a single gene transfer. Although the response and signaling mechanisms of plants 
under salt stress have not been completely elucidated, thorough understanding of 
the salt stress response in plants has enabled scientists to make transgenic plants 
showing salt tolerance, mostly by a single transfer but also by multigene transfer. In 
addition to a purely gene-based approach, epigenetics and noncoding RNA have 
been found to play roles in salt stress/tolerance in plants. This chapter provides a 
brief introduction to salt stress responses and strategies for salt tolerance in plants. 
Moreover, single-gene versus multigene transfer and/or regulation of salt tolerance 
in plants are described.

Keywords Salinity stress · Antioxidative enzymes · Proline · Heat shock proteins · 
Ion homeostasis · Transcription factor · Salinity tolerance · Transcriptional 
regulation · Gene transfer · Plant breeding · Water use efficiency
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ATP Adenosine triphosphate
BADH Betaine aldehyde dehydrogenase
CDPK Calcium-dependent protein kinase
CIPK Calcineurin B–like protein interacting kinase
CRISPER Clustered regularly interspaced short tandem repeats
ER Endoplasmic reticulum
GORK Guard cell outward-rectifying potassium channel
GST Glutathione-S-transferase
Hsp31 Heat shock protein 31
IAA Indole-3-acetic acid
MAPK Mitogen-activated protein kinase
miRNA MicroRNA
NSSC Nonselective cation channel
NUE Nitrogen use efficiency
PDH45 Pea DNA helicase 45
QTL Quantitative trait locus
ROS Reactive oxygen species
SAHA Suberoylanilide hydroxamic acid
SALT Salt stress-induced plant protein
sHSP Small heat shock protein
siRNA Small interfering RNA
SOD Superoxide dismutase
SOS Salt Overly Sensitive
TALEN Transcription activator–like nuclease
WUE Water use efficiency
ZFN Zinc finger nuclease

14.1  Introduction

Salinity stress is the most typical stress affecting crop production, and its effects are 
expected to become more severe with global warming (Beebe et al. 2011). Nearly 
20% of the world’s irrigated land is salt affected (UNESCO Water Portal 2007). 
This is a severe problem in hot and temperate areas, where excessive irrigation and 
evaporation occur. Salinity stress involves changes in various physiological and 
metabolic processes in plants. The effects of salt stress on plants depend on its 
severity and duration (Munns 2005; Rozema and Flowers 2008). Salt stress consists 
of two kinds of stress: one is osmotic and the other is ionic. Initially, plant growth is 
affected by osmotic stress; later, severe injury is caused by an ionic imbalance 
(Rahnama et al. 2010; James et al. 2011). During the initial phases, because of the 
high salt concentration around plant roots, the water absorption capacity of the root 
system decreases and water loss from leaves is accelerated by  osmotic stress; 
therefore, salinity stress is also considered to be hyperosmotic stress (Munns 2005). 
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Osmotic stress at the initial stage causes various physiological changes, such as 
disruption of membranes, nutrient imbalance, impaired ability to detoxify reactive 
oxygen species (ROS), differences in antioxidant enzymes, and decreased 
photosynthetic activity (Munns and Tester 2008; Pang et al. 2010). The next phase 
of salt stress is ionic stress; one of the most damaging effects of ionic stress is 
accumulation of Na+ and Cl− ions in tissues of plants exposed to soils with high 
NaCl concentrations. Higher Na+ blocks K+ uptake, resulting in inhibition of various 
enzymatic reactions, production of more ROS and, finally, lower productivity, 
which may even lead to cell or plant death (James et al. 2011; Wang et al. 2013).

Plant adaptation to or tolerance of salinity stress involves a complex signaling 
network, physiological changes, metabolic pathways, and molecular or gene net-
works  (Zhu 2001). Comprehensive knowledge of how plants respond to salinity 
stress at different levels and an integrated approach combining molecular, physio-
logical, and biochemical techniques are imperative for developing salt- tolerant vari-
eties in salt-affected areas (Roy et al. 2014; Cabello et al. 2014; Zhang et al. 2016a). 
The response to salt stress involves sensing of stress and further passage of signals 
to other molecules in a cascade for an effect. The sensors may be membrane pro-
teins, transporters, or cytosolic proteins, which may sense Na+ or Cl− ions in the 
rhizosphere, osmotic potential, or altered Ca2+, K+, and ROS concentrations in cells. 
Also, signaling depends upon the severity of stress; for example, at low salt concen-
trations, cell signaling is different and the cell defense is able to overcome harmful 
effects, but at high salt concentrations, cells opt for apoptosis. Different types of 
signaling can occur in the same cells, and eventually there is involvement of all tis-
sues and the whole plant in mounting a final response. Many hormones such as 
abscisic acid (ABA) (Vishwakarma et al. 2017), ethylene (Kissoudis et al. 2017), 
auxins (Sereflioglu et al. 2017), jasmonate (Ahmad et al. 2016; Ding et al. 2016), 
salicylic acid (Yadu et al. 2013), and brassinosteroids (Kaur et al. 2016); enzymes 
such as kinases and phosphatases; and various transcription factors and effecter 
genes/proteins are involved in the signaling cascade (Park et al. 2016). There can be 
cross talk in different signaling cascades (Gupta and Huang 2014; Shabala et al. 
2015). Among the mechanisms of salinity tolerance are ion transport, uptake, and 
compartmentalization; biosynthesis of osmoprotectants and compatible solutes; 
activation and synthesis of antioxidant enzymes/compounds and polyamines; and 
hormonal modulation (Reddy et al. 1992; Roy et al. 2014). Salt stress tolerance is a 
quantitative trait, as salt stress in plants changes an array of gene expressions 
involved in various metabolic regulations. Breeding has been used to produce a lot 
of salt-tolerant lines of crop plants (Singh et  al. 2010), but because it is a time 
consuming and nonspecific approach, and because of the limitations of crossing 
different genotypes, there is a need for new technology. Molecular breeding has 
been much more successful and is faster than traditional breeding, and many 
desirable traits are transferred with molecular breeding in crop plants. Saltol, a 
quantitative trait locus (QTL) for salt tolerance, mapped in the short arm of 
chromosome 1 in rice, was introgressed with molecular breeding in two commonly 
grown rice varieties, BR11 and BR28. Pokkali, a salt-tolerant rice line, was the 
donor for Saltol (Thomson et al. 2010; Linh et al. 2012). Traditional breeding and 
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molecular breeding involve exchange of many genes other than those that are 
desired, so a genetic engineering approach has been adopted successfully for 
engineering of target-specific genes. From molecular markers and mutational 
approaches to more recent omics approaches such as transcriptomics, proteomics, 
subtractive hybridization, microarrays, next-generation sequencing, and 
bioinformatic tools, the salinity response in plants has been studied in detail, and 
many genes directly or indirectly involved in salinity response and tolerance have 
been found. A lot of transgenic plants have been produced, showing tolerance of salt 
stress at the greenhouse level or field level. Largely in response to salt stress, crop 
varieties/genotypes vary in their inherent ability to adjust several physiological and 
biochemical processes (Grewal 2010; Turan et al. 2012; Turan and Tripathy 2013; 
Singh et al. 2014).

14.2  Plant Responses and Mechanism of Salinity Stress 
Tolerance

Tolerance of stress is related to the responses of plants to stress, as stress causes 
turgor loss, a decrease in cell expansion, yield loss, and degradation of cellular 
structures, so to protect the plants from stress, osmolytes are produced. Similarly, to 
detoxify ROS, antioxidative enzymes are produced in adaptation to stress. Salt 
stress also affects the general health of plants and photosynthesis, so many genes in 
some pathways that enhance photosynthesis also cause salinity stress tolerance. The 
primary tolerance mechanism is a blockade against the entry of salts or Na+, or its 
exclusion or compartmentalization. Other mechanisms of salinity tolerance are 
signaling networks and transcriptions factors affecting target genes involved directly 
in salinity tolerance. Some epigenetic mechanisms have also been found to be 
involved in salinity tolerance. Here, some examples are given of different kinds of 
tolerance mechanisms prevailing in plants. Plant hormones such as transcription 
factors also have a big role in salinity stress tolerance, as hormones are endogenous 
molecules that, in small concentrations, control regulation of many genes. A few 
examples of salinity stress tolerance at the cellular level in plants are shown in 
Fig. 14.1) at cellular level.

14.2.1  Plant Hormones

Photohormones such as auxins, cytokinins, gibberellic acid, ABA, ethylene, sali-
cylic acid, methyl jasmonate, and brassinosteroids control plant growth and devel-
opment by regulating various physiological processes such as flowering, ripening, 
germination, and elongation. Apart from these actions, they also protect plants in 
adverse conditions such as salinity stress.
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ABA has a role in leaf abscission and seed dormancy in plants. ABA levels have 
been found to be enhanced in salinity stress. The binding of ABA to receptors 
inactivates protein phosphatases such as ABI1 and ABI2, whose inactivation in turn 
activates SNF-like kinases by inducing ABA-dependent genes and other ion 
channels, and finally the stomata close to prevent water loss. Bacillus licheniformis 
enhanced saline tolerance in Chrysanthemum plants but was unable to do so when 
ABA biosynthesis was stopped (Zhou et al. 2017). NaCl and ABA induced levels of 
the transcription factor MtMYBS1  in Medicago truncatula which, when 
overexpressed in Arabidopsis, resulted in salinity tolerance (Dong et  al. 2017). 
When Arabidopsis ATAF1—which is inducible by salt and ABA—was overexpressed 
in rice, it provided salinity tolerance (Liu et al. 2016).

Auxins play a role in root formation and meristem formation in plants. Indole-3- 
acetic acid (IAA) has been found to play a role in seed germination under salt stress 
through the transcription factor NTM2. Sereflioglu et al. (2017) showed that alpha 
tocopherol–induced salinity tolerance was provided by new auxin synthesis in soy-
bean roots. Sahoo et al. (2014) showed enhanced levels of IAA in transgenic rice 
plants with the SUV3 gene, which were comparatively salt tolerant.

Gibberellic acid plays the main role in elongation. Gibberellin reduced NaCl 
growth inhibition in a concentration-dependent manner in rice by regulating enolase, 
glutamyl reductase, and salt stress–induced plant protein (SALT) (Wen et al. 2010). 

Fig. 14.1 A few types of mechanism involved in salinity stress tolerance in plants, including ion 
homeostasis with Na+/H+ antiporters, antioxidative enzymes, osmoprotectants, transcriptional 
control, heat shock proteins, and plant hormones. ABA abscisic acid, APX ascorbate peroxidase, 
NHX1 vacuolar Na+/H+ antiporter, SOD superoxide dismutase, SOS1 plasma membrane Na+/H+ 
antiporter
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Gibberellin in combination with CaCl2 protected plants by upregulation of the 
osmoprotectants proline and glycine betaine, and antioxidative enzymes (Khan 
et al. 2010). Transgenic rice plants with the SUV3 gene, encoding a DNA and RNA 
helicase, showed elevated levels of gibberellic acid and were more salt tolerant than 
wild-type plants (Sahoo et  al. 2014). Exogenous application of gibberellic acid 
enhanced salinity stress tolerance in soybean (Hamayun et al. 2010).

Cytokinins play important roles in cell division and chloroplast biogenesis and, 
when applied exogenously, protect plants from salinity stress by improving 
photosynthesis and production of osmoprotectants (Ha et al. 2012; Wu et al. 2013). 
Nishiyama et  al. (2012) showed that decreased endogenous levels of cytokinin 
imparted salinity stress tolerance by inducing many protective metabolites in 
Arabidopsis.

Ethylene has been found to provide salinity tolerance in Arabidopsis by upregu-
lating the K+ ion concentration with respect to Na+ ions (Yang et al. 2013). Peng 
et al. (2014) showed that salt-induced EIN3 and EIL1 transcription factors allevi-
ated salinity effects by preventing accumulation of ROS. Overexpression of ethyl-
ene response factor HbERF-IXc5 in Hevea brasiliensis imparted salinity tolerance 
along with improvements in other latex features (Lestari et al. 2018).

Leymus chinensis showed enhanced salt tolerance when a gene for 
S-adenosylmethionine decarboxylase, LcSAMDC1, was overexpressed (Liu et  al. 
2017). SOS2 provides salinity tolerance in Arabidopsis and is known to upregulate 
the ethylene pathway genes EIN3 and ethylene response factor  1; also, SOS2 
phosphorylates EIN3 (Quan et al. 2017).

Brassinosteroids protect plants from salinity stress by improving physiological 
processes (Ashraf et al. 2010). Exogenous application of brassinosteroid provides 
salinity tolerance in rice (Sharma et al. 2013). It was shown by Wu et al. (2017) 
that when the brassinosteroid 24-epibrassinolide was applied to perennial rye-
grass, it enhanced its salinity tolerance by induction of selected hormones and 
antioxidative enzymes. Brassinosteroid application in Arabidopsis caused plant 
protection from salt stress by mitochondrial heat shock protein DnaJ induction 
(Bekh-Ochir et al. 2013).

14.2.2  Ion Homeostasis

Ion homeostasis in cells is maintained by various water and ion channels and ion 
transporters regulated by plant hormones. Normally plants maintain concentrations 
of all elements as required by the plants for optimal growth. During salinity, sodium 
and chloride ion accumulation, especially in old leaves, causes necrosis, leaf senes-
cence, and production of ROS (Niu et al. 1995; Assaha et al. 2017). Further ion 
homeostasis is impacted as the Na+/K+ ratio is disturbed by increased salt stress, 
inhibiting many enzymatic reactions in which K+ is an important cofactor (Silva 
et al. 2015). High Na+ reduces K+ uptake by inhibiting potassium transporters such 
as AKT1, a hyperpolarization-activated inward-rectifying potassium channel. A 
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high cytosolic Na+ increases K+ efflux through transporters such as the guard cell 
outward-rectifying potassium channel (GORK) (Adams and Shin 2014; Gariga 
et al. 2017) and nonselective cation channels (NSSCs) (Sun et al. 2009). A high 
K+/Na+ ratio in shoots is considered a feature of salt tolerance. High-affinity trans-
porters in the HKT1 family enhance salt tolerance by reabsorption of Na+ from the 
xylem into the roots and prevention of Na+ entry into the shoots. Various P- and 
V-type ATPases help with preparation of a proton gradient in vacuoles or the cyto-
plasm, which in turn is utilized for energy generation required for transport. Apart 
from these, there are various transporters/antiporters that help with ion homeostasis 
and salt tolerance—for example, H+/Ca2+ antiporter help in calcium homeostasis 
(Cheng et al. 2004). Ion homeostasis is achieved under salt stress by many trans-
porters such as SOS1, a plasma membrane Na+/H+ antiporter which extrudes Na+ 
into the soil, and many sodium–hydrogen exchangers in the tonoplast, which help 
with sodium compartmentalization into vacuoles (Almeida et al. 2017). GhSOS1, 
an Na+/H+ antiporter gene from Gossypium hirsutum, causes salinity tolerance 
when overexpressed in Arabidopsis thaliana (Chen et al. 2017). Apart from plant 
hormones, there are various signaling molecules that are known to play roles in 
ion homeostasis in plants; for example, nitic oxide balances the K+/Na+ ratio in 
Kandelia obovata by AKT1-type K+ channels and an Na+/H+ antiporter (Chen et al. 
2013).

14.2.3  Osmolytes

In response to a water deficit created by salt stress, plants synthesize compounds 
called osmolytes. These help in osmotic adjustment by lowering cytosolic osmotic 
potential. The mechanism of protection by osmolytes is replacement of water at 
the protein surface and stabilization of molecular structures under stress by the 
osmolytes acting as molecular chaperones. They are not inhibitory even at high 
concentrations (Rontein et al. 2002; Cheong and Yun 2007; Park et al. 2016). They 
comprise various sugars such as sucrose, glucose, fructose, trehalose, mannitol, sor-
bitol, and ononitol; amino acids such as proline, aspartate, and glycine; ammonium 
compounds such as glycine betaine; charged metabolites such as betaine, choline, 
oxalate, malate, putrescine, and spermidine; and ions such as K+ (Rontein et  al. 
2002, Sakamoto and Murata 2000). Puniran-Hartley et al. (2014) showed that in 
wheat and barley, production of osmolytes was associated with increased oxida-
tive stress tolerance. Reddy et al. (2015) suggested that overproduction of proline 
provided salinity tolerance and enhanced photosynthetic and antioxidant enzyme 
activities in transgenic Sorghum bicolor L. Glycine betaine produced as a result of 
overexpression of the betaine aldehyde dehydrogenase (BADH) gene from Suaeda 
corniculata in Arabidopsis provided salinity tolerance. The osmotin-like protein 
gene SindOLP, from Solanum nigrum, imparted salinity stress tolerance in sesame 
when was overexpressed (Chowdhury et al. 2017).
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14.2.4  Antioxidative Enzymes

ROS are produced under both normal and stressed conditions, but under normal 
conditions the rates of their production and detoxification are balanced (Mittler 
2002; Turan and Tripathy 2013). Under stressed conditions the rate of production is 
greater, so ROS such as H2O2, singlet oxygen, and hydroxyl radicals produce 
damaged cell molecules and membranes. Plants have devised multiple strategies to 
control ROS in the forms of nonenzymatic and enzymatic antioxidative mole-
cules (Hossain et al. 2017). Nonenzymatic molecules such as ascorbate, glutathi-
one, melatonin, and carotenoids play important roles in plant defense under salt 
stress (Turan and Tripathy 2013). Among the enzymatic molecules, superoxide 
reductase, ascorbate peroxidase, glutathione reductase, dehydroascorbate reductase, 
and monodehydroascorbate reductase help in detoxification of harmful ROS (Zhang 
et al. 2016b). Overexpression of two genes, Gly1 and Gly2, in the methylglyoxal 
detoxification pathway in rice resulted in multiple stress tolerance, including toler-
ance of salinity stress (Gupta et al. 2017). Ectopic expression of tomato glutathione-
S-transferase (GST) in Arabidopsis caused salinity and drought tolerance (Xu et al. 
2015a). Upregulation of the antioxidative enzymes superoxide dismutase and cata-
lase in transgenic tobacco after overexpression of the JcWRKY transcription factor 
gene from Jatropha curcas was responsible for enhanced salinity stress tolerance 
(Agarwal et al. 2016).

14.2.5  Heat Shock Proteins or Molecular Chaperones

These molecules help in stabilizing molecular structures of proteins and preventing 
their aggregation under salt stress. Expression of endoplasmic reticulum small heat 
shock proteins (ER-sHSPs) in tomato resulted in enhanced salinity tolerance by 
improving photosynthesis and root architecture, increasing relative water content, 
and reducing accumulation of Na+ (Fu et al. 2016). Similarly, Jiang et al. (2009) 
showed that when the cytosolic class  I small heat shock protein  coding gene 
RcHSP17.8, from Rosa chinensis, was overexpressed in Arabidopsis, it conferred 
salt and heat tolerance. When overexpressed in Arabidopsis, the 70  kDa 
protein  coding gene  MuHSP70, from Macrotyloma uniflorum, caused salinity 
tolerance (Masand and Yadav 2016).

14.2.6  Transcription Factors

Transcription factors are the proteins that bind to cis-elements and regulate the 
expression of various genes. A number of transcription factors such as AP2/EREBP, 
MYB, NAC, WRKY, bZIP, bHLH, Dof and heat shock transcription factors. Zhang 
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et  al. (2015) showed that when an SsDREBa AP2/EREBP family transcription 
factor from Suaeda salsa was overexpressed in tobacco, it conferred salinity and 
drought tolerance. Overexpression of Solanum lycopersicum SIWRKY3 imparted 
salinity stress tolerance in tomato (Hichri et al. 2017). Yu et al. (2017) showed that 
the R2R3Myb transcription factor TaSIM caused salinity stress tolerance in 
Arabidopsis. When OsMYB91 was overexpressed in rice, it caused salinity toler-
ance (Zhu et al. 2015). Ectopic expression of JcWRKY from Jatropha curcas con-
ferred salinity tolerance in tobacco by involving salicylic acid signaling (Agarwal 
et al. 2016). Similarly, when TaNAC29 from Triticum aestivum was transferred into 
Arabidopsis, it conferred enhanced salinity and drought tolerance (Huang et  al. 
2015). When TabZIP60 from T.  aestivum was overexpressed in Arabidopsis, it 
caused tolerance of multiple stresses such as freezing, salinity, and drought. A 
transcription factor can regulate many genes by binding to cis-elements of various 
genes; also, a gene can have many types of cis-elements, so it can be regulated by 
many transcription factors, meaning that transcription factors not only work 
independently but also cross talk during various abiotic stresses.

14.2.7  Signaling Molecules

A salt stress signal is perceived by some receptors and a signal cascade is set up, 
causing a stress response in plants. The signal is mediated by many messengers and 
intermediates until it reaches the final effector. Some signaling pathways are ABA 
dependent and others are not. Ca2+ plays a role as the most common secondary 
messenger, as in the most common pathway (Salt Overly Sensitive [SOS]), a change 
in cytosolic Ca2+ is sensed by SOS3 (a calcium-binding protein), which in turn 
activates SOS2 (a serine–threonine protein kinase), which activates an Na+/H+ 
antiporter by phosphorylation. Another common pathway in the plant stress response 
is the mitogen-activated protein kinase (MAPK) cascade, which involves a relay of 
phosphorylation. Overexpression of the MAPK OsMKK6 caused salinity tolerance 
in rice. Both positive and negative signaling can occur; for example, when GhRaf19 
from cotton was overexpressed in Nicotiana benthamiana, it resulted in decreased 
tolerance of salt and drought but increased tolerance of cold (Jia et al. 2016). Other 
signaling cascades involve calcium-dependent protein kinase (CDPK) and 
calcineurin  B–like protein interacting kinase (CIPK). ZoCDPK1 from ginger 
provided salinity tolerance when overexpressed in tobacco, by improving 
photosynthetic capacity and seed germination (Vivek et  al. 2013). TaCIPK29 
transgenic tobacco plants showed salinity tolerance through upregulation of 
antioxidative enzymes (Deng et al. 2013).
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14.2.8  Other Mechanisms of Salinity Tolerance

Late embryogenic abundant proteins, which are produced during the late phase of 
embryonic development, aid salinity tolerance in many ways, such as acting as 
hydrating buffers, protecting and stabilizing, renaturing cellular proteins, acting as 
chaperones, and sequestrating ions (Turan et al. 2012). For example, ectopic expres-
sion of the LEA protein AdLEA (from Arachis diogoi) in tobacco provided salinity 
and drought tolerance by upregulating oxidative defense and improving photosyn-
thesis under stressed conditions (Sharma et al. 2016). Some helicases also provide 
salinity tolerance by assisting basic processes of replication and transcription 
involving adenosine triphosphate (ATP)–dependent  DNA or RNA unwinding. 
Transgenic tobacco expressing pea DNA helicase  45 (PDH45) showed salinity 
tolerance (Garg et al. 2017). Recently, microRNAs have also been shown to play 
role in salt stress tolerance. For example, when the microRNA (miRNA) miR528 
from rice was constitutively expressed in wild creeping bent grass, it provided 
salinity tolerance associated with increased water retention, chlorophyll, and proline 
content (Yuan et al. 2015). Small interfering RNAs (siRNAs) are also effective in 
salinity tolerance, as their targets are transcription factors, so they can control 
expression of many genes together. For example, AtMYB74, which is upregulated in 
salt stress, was found to be regulated by RNA-directed DNA methylation (Xu et al. 
2015b). The role of epigenetics in salinity response and tolerance has also been 
demonstrated (Pandey et al. 2017; Kumar et al. 2017; Patanun et al. 2017). According 
to Patanun et al. (2017), the histone deacetylase inhibitor suberoylanilide hydroxamic 
acid (SAHA) caused salinity tolerance in cassava by inducing acetylation in H3 and 
H4 histones.

14.3  Single-Gene Versus Multigene Transfer Approaches 
for Salinity Stress Tolerance

Most salinity-tolerant transgenic plants are produced with single-gene transfer 
encoding for a product directly or indirectly involved in salinity stress tolerance 
(reviewed by Turan et al. 2012; Hanin et al. 2016; Mishra and Tanna 2017). However, 
in some cases, multiple genes are transferred, and it has been found that a 
combination of genes gives more salinity stress tolerance (Table 14.1). Basically, 
any response or biosynthesis of any osmolyte is catalyzed by many enzymatic steps. 
So, for an effective response or better production, a multigene strategy may be more 
helpful for salinity stress tolerance (Fig.  14.2). Similarly, regulation of any ion 
transport involves multiple proteins or cascade of proteins. Success has been 
achieved in many cases where a whole metabolic pathway has been transferred to 
achieve a high concentration of a particular product, although such approaches have 
not yet been tried for salinity tolerance. Paddon et al. (2013) published an article in 
Nature that reported a high level of artemisinin by overexpression of many genes 
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and downregulation of some other genes. Traditional breeding and priming also 
involve multiple genes for the final response of plants to salinity stress. Regulatory 
genes such as transcription factors, microRNAs, and signaling molecules such as 
MAPKs, which target and control gene expression of many downstream genes, are 

Table 14.1 Genes that cause enhanced salinity stress tolerance when transferred together into 
plants

Gene sources Genes transferred Host

Effect on 
salinity 
tolerance Reference

Brassica juncea, 
Oryza sativa

GlyI, GlyII Tobacco Increased Singla-Pareel 
et al. (2003)

Erianthus 
arundinaceus, pea

EaDREB2, 
PDH45

Sugarcane 
(Saccharum spp.)

Increased Ghosh et al. 
(2014)

Hordeum vulgare, 
bacteria

Hva1, mtlD Maize Increased Nguyen et al. 
(2013)

Arabidopsis SOS2, SOS3 Arabidopsis Increased Yang et al. 
(2009)

Rice OsP5CS1, 
OsP5CS2

Tobacco Increased Zhang et al. 
(2014)

Salicornia 
europaea, tobacco

BADH, SeNHX1 Tobacco Increased Zhou et al. 
(2008)

Arabidopsis AtDREB2A, 
AtHB7, AtABF3

Arachis hypogaea Increased Pruthvi et al. 
(2014)

Gossypium 
hirsutum

GhSOD1, 
GhCAT1

Gossypium 
hirsutum

Increased Luo et al. 
(2013)

Aphanothece 
halophytica

ApGSMT, 
ApDMT

Arabidopsis Increased Waditee et al. 
(2005)

Fig. 14.2 The level of stress tolerance in plants is generally greater when two genes involved in 
salt tolerance are transferred to a plant instead of a single gene, although this is not true in every 
case

14 Single-Gene Versus Multigene Transfer Approaches for Crop Salt Tolerance



370

better candidates for salinity tolerance. Salinity, drought, temperature, and metal 
stresses share common transcription factors, which cross talk, so transcription 
factors are good candidates for multiple stress tolerance. For example, Yang et al. 
(2017) showed that ThDREB, a dehydration response element binding factor from 
Tamarix hispida, enhanced salinity and drought tolerance when overexpressed in 
tobacco.

14.3.1  More Than One Gene and Salinity Tolerance

Methylglyoxal is an oxidant produced in salt stress, which harms plants because of 
its toxic nature. Plants have adapted to this stress by producing glyoxalase enzymes, 
which detoxify methylglyoxal. There have been a lot of studies on transgenics 
expressing methyl glyoxalase enzyme genes singly and in combination for 
detoxification of methylglyoxal. Veena and Sopory (1999) showed that transcripts 
of Gly1 were upregulated in salt stress, and tobacco that was transgenic for Gly1 
showed enhanced tolerance of salt stress, which was correlated with the level of 
Gly1 expression. Singla-Pareek et  al. (2003) showed that when GlyI and GlyII 
together were expressed in tobacco, double transgenic plants showed improved 
salinity tolerance and a higher yield under salinity stress than either single trans-
genic. Subsequently, Ghosh et al. (2014) showed that GlyII enhances salinity toler-
ance by increasing photosynthesis under salinity stress. Augustine et  al. (2015) 
showed that when EaDREB2 was cotransformed with PDH45, transgenic plants 
showed greater salinity stress tolerance than transgenic plants transformed with 
EaDREB2 alone. When SacB, JERF36, vgb, BtCry3A, and OC-I genes were 
cotransformed in poplar, this resulted in higher salinity stress tolerance, as well as 
tolerance of other abiotic and biotic stresses (Su et  al. 2011). Garg et  al. (2017) 
produced double transgenics, transferring PDH45 for salinity and ESPS for herbi-
cide tolerance. Nguyen et  al. (2013) showed that cotransformation of HVA1 and 
mtlD enhanced salinity stress tolerance in maize more greatly than either one alone. 
Earlier studies showed that SOS1 encoding an Na+/H+ antiporter, when expressed in 
plants, caused salinity tolerance; further, it was found that when SOS2 and SOS3 
were individually expressed in plants, they caused salinity tolerance because they 
are part of the upstream regulation of SOS1 (Zhu 2000). Yang et al. (2009) showed 
that when AtNHX1, SOS1, SOS2, and SOS3 were coexpressed, all transcripts were 
found but there was no significant increase in salt tolerance in comparison with 
expression of SO3 alone. This is because SOS3 and SOS2 have different forms, 
which are also tissue specific, indicating that not only is the expression of genes 
essential but also their temporal and spatial expressions are important. When two 
genes (OsP5CS1 and OsP5CS2) involved in osmoprotection were coexpressed in 
tobacco, transgenic plants were more salt tolerant (Zhang et  al. 2014). Similarly 
Zhou et  al. (2008) showed that when two genes—one for an Na+/H+ antiporter 
(SeNHX1) and one for betaine synthesis (BADH)—were cotransformed and indi-
vidually transformed, coexpressed transgenic plants showed greater salinity 
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tolerance than plants with either individual gene transformation. SOS2 and EIN3 
interact with each other and regulate salinity stress tolerance synergistically (Quan 
et  al. 2017). Coexpression of the stress-responsive transcription factor genes 
AtDREB2A, AtHB7, and AtABF3 improved salinity stress tolerance in peanut 
(Arachis hypogaea L.) (Pruthvi et al. 2014). Glycine betaine is a very good osmo-
protectant, which causes salinity tolerance. The homozygous Mpgsmt (G), Mpsdmt 
(S), and their cross, Mpgsmt and Mpsdmt (G × S), showed increased accumulation 
of betaine (Lai et al. 2014). Coexpression of two genes, GhSOD1 and GhCAT1, in 
chloroplasts resulted in greater salinity and methylglyoxal tolerance than individual 
expression of either gene in chloroplasts or the cytosol (Luo et al. 2013). Also, engi-
neering of different metabolic pathways for the same product can have differential 
effects on salinity tolerance. For example, when the genes for N-methyltransferases 
(ApGSMT and ApDMT) were transferred to Arabidopsis, transgenic plants were 
more salt tolerant than when the transgenic plants were engineered through the 
choline oxidizing pathway (Waditee et al. 2005).

14.3.2  Multistress Tolerance Genes

Apart from the aforementioned examples where many genes were involved in toler-
ance of a single stress, there are genes that provide multistress tolerance (Table 14.2). 
Kong et al. (2011) isolated a maize gene encoding a novel group C MAPK, ZmMKK4 
which, when overexpressed in Arabidopsis, increased salinity and cold tolerance by 
upregulating production of osmolytes such as proline, soluble sugar content, anti-
oxidative enzymes, and lateral root growth. Overexpression of the yeast heat shock 
protein 31 (Hsp31) in tobacco caused both biotic and abiotic stress tolerance by 
playing a role in detoxification of methylglyoxal (Melvin et al. 2017). Similarly, 
Ben Romdhane et  al. (2017) showed that ectopic expression of the Aeluropus 

Table 14.2 Single genes that cause multistress tolerance when transferred into plants

Gene name Gene source Host Provides resistance against

ZmMKK4 Zea mays Arabidopsis Salinity, cold
Hsp31 Saccharomyces 

cerevisiae
Tobacco Biotic and abiotic stress

AITMP1 Aeluropus littoralis Tobacco Salt, cold, heat, osmotic stress, 
drought, H2O2

GmNEK1 Glycine max Tobacco Salinity, cold
SindOLP Solanum nigrum Sesamum 

indicum
Salt, drought, oxidative, and biotic 
stress

AtNDPK2 Arabidopsis Arabidopsis Salinity, cold, oxidative stress
BrCIPK1 Brassica rapa Rice Salinity, drought
OsMSR2 Rice Arabidopsis Salinity, drought
OsMAK5 Rice Rice Salinity, drought, cold
MdCIPK6L Apple Tomato Salt, drought, chilling
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littoralis gene AITMP1 in tobacco caused tolerance of multiple stresses such as salt, 
freezing, H2O2, osmotic stress, heat, and drought by ionic homeostasis and improve-
ment of water status under stressed conditions. It is not always that there is positive 
regulation of stress by transcription factors; for example, overexpression of OsNAC2 
caused sensitivity to saline and drought stress, whereas RNAi plants with OsNAC2 
were more salinity and drought tolerant, with higher yield (Shen et al. 2017). Moon 
et al. (2003) showed that when AtNDPK2, coding for NDP kinase 2, was overex-
pressed in Arabidopsis, it increased salinity, cold, and oxidative tolerance. 
Overexpression of BrCIPK1  in rice enhanced salinity and drought tolerance by 
increasing osmoprotectant proline biosynthesis (Abdula et  al. 2016). Xu et  al. 
(2011) showed that expression of the calmodulin-like gene OsMSR2 from rice pro-
vided enhanced salinity and drought tolerance in Arabidopsis. Overexpression of 
the OsMAK5 gene caused enhanced activity of OsMAPK kinase and provided toler-
ance of salt, drought, and cold, while its RNAi lines had enhanced levels of the 
pathogenesis-related proteins PR1 and PR10, with tolerance of fungal and bacterial 
biotic stresses (Xiong and Yang 2003). Overexpression of MdCIPK6L from apple 
conferred tolerance of multiple abiotic stresses—including salt, drought, and chill-
ing—in tomato (Wang et al. 2012). Overexpression of GmNEK1—a kinase from 
Glycine max—caused salinity and cold tolerance in tobacco (Pan et  al. 2017). 
According to Chowdhury et  al. (2017) when an OLP gene (SindOLP) was 
overexpressed in sesame, it resulted in tolerance of salt, drought, oxidative stress, 
and the charcoal rot pathogen. This clearly indicates cross talk in different abiotic 
and biotic stresses.

14.4  Perspectives

Scientists worldwide are working on salinity tolerance, and much success has been 
achieved in understanding salinity responses in plants. Initially through traditional 
breeding, and then through molecular breeding with molecular markers and marker- 
assisted selection, many salt-tolerant lines/cultivars have been produced (Varshney 
et al. 2007; Turan et al. 2012). However, because of reproductive barriers in breed-
ing, and because those processes are time consuming, there has been a need for 
newer techniques. Genetic engineering has proved more successful in targeting spe-
cific transfer of genes responsible for salt tolerance into desired genotypes, even 
from far distant lines or completely different genotypes. Many transgenic plants for 
salinity tolerance have been produced (Turan et al. 2012; Hanin et al. 2016). Broadly, 
two kinds of gene have been used for creating transgenic plants for salt tolerance: 
ones that are directly involved in salinity stress tolerance (genes for osmolytes, 
antioxidative enzymes, ion transporters, etc.) and ones that are indirectly involved 
in salinity tolerance (genes for transcription factors and signaling molecules such as 
kinases and hormones). The latter approach is more successful, as it involves many 
genes indirectly; for example, transcription factors can control expression of many 
genes. But still there is a greater need and more scope for improvement of approaches 
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for salinity stress tolerance in plants. One of the most fundamental requirements for 
this is to study plant responses to salt stress in more detail. Many recent omics 
techniques and next-generation sequencing are being used to reveal the roles of 
many unknown genes in various species. Day by day, advanced techniques such as 
zinc finger nuclease (ZFN), transcription activator–like nuclease (TALEN), and 
clustered regularly interspaced short tandem repeats (CRISPER) can be used for a 
precise cut in the genome and for introducing desired changes at one or many loci. 
Most transgenic plants have been produced by single gene transfers, whereas more 
than one gene or a set of genes for metabolic pathways can be more effective in 
salinity tolerance. Sometimes use of constitutive promotors also affects plant growth 
under normal conditions. There is a need for identification of the roles of more cis- 
regulatory elements and use of cell-specific and tissue-specific inducible promotors 
for finely controlling gene expression, instead of constitutive promotors. Salinity 
tolerance has been tested mostly at the laboratory level; there is a need for more 
field testing or more restrictive conditions. A mixture of different stresses 
representing a climate similar to field conditions should be used for plant salt 
tolerance testing. Along with genes for salinity tolerance, other genes that help 
plants grow healthier—such as those for water use efficiency (WUE), nitrogen use 
efficiency (NUE), or any other nutrient uptake—can be of additive advantage. 
However, there is a limit to foreign DNA transfer through genetic engineering, as 
the gene load affects plant growth height, yield, and other parameters, so a combined 
approach of genetic engineering and molecular breeding—gene pyramiding—
should prove more successful in the future.
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Chapter 15
Molecular Markers and Their Role 
in Producing Salt-Tolerant Crop Plants

Sagar Satish Datir

Abstract Besides drought and temperature, soil salinity is a severe abiotic environ-
mental constraint to world agriculture, widely affecting yield and quality of crops. 
Increasing world population and simultaneous depletion of agricultural land created 
an alarming situation to meet the global food requirement. To meet this demand, it 
is imperative to utilize salt-affected land for agricultural produce. Researchers are 
actively engaged in developing salt-tolerant crop varieties using both conventional 
and molecular breeding technologies. Identification of salt-tolerant crop varieties 
using physiological and biochemical indices has become a routine technique in 
many laboratories. However, screening for salinity tolerance based on these indices 
relative to unstressed controls is labor-intensive and time-consuming. Moreover, 
results produced using these screening techniques are subjected to fluctuation in 
environmental conditions. In recent years, DNA-based molecular marker technique 
has been developed for screening salinity tolerance in crops. Molecular markers 
such as RFLP (restriction fragment length polymorphism), RAPD (random ampli-
fied polymorphic DNA), AFLP (amplified fragment length polymorphism), SSRs 
(simple sequence repeats), SRAP (sequence-related amplified polymorphism), ILPs 
(intron length polymorphism), and EST-SSRs (expressed sequence tags and simple 
sequence repeats) have been proven useful for rapid and sensitive screening of 
germplasm for salinity tolerance. However, raid advances in high- throughput 
sequencing technology make single-nucleotide polymorphism (SNP) become the 
marker of choice for salinity tolerance studies. Identification of genomic regions 
associated with salinity stress tolerance is of great significance which offers new 
avenues in marker-assisted selection breeding program. Molecular marker- assisted 
breeding may help in advancing fundamental understanding of salinity tolerance in 
crops. This book chapter provides a comprehensive review on the role of molecular 
markers as selection criteria for salinity stress tolerance in plants.
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Restriction fragment length polymorphism · Salinity tolerance · Simple sequence 
repeats · Single-nucleotide polymorphism

Abbreviations

AFLP Amplified length polymorphism
ESTs Expressed sequence tags
ISSRs Inter-simple sequence repeats
MAS Marker-assisted selection
QTL Quantitative trait loci
RAPD Rapid amplified polymorphic DNA
RFLP Restriction fragment length polymorphism
SNP Single-nucleotide polymorphism
SRAP Sequence-related amplified polymorphism
SSRs Simple sequence repeats
ST Salinity tolerance

15.1  Introduction

Plants provide essential nutritional components to human diet. The global concern 
about rise inhuman population and concomitant increase in food demand created an 
alarming situation about crop production. Furthermore, this condition is aggravated 
by simultaneous depletion of agricultural area, and hence, it is imperative to utilize 
salt-affected land for agricultural produce. Besides drought and temperature, soil 
salinity is considered as a major environmental limitation to world agriculture 
which causes adverse impact on yield and affects quality of several commercially 
important crops. Salinity not only causes severe reduction in yield but also dimin-
ishes nutritional quality of agricultural crops (Yokoi et  al. 2002; Machado and 
Serralheiro 2017). It has been reported that at least 20% of all irrigated lands are 
salt-affected, and recent statistics showed that the total global area of salt-affected 
soils is approximately 45 million hectares irrigated land (Pitman and Läuchli 2002; 
Martinez-Beltran and Manzur 2005; Shrivastava and Kumar 2015). Determination 
of salinity tolerance (ST) is a complex process, and therefore, direct selection in 
natural field conditions is intricate because uncontrollable climatic agents nega-
tively influence the repeatability and precision of such trials. However, it has been 
suggested that varieties developed at laboratory level tend to perform differently in 
controlled conditions rather than on field; hence, there is a need for field evaluation 
of crop varieties, especially in different salt concentrations and different regions 
(Richards 1993; Reddy et al. 2017). In view of this, researchers are actively engaged 
in developing salinity tolerance indices using morphological, physiological, and 
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biochemical parameters (Chen et al. 2007; Smethurst et al. 2009; Rana et al. 2015; 
Krishnamurthy et  al. 2016). However, screening for salinity tolerance based on 
these indices relative to unstressed controls is labor-intensive and time-consuming. 
Moreover, results produced using these screening techniques are subjected to fluc-
tuation in environmental conditions (Heiskanen 2006; Masuka et al. 2012). Hence, 
it is crucial to create and identify salinity tolerance genotypes using molecular 
genetic techniques. Breeding approach accompanied with molecular marker- 
assisted selection is the most promising approach in terms of efficiency to increase 
the productivity under salt-affected soils (Bizimana et al. 2017). Development of 
sustainable high-yielding crop varieties that persist under abiotic stresses is a pre-
requisite for meeting the food requirements of a growing world population 
(Leonforte et al. 2013). Progress in developing salt-tolerant crops has been slowed 
mainly because the physiological, biochemical, and molecular mechanisms of salt 
tolerance in plants are not yet sufficiently understood (Gregorio et al. 2002; Läuchli 
and Grattan 2007; Gupta and Huang 2014). As traditional crop improvement tech-
niques reach their limits, modern agriculture has to implement new techniques to 
meet the food demands of an ever-growing world population. Therefore, to combat 
the crop production losses, there is a need to develop molecular marker system for 
the identification of stress-responsive genes (Telem et al. 2016). It has been docu-
mented that salinity tolerance in plants is a complex trait both genetically and physi-
ologically, found to be controlled by polygenes (Baby et al. 2010). Hence, to develop 
new varieties with a high level of salinity tolerance, it requires an understanding of 
the genetic control underlying salt tolerance mechanisms (Bizimana et al. 2017). 
Traits such as salt tolerance are quantitatively inherited. Hence, mapping quantita-
tive trait loci (QTL) with molecular markers can be very helpful to plant breeders 
(Ghomi et al. 2013). Identification of marker(s) associated with QTLs contributing 
to ST is a promising approach of crop improvement and to use them as indirect 
selection criteria (Greenway and Munns 1980; Foolad et al. 1998; Bizimana et al. 
2017) for selecting ST in a process known as marker-assisted selection (MAS) 
(Ashraf et al. 2012; Ashraf and Foolad 2013). Molecular markers have allowed the 
identification of QTLs associated with ST traits at various developmental stages in 
several plant species like Arabidopsis (Arabidopsis thaliana L.) (Quesada et  al. 
2002; DeRose-Wilson and Gaut 2011), rice (Oryza sativa L.) (Takehisa et al. 2004; 
Singh et al. 2007; Haq et al. 2010; De Leon et al. 2017), wheat (Triticum aestivum 
L.) (Lindsay et al. 2004; James et al. 2006; Turki et al. 2015), barley (Hordeum 
vulgare L.) (Mano and Takeda 1997; Liu et al. 2017), and tomato (Solanum sp.) 
(Villalta et al. 2008; Li et al. 2011). Theoretically, the use of DNA markers associ-
ated with genes or QTLs associated with ST at the various developmental stages can 
facilitate development of plants with improved ST throughout the ontogeny of the 
plant. Although progress has been done in identification of molecular markers asso-
ciated with QTLs in several crop species, there has been a limited use of identified 
markers and MAS for breeding for ST in any crop species. Numerous factors have 
been suggested for slow progress in MAS selection for ST such as developed mark-
ers. For instance, they are population-specific, as markers developed based on ST 
evaluation under controlled greenhouse or growth chamber conditions that may not 
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reflect ST under field conditions, markers were identified based on populations 
derived from wide crosses (e.g., crosses with wild species) that may not be directly 
useful in breeding populations (i.e., lack of correspondence between QTLs identi-
fied in interspecific populations and those existing in breeding populations), lack of 
repeated experimentation for marker validation, and lack of marker polymorphism 
in breeding populations. Thus, such issues can be alleviated to facilitate the use of 
markers for ST breeding in different crop species (Ashraf et al. 2012).

Using molecular marker technology gives the physiologist and the breeders the 
opportunity to enhance the efficiency of conventional plant breeding by tightness 
between DNA markers to the trait of interest (Amin and Diab 2013). Understanding 
the molecular mechanisms underlying salinity stress and subsequently developing 
ST crops can be a solution for increasing food production (Reddy et  al. 2017). 
Molecular markers such as RFLP (restriction fragment length polymorphism) 
(Botstein et al. 1980), RAPD (random amplified polymorphic DNA), AFLP (ampli-
fied fragment length polymorphism), SSRs (simple sequence repeats), ISSRs (inter- 
simple sequence repeats), SRAP (sequence-related amplified polymorphism), and 
SNPs (single-nucleotide polymorphism) are extensively utilized and have been 
proven to be extremely useful in plant genetic research (Khlestkina 2014; Lateef 
2015; Robarts and Wolfe 2014). It has been suggested that high-throughput screen-
ing methods are required to exploit novel sources of genetic variation in crops like 
rice and further improve salinity tolerance in breeding programs (Sónia et al. 2013). 
However, the application of molecular markers in MAS for physiologically com-
plex traits like salinity tolerance has barely been accomplished (Ashraf and Foolad 
2013). Implementation of various DNA markers found to speed up the plant selec-
tion process through MAS with special reference to particular traits or through the 
selection of chromosomal segments flanked by the markers at the genomic level 
(Collard and Mackill 2008).This can be done by speeding up discovery of gene and 
allele, and delivery of marker-assisted selection (Reddy et al. 2017).This book chap-
ter aims to provide a comprehensive review on the role of various molecular mark-
ers used in discovery for salinity stress tolerance in plants.

15.2  Use of Hybridization and PCR-Based Markers (RFLP, 
RAPD, AFLP, and SSRs) in Salinity Stress Tolerance 
Studies

Molecular markers such as RFLP, RAPD, AFLP, and SSRs have been proven useful 
to detect their association with salt tolerance in several crops like wheat, barley, rice, 
potato, tomato, sorghum, eggplant, cotton, sunflower, etc. (Rao et al. 2007; Aghaei 
et  al. 2008; Barchi et  al. 2011; Amin and Diab 2013; Khatab and Samah 2013; 
Mondal et  al. 2013; Shehata et  al. 2014; Gharsallah et  al. 2016; Saleh 2016). 
Figure  15.1 depicts molecular markers used in salinity stress tolerance studies. 
Table 15.1 explains some QTLs mapped for ST in various crop plants.

The genetic basis of salinity responses was investigated in Egyptian bread wheat 
(Triticum aestivum L.) using a doubled haploid (DH) population of 139 individuals 
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derived from the cross between salt-tolerant and salt-susceptible Egyptian breeding 
cultivars. The progeny was genotyped with RFLP, SSRs, and AFLP markers. 
Furthermore, interval and composite mapping used to identify the genomic regions 
controlling traits related to ST. Markers significantly associated with 12 traits related 
to ST traits were identified. This work provides a molecular tool for breeders and 
physiologists to facilitate the selection of wheat varieties under salt stress in a stra-
tegic improvement program in wheat using MAS (Amin and Diab 2013). A number 
of QTLs/genes associated with ST have been identified and mapped in wheat using 
association analysis. Genes related to Na+ and K+ homoeostasis were detected in 
different genomic regions of wheat. For example, the gene Kna1 for sodium 
 exclusion was detected on chromosome 4D in bread wheat (Dubcovsky et al. 1996; 
Byrt et al. 2007), while another two Na+ exclusion genes were identified in durum: 
Nax1 on chromosome 2AL (Lindsay et al. 2004; Hussain et al. 2017) and Nax2 on 
chromosome 5AL (James et al. 2006; Byrt et al. 2007). These QTLs have been iden-

Fig. 15.1 Various molecular markers used in salinity stress tolerance studies
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Table 15.1 Some QTLs mapped for salinity stress in various plants

Crop
Molecular 
marker QTL Remark Reference

Cicer arietinum 
L.

SSR DF Days to flowering Vadez et al. 
(2012)

SDW Shoot dry weight
SYLD Seed yield
PN Pod number
SN Seed number
YLD_R Yield ratio
YLD_D Yield difference
100SW 100-seed weight

Hordeum 
vulgare L.

SSR and 
DArT

QSl.YyFr.1H, 
QSl.YyFr.2H, 
QSl.YyFr.5H, 
QSl.YyFr.6H,QSl.
YyFr.7H

Salinity tolerance at the 
vegetative stage

Zhou et al. 
(2012)

Gossypium 
tomentosumX
Gossypium 
hirsutum

SSR qRL Longest root length Oluoch et al. 
(2016)

Oryza sativa L. SSR and SNP qNa11.5 Na+ concentration De Leon 
et al. (2016)qK1.3863 K+ concentration

qNaK3.32 NaK
RFLP, SSL,
and SSR

Saltol Controlling Na+/K+ 
homeostasis

Bonilla et al. 
(2002), 
Thomson 
et al. (2010)

Pisum sativum 
L.

SNP q_SALT Salt index symptom score Leonforte 
et al. (2013)

Solanum sp. RFLP Stpq
Stlq

Salt tolerance from S. 
pennellii QTL
Salt tolerance from S. 
lycopersicoides QTL

Li et al. 
(2011)

Triticum 
aestivum L.

SSR NT
NL
LL
TFW
SL
RL
SDW
RDW

Number of tillers per plant, 
number of leaves per tiller, 
leaf length, total fresh 
weight of shoot and root, 
shoot length, root length, 
shoot dry weight and root 
dry weight

Turki et al. 
(2015)

Triticum 
aestivum L.

RFLP Kna1 K+/Na+ Dubcovsky 
et al. (1996), 
Byrt et al. 
(2007)

(continued)
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tified using various molecular markers. For instance, AFLP, RFLP, microsatellite 
markers, and SNPs identified a locus, named Nax1 (Na exclusion), in several wheat 
populations (Lindsay et al. 2004; Hussain et al. 2017).

Like wheat, salinity is considered as the most widespread soil problem in rice- 
growing countries which limits the rice production worldwide (Jain et al. 2014). 
Mardani et al. (2014) generated an F 2:4 population derived from the cross between 
salt-tolerant and salt-sensitive variety to determine the germination traits. AFLP 
(105) and SSR (131) markers used to construct a linkage map. A total of 17 QTLs 
were detected related to germination traits under salt stress condition, and some of 
them were reported for the first time. These studies suggested that the identification 
of genomic regions associated with salt tolerance and its components under salt 
stress will be useful for marker-based approaches to improve ST for farmers in salt- 
prone rice environments. A number of mapping studies have identified QTLs asso-
ciated with salinity stress tolerance in rice such as Saltol, QNa, and SKC1/OsHKT8, 
along with QNa:K (Singh et  al. 2007; Haq et  al. 2010). For example, a study 
employing an F2:3 population between the tolerant indica landrace Nona Bokra and 
the susceptible japonica Koshihikari using RFLP marker system identified QTLs 
controlling tolerance traits, including major QTLs for shoot K+ concentration on 
chromosome 1 (qSKC-1) and shoot Na+ concentration on chromosome 7 (qSNC-7; 
Lin et al. 2004). In another approach, 33 rice landrace genotypes were assessed at 
molecular level using 11 SSR markers coupled with morphological markers linked 
with ST QTL at germination stage. Out of 11, three markers were discovered as the 
most competent descriptors to screen the salt-tolerant genotypes with higher poly-
morphic information content coupled with higher marker index value, significantly 
distinguished the salt-tolerant genotypes. It has been suggested that combining mor-
phological and molecular assessment, four rice landraces were considered as true 
salt-tolerant genotypes which may further contribute in greater way in the develop-
ment of salt-tolerant genotypes in rice (Ali et al. 2014).

Mung bean is one of the most important pulse crops. However, its production is 
decreasing mainly due to increasing soil salinity in irrigated land agriculture (Saha 
et al. 2010). Research on identification and development of breed cultivars that are 
adapted to salt stress condition is not sufficiently undertaken (Singh and Singh 
2011). Thirty eight novel SSRs specific to candidate genes involved in salt tolerance 

Table 15.1 (continued)

Crop
Molecular 
marker QTL Remark Reference

Triticum 
turgidum 
L. Ssp. Durum 
(Desf.)

AFLP, RFLP 
and 
microsatellite

Nax1 Low Na+ concentration Lindsay et al. 
(2004), 
Hussain et al. 
(2017)

Zea mays L. SNP SPH Plant height under salt 
stress

Luo et al. 
(2017)

PHI Plant height-based salt 
tolerance index
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were developed for detection of genetic variations in 12 mung bean genotypes vari-
ably adapted to salt stress. Several putative polymorphic alleles were detected. 
These markers may be coupled with specific loci linked with ST and will help to 
identify the QTLs or other important genes in mung bean (Sehrawat et al. 2014). Du 
et al. (2016) evaluated 43 advanced salt-tolerant and 31 highly salt-sensitive culti-
vars for ten ST-related traits in 304 upland cotton cultivars. An association analysis 
of ten ST-related traits and 145 SSRs showed a total of 95 significant associations 
with germination index and seedling stage physiological index and four seedling 
stage biochemical indexes. These studies laid solid foundations for further improve-
ments in cotton ST by referencing elite germplasms, alleles associated with ST 
traits, and optimal crosses. Likewise, use of ISSR, RFLP, and RAPD has success-
fully helped to identify salt-tolerant and salt-sensitive genotypes in sorghum (Rao 
et al. 2007; Khalil 2013). Similarly, SSR-based marker-assisted screening of com-
mercial tomato genotypes under salt stress may guide strategies for the introgres-
sion of valuable traits in target tomato varieties to overcome salinity (Gharsallah 
et al. 2016). Though barley is highly tolerant to salinity compared with wheat, rice, 
and oat, it still suffers from salt toxicity in many areas of the world, thus offering a 
means for efficient utilization of saline soil and improvement of productivity in 
these environments (Li et al. 2007). Khatab and Samah (2013) developed molecular 
markers associated with ST using ISSR and SSR markers and described their use-
fulness in the future breeding program for ST in barley. In studies conducted by 
Zhou et al. (2012), a high-density genetic linkage map was constructed using SSRs, 
and DArT markers identified five QTLs for salinity tolerance in barley. These mark-
ers have potential application for marker-assisted selection in breeding for enhanced 
salt tolerance in barley.

Newly developed sequence-related amplified polymorphism (SRAP) PCR-based 
molecular marker (Li and Quiros 2001; Robarts and Wolfe 2014) used to genotype 
F2 population derived from salt-tolerant and salt-sensitive maize inbred lines. Six 
SRAP molecular markers closely linked to salt tolerance were determined. These 
studies claimed that SRAP markers identified in this research will accelerate maize 
marker-assisted selection breeding and lay the foundation for salt-tolerant gene 
cloning (Xiang et al. 2015).

15.3  Expressed Sequence Tags-Simple Sequence Repeats 
(EST-SSRs)

In silico development of expressed sequence tag (EST) derived SSRs from tran-
scribed regions of the DNA through mining of publicly available databases is rela-
tively simpler and cost effective than genomic SSRs from the un-transcribed regions 
(Cuadrado and Schwarzacher 1998; Tang et al. 2008; Kalia et al. 2011). Additionally, 
EST-SSRs have higher cross-species transferability compared to genomic SSRs, 
and the functions of EST-SSRs can be presumed, and marker development is easy 
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to perform at low cost (Wang et  al. 2014). Such EST-SSRs find potential use in 
genetic research for molecular breeding for ST in cotton, chickpea, and maize 
(Varshney et al. 2009; Wang et al. 2014; Yumurtaci et al. 2017).

Salt stress considerably hinders the growth and productivity of maize. Therefore, 
there is a need to identify and develop salt-tolerant genotypes using molecular 
markers that would enhance the further breeding processes in commercially impor-
tant crops like maize. Efforts were taken to assemble 3308 ESTs from salt stress- 
related libraries to mine repetitive sequences for development of applicable markers. 
EST data revealed 208 simple and 18 non-simple repetitive regions. Further, 59 
EST-SSR markers were validated using two contrasting parental genotypes and 
their recombinant inbred lines F35 salt sensitive and F63 salt tolerant to understand 
the genetic basis of ST.  Identified EST-SSRs might be used as new functional 
molecular markers in the diversity analysis, identification of quantitative trait loci 
(QTLs), and comparative genomic studies in maize in the future. With the improve-
ment of feasible molecular markers, these candidate EST-SSRs might have the abil-
ity to broaden the genetic base of maize. Despite an increasing number of DNA 
markers, the identification of comprehensive markers for screening of salinity- 
specific regions in maize is lagging behind and needs to be further explored 
(Yumurtaci et al. 2017). QTLs responsible for the ST of field-grown maize plants 
are still unknown. Recently, Luo et al. (2017) produced a genetic map to identify 
main genetic factors contributing to ST in mature maize using a double haploid 
population and 1317 SNP markers. Studies identified a major QTL for SPH 
(plant height under stress) which explained 31.2% of the phenotypic variation in 
addition to PHI (plant height-based salt tolerance index) which accounted for 12% 
of the phenotypic variation. QTLs detected in adult maize in this study established 
a foundation for the map-based cloning of genes associated with ST and provided a 
potential target for MAS in developing maize varieties with ST.

Cotton is moderately salt tolerant, grown commercially worldwide as a leading 
fiber crop. There is promising potential to improve ST in cultivated cotton using 
molecular breeding program aiming to develop salt-tolerant molecular markers. In 
total, 132 pairs of EST-SSR primers were developed on the basis of cotton ST ESTs 
obtained from BLAST with Arabidopsis ST genes, so as to serve cotton ST molecu-
lar breeding efforts. These primer pairs were tested on 38 cotton accessions differ-
encing in their ST capacities. Out of 132, 106 effective markers showed different 
amplification efficiencies, and cross-species transferability, within different cotton 
species. Therefore, these salt-tolerant markers exhibit polymorphism among 38 cot-
ton accessions and help reveal their utilization in marker-assisted breeding in devel-
oping salt-tolerant cotton. However, studies on the identification of quantitative trait 
loci (QTLs) for traits related to ST in cotton are meager. Recently, 11 QTLs were 
mapped for ST at seedling stage in F2:3 population derived from the interspecific 
cross of Gossypium tomentosum and Gossypium hirsutum. A total 1295 SSRs were 
used for molecular genotyping. Mapping of QTLs related to ST was carried out for 
several traits. qRL for longest root length was discovered as the a major QTL 
explaining the phenotypic variance of 11.97% and 18.44% in two environments. 
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Therefore, molecular mapping studies could facilitate the development of cotton 
cultivars with ST (Oluoch et al. 2016).

A very limited number of molecular markers and candidate genes are available 
for undertaking molecular breeding in chickpea to tackle salinity stress. A total of 
8258 ESTs (2595 unigenes) from salinity-challenged libraries were generated 
which further resulted into 2029 sequences containing 3728 simple sequence 
repeats, and 177 new EST-SSR markers were developed. Experimental validation of 
a set of 77 SSR markers on 24 genotypes revealed 230 alleles. Generated set of 
chickpea ESTs, therefore, serves as a resource of high-quality transcripts for gene 
discovery and development of functional markers associated with salinity stress 
tolerance that will be helpful to facilitate chickpea breeding (Varshney et al. 2009). 
Though chickpea exhibits sensitivity to salinity stress, it has been reported that tol-
erant and sensitive lines exist that can be used to better understand tolerance mecha-
nisms and assist in breeding lines with improved tolerance (Munns and Tester 2008; 
Pushpavalli et al. 2015). Vadez et al. (2012) performed genotyping of ICCV 2 × JG 
62 chickpea progenies that showed sensitivity of reproduction to salt stress using 
216 SSRs and identified several QTLs for seed yield and yield components. These 
results confirm that ST in chickpea is closely related to the success of reproduction 
under salinity stress and shoot biomass development in early-flowering genotypes. 
These QTLs can be further utilized in chickpea breeding program.

15.4  Intron Length Polymorphism (ILP) Markers

Besides RFLP, RAPD, AFLP, SSRs, and SNP, intron length polymorphism (ILP) 
(Choi et  al. 2004; Jaikishan et  al. 2015) is a new type of functional molecular 
marker, which has not been reported extensively in salinity stress tolerance in crops. 
The availability of large expressed sequence tag (EST) databases for many crop spe-
cies provides a valuable resource for the development of molecular markers like ILP 
which specifically explores the variation in the intron sequences (Wang et al. 2005; 
Gupta et  al. 2012). The advantages of ILPs over the other so far reported DNA 
markers including gene-specific, codominant nature, hypervariable, neutral behav-
ior, convenient, reliability, and high transferability rates among the plant species 
(Braglia et al. 2010; Gupta et al. 2011). So far the studies on the use of ILPs in salin-
ity ST studies are meager. Functional markers (FMs) are a type of gene-based 
marker that was developed from sequence polymorphisms present in allelic variants 
of a functional gene at a given locus and so far used in association studies salinity 
stress tolerance in cotton and foxtail millet (Gupta et al. 2011; Cai et al. 2017). FMs 
accurately discriminate between traits associated with alleles of a target gene and 
are ideal molecular markers for MAS in plant breeding (Liu et al. 2012).

A large number of genome-wide cotton ILP markers have been developed. 
Differences in the intron lengths of orthologous A- and D-genome genes in cotton 
were screened, by comparing genome sequences and annotation information from 
G. raimondii and G. arboreum. A total of 10,180 putative ILP markers have been 
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identified from 5021 orthologous genes. Among these, 535 ILP markers from 9 
gene families related to stress were selected for experimental verification. Studies 
found a total of 25 marker-trait associations involved in 9 ILPs for 10 salt stress 
traits. The nine genes showed the various expressions in different organs and tis-
sues, and five genes were significantly upregulated after salt treatment. The five 
genes found to play an important role in ST. Particularly, silencing of WRKY DNA- 
binding protein and mitogen-activated protein kinase can significantly enhance cot-
ton susceptibility to salt stress. It has been concluded that five genes verified to be 
related to salt stress tolerance and have potential to improve ST in cotton abiotic- 
resistance breeding (Cai et al. 2017). Therefore, ILP markers would be useful in 
identification of genes with ST for developing abiotic-resistance cultivars in plant 
breeding programs.

15.5  Single-Nucleotide Polymorphisms

A number of molecular markers such as RFLP, RAPD, AFLP, SSRs, and diversity 
array technology (DArT) are labor-intensive and time-consuming compared with 
SNP (Kruglyak 1997; Mammadov et  al. 2012) markers. Advances in high- 
throughput sequencing technologies such as next-generation sequencing (NGS) and 
the availability of sequence information have paved the way for the identification 
and development of SNP markers for several crop species (Rafalski 2002; 
Mammadov et al. 2012). However, the role of SNPs in salinity stress is relatively 
unexplored in several crop plants especially compared to conventional molecular 
markers such as RFLP, RAPD, SSRs, and AFLPs. SNPs have become the most 
widely used preferable molecular marker system for genetic analysis of plants 
because of their frequent occurrence in the genome and low rate of mutations (Ganal 
et al. 2012; Telem et al. 2016). Identification of SNPs marker in crops like eggplant, 
pea, rice, and cotton in close linkage with the relevant genomic regions can be 
implemented for marker-assisted selection and in varietal improvement programs 
(Barchi et al. 2011; Leonforte et al. 2013; De Leon et al. 2016; Wang et al. 2016).

Recently, a comprehensive linkage maps were constructed using SNP markers 
associated with ESTs in recombinant inbred line population in field pea. A total of 
705 SNPs (91.7%) successfully detected segregating polymorphisms. Studies iden-
tified QTLs for ST on linkage groups Ps III and VII, with flanking SNP markers 
which were suitable for selection of salinity-resistant cultivars in Pisum sativum. 
Furthermore, the sequences comparison underpinning these SNP markers to the 
Medicago truncatula genome defined genomic regions containing candidate genes 
associated with saline ST.  The SNP assays and associated genetic linkage maps 
developed not only permitted the identification of ST QTLs and candidate genes, 
but this piece of information also constitutes an important set of tools for MAS 
programs in field pea cultivars (Leonforte et al. 2013).

Significant abiotic/environmental factors influence the direct selection of superior 
salt-tolerant genotypes under field conditions (Richards 1993; Hanin et al. 2016). 
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Therefore, several QTL mapping studies using molecular marker approaches have 
been conducted for the seedling stage ST using different kinds of mapping popula-
tions from early segregating to the fixed lines in rice (Masood et al. 2004; Ming-
zhe et al. 2005; Lee et al. 2006; Thomson et al. 2010; Islam et al. 2011; Bizimana 
et  al. 2017). For instance, being one of the most sensitive crops to salt stress, a 
number of studies identified that SNPs are robust molecular markers for QTLs 
responsible for seedling stage ST in rice (Bimpong et  al. 2014a; Bimpong et  al. 
2014b; Kumar et al. 2015; Bizimana et al. 2017). For instance, a total of 194 poly-
morphic SNP markers were used to construct a genetic linkage map involving 142 
selected recombinant-inbred lines (RILs) derived from a cross between salt sensi-
tive, IR29, and salt tolerant, Hasawi. Furthermore, 20 quantitative trait loci (QTLs) 
were identified for salinity tolerance in rice, and it has been concluded the level of 
ST could be further enhanced by pyramiding of the different QTLs in one genetic 
background through marker-assisted selection (Bizimana et al. 2017). New allelic 
variants of key salt-tolerant genes found to affect ST suggested as a fundamental 
tool for developing a salt-tolerant rice variety (Sónia et al. 2013). In this study, an 
EcoTILLING approach was used to search for genotypic differences related to salt 
stress. The allelic variations in five key salt-related genes, namely, OsCPK17, 
OsRMC, OsNHX1, OsHKT1;5, and SalT involved in Na+/K+ ratio equilibrium, sig-
nalling cascade, and stress protection, were explored to associate with salt-tolerant 
phenotype. A total of 40 new allelic variants were discovered in coding region, and 
association analyses identified 11 significant SNPs related to salinity. Further evalu-
ation based on bioinformatics analysis revealed that among the five nonsynonymous 
SNPs significantly associated with salt stress traits, a T67 K mutation which is sup-
posing to diminish one transmembrane domain in OsHKT1 and a P140A transition 
that highly elevate the possibility of OsHKT1, five phosphorylations were identi-
fied. Moreover, the K24E mutation could be to affecting SalT interaction with other 
proteins, thus disturbing its function. Therefore, developing functional markers 
based on candidate gene alleles developed from SNPs that determine the genetic 
basis of trait is an important aspect of using genetic information in practical plant 
breeding (Andersen and Lubberstedt 2003; Yu et al. 2009; Mammadov et al. 2012). 
Although significant SNPs were identified and some candidate genes were sug-
gested with close association with Saltol locus (Kumar et al. 2015), tight association 
of candidate genes in or around a single variant still needs enrichment with more 
markers at a locus to avoid false association (De Leon et al. 2016).

The genetic variability for salinity traits in cultivated tomato is limited, and it has 
been reported that it is moderately sensitive to salinity. Limited progress has been 
made in developing salt-tolerant tomato which can be attributed to complexity of 
the trait, insufficient genetic knowledge of tolerance components, lack of efficient 
selection criteria, difficulties in the identification and transfer of tolerance-related 
genes from unadapted germplasm into the cultivated background, and limited 
breeding efforts (Foolad et al. 1998; Foolad 2006). However, the sources of toler-
ance have been reported among several wild Solanum species (Tal and Shannon 
1983; Scholberg and Locascio 1999; Rao et al. 2013). An association analysis was 
conducted in a core collection of 94 genotypes of wild tomato (Solanum pimpinel-
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lifolium) to identify variations using SNP/indels in four candidate genes, viz., 
DREB1A, VP1.1, NHX1, and TIP, linked to ST traits (physiological and yield traits 
under salt stress). The candidate gene analysis identified five SNP/indels in DREB1A 
and VP1.1 genes explaining 17.0% to 25.8% phenotypic variation for various salt 
tolerance traits. Two alleles SpDREB1A_297_6 and SpDREB1A_297_12 exhibited 
in-frame deletion of 6 bp and 12 bp individually or as haplotypes accounted for 
maximum phenotypic variance (about 25%) for various ST traits. Studies suggested 
that design of SNP-based molecular markers for selection of the favorable alleles/
haplotypes will hasten marker-assisted introgression of salt tolerance from S. pimpi-
nellifolium into cultivated tomato (Rao et al. 2015). The use of functional markers 
derived from SNPs present in candidate gene in molecular plant breeding is more 
advantageous than linked markers, and hence, the molecular information can be 
used confidently across breeding programs to select promising alleles for a trait of 
interest (Bagge and Lubberstedt 2008; Kujur et al. 2016).

Patil et al. (2015) conducted genomic-assisted haplotype analysis and the devel-
oped high-throughput SNP markers for ST in soybean. GmCHX1 gene has been 
identified as salt-tolerant determinant in soybean (Qi et  al. 2014). High-quality 
whole-genome re-sequencing on 106 diverse soybean lines identified three major 
structural variants and allelic variation in the promoter and genic regions of the 
GmCHX1 gene. When identified SNP markers were validated using a panel of 104 
soybean lines and an interspecific biparental population (F8) from PI483463 x 
Hutcheson, a strong correlation was observed between the genotype and salt treat-
ment phenotype. SNP observed in GmCHX1 gene precisely identified salt-tolerant/
salt-sensitive soybean genotypes. The newly developed SNP markers and genotype 
information will accelerate marker-assisted selection programs and greatly benefit 
soybean breeders in the development of salt-tolerant varieties (Patil et al. 2015).

15.6  Conclusion and Future Perspectives

Increasing soil salinity problems causes major concern in crop production. 
Successful exploitation of QTL dissection and its applications to enhance crop pro-
ductivity under salinity conditions will largely depend on their successful integra-
tion with conventional breeding methodologies and a thorough understanding of the 
biochemical and physiological processes limiting yield under such adverse condi-
tions (Tuberosa and Salvi 2007). Therefore, improving salinity tolerance using 
molecular genetic aspects such as identification of molecular markers associated 
with salinity tolerance QTLs in crop plants has been considered as an important but 
largely unfulfilled aim of modern agriculture. Although conventional markers such 
as RFLP, RAPD, AFLP, and SSRs have been employed in MAS for conferring 
salinity tolerance in crops, the usefulness of gene-based functional and SNP markers 
in identification of candidates for salt-tolerant QTLs in crop plants offer new 
approaches to understand genomic control of salt tolerance. However, SNP-based 
identification of QTLs in ST studies is still at their first phase. Therefore, 
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high- throughput technologies and complete genome sequencing projects may offer 
new approaches to understand genomic control of salt tolerance and solve this 
persistent problem. This further may entail efficient marker-assisted breeding 
for salinity stress-tolerant crops with economically acceptable yield under saline 
conditions which further help in selection and quicker variety release.
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