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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 programs have met with limited success. The conventional 
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 the availability of genomic 
sequences of major crops and model plants have opened new vistas for understand-
ing 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 postgenomic 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 signaling mechanisms.

Volume 2 aims at discussing the potencies of postgenomic era tools like DNA 
helicases, RNAi, genomics intervention, and systems biology and other potent and 
novel approaches enabling the breeders and biotechnologists 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/postgraduate 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 Responses and Adaptive 
Mechanisms in Halophytes and Their 
Exploitation for Producing Salinity 
Tolerant Crops

Karim Ben Hamed, Amira Dabbous, Hassan El Shaer, and Chedly Abdely

Abstract The increasing salinization of cultivated lands and associated annual 
losses in agricultural production require a better understanding of key physiological 
mechanisms conferring salinity tolerance in crops. The effective way of gaining 
such knowledge comes from studying halophytes. Halophytes have the advantages 
of tolerating and even benefitting from salt concentrations that kill most crop spe-
cies. This review summarized the main strategies of resistance of halophytes to salt 
stress and the specificities in their responses that distinguish them from glycophytes. 
Many studies showed that the superior salinity tolerance in halophytes is mainly 
attributed to a set of complementary and well-orchestrated mechanisms for ion, 
osmotic and reactive oxygen species (ROS) homeostasis. We also gave special 
attention to the acclimation in halophytes that allows plants to improve stress toler-
ance to salt at a later period of plant growth. Armed with such information on halo-
phytes, it will be possible to produce salt tolerant crops through genetic modification, 
priming and effective breeding strategies.

Keywords Halophytes · Signalling · Salinity · Priming · Osmolytes · ROS homeo-
stasis · Acclimation · Crops · Vacuolar compartmentation · Gene expression · H2O2
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NHX Na/H+ exchanger
P5CS Pyrroline-5-carboxylate synthetase
PDH Proline dehydrogenase
PLC Phospholipase C
PLD Phospholipase D
POD Peroxidases
ROS Reactive oxygen species
SOD Superoxide dismutase
SOS Salt overly sensitive
TF Transcription factor
VHA Vacuolar H+ ATPase

1.1  Breeding for Salinity Tolerance: Current Stand

Worldwide, salt stress is one of the main environmental constraints that decrease 
plant growth and crop productivity. Alarmingly, salinity is increasing particularly in 
the most populous and least developed countries, in Central Asia and Africa, where 
salinization affects up to 50% of irrigated areas. Every minute, 3 ha are lost for 
agriculture due to inappropriate irrigation practices and between 10 and 20 M ha of 
irrigated land deteriorates to zero productivity each year (Panta et al. 2014). Most 
crop plants like cereals, forages and legumes are very sensitive to the presence of 
sodium in the soil. Interestingly some plants called halophytes have developed orig-
inal adaptation to cope with the presence of salt.

The biological approach that consists in improving the performance of cultivated 
plants has been proposed as one of the effective means to overcome salinity issue. 
For example, the overexpression of genes encoding sodium and potassium trans-
porters like Na/H antiporter or HKT1 genes (Zhang and Blumwald 2001; Ruiz 
2002; Shi et al. 2003; Apse and Blumwald 2002; Munns et al. 2012), improved the 
growth of some salt sensitive species like rice, tomato, wheat rapeseed and 
Arabidopsis under salt stress. Nevertheless, the progress towards improving the salt 
tolerance of these crops remains disappointingly slow. Thus, in spite of the fact that 
it is not a single crop that can be used seawater salinity (Flowers 2004). The main 
reason for this is the multigenic nature of the salt response, which also involves 
simultaneous changes at different levels (whole plant, tissues, cells and even organ-
elles). On the other hand, when a gene is over-expressed for example, the effects of 
the modification will be attenuated by dilution at whole plant level. Thus, the analy-
sis of several bibliographic data shows that the improvement of tolerance to salinity 
is only possible through coupling of genetic approach and functional genomics, 
biochemical and physiological approaches of biophysics, ecophysiology taking into 
account the interaction of the genome with its environment. The main aim is to look 
for mechanisms which extend beyond the cellular scale and which are part of the 
whole plant, which amounts to adopting an approach of integrative biology.

Moreover, Thellungiella salsuginea is a halophyte from the eastern coast of 
China, very close to Arabidopsis thaliana since the degree of homology of the 
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sequences between the two species is about 90%. Thellungiella becomes the 
 halophyte model for functional genomics. Curiously, very few genes are induced by 
salt in this plant. On the other hand, many genes are constitutively expressed at a 
level higher than that of Arabidopsis under salinity. Some of these genes are involved 
in Na+ excretion, antioxidant systems, osmolyte biosynthesis, protection against 
desiccation etc. (Taji et al. 2004; Gong et al. 2005).

From the comparison of Arabidopsis and Thellungiella emerges the hypothesis 
that halophyte is more salt tolerance is not associated with the acquisition of new 
genes but with a change in the regulation of many pre-existing genes, thus the inter-
est of the investigation and the comparative analysis of these regulatory pathways in 
plants with the same ability to tolerate salt stress.

In this chapter, we have summarized the main strategies of salt resistance in 
halophytes and focus on the special hallmarks that are better activated or pre- 
activated to elicit quick and better responses in halophytes than in glycophytes, 
resulting in adaptation to saline environment. We continue with some proper 
approaches that used halophyte specificities to develop salt tolerant crops.

1.2  Strategies of Salt Resistance in Halophytes

In salty environments, halophytes are experiencing three types of constraints, (1) 
Osmotic constraint: the salt causes a lowering of the water potential of the medium 
thus disrupting the water supply to the plant. (2) Ion stress associated with toxic 
accumulation of Na+ and Cl− in tissues. (3) Nutritional stress resulting from the 
competition of Na+ with the other essential cations K+, Mg2+, Ca2+ and Cl− with 
NO3

−, H2PO4
− and SO4

2−. These three stresses have a common denominator is that 
they may be responsible for an accumulation of reactive oxygen species (ROS). 
Halophytes, plants living in a salt environment, had to develop adaptive mecha-
nisms for these stresses. These adaptations are located at different levels of the 
plant, in organs, cells, membranes and at the molecular level (Pitman and Laüchli 
2002). Two main strategies are adopted by halophytes (Fig.  1.1), depending on 
whether they are dicotyledons or monocotyledons, the former adopt an osmotic 
regulation strategy (osmotic or tolerance strategy) and the latter adopt an avoidance 
strategy. These strategies could not be mutually exclusive, and a particular plant 
may use several of these different strategies depending on particular circumstances 
(Souid et al. 2016; Shabala and McKay 2011) Fig. 1.2.

1.2.1  Tolerance Strategy or Osmotic Strategy

This strategy is based on a high ability to absorb and transport Na+ and Cl− from 
the roots to the aerial parts before their accumulation in the vacuoles of the halo-
phytes (Flowers 1985). This salt accumulation may be beneficial to these plants 
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compared to glycophytes since it could lead to a lowering of the water potential of 
the cells, which could increase their water supply and reduce sweating. In most 
dicotyledonous halophytes, “inclusive” behavior is effective because it is associ-
ated with high growth rates and sequestration of large quantities of inorganic ions 
in the vacuole (Flowers and Colmer 2008). Most halophytes used Na+ and Cl− for 
osmotic adjustment, some others used K+ and SO4

2−. However, levels of accumula-
tion depend on species and environmental conditions. The accumulation of Na+ 
and Cl−in the vacuole also increases stem or leaf succulence. The succulence in 
leaves or stems characteristic of numerous halophytes, is associated with an 
increase in cell size, a decrease in surface area per tissue volume and a high water 
content per unit surface area (Short and Colmer 1999). The increased succulence 
being correlated with the water status of the leaves could be interpreted as an adap-
tation in terms of conservation of internal water and dilution of accumulated salts 
(Debez et al. 2004).

Fig. 1.1 Strategies of salt resistance in halophytes. (a) Salt tolerance (b) Salt avoidance
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1.2.2  Avoidance Strategy

The avoidance of salt requires certain physiological and structural adaptations. 
There are two main saline avoidance methods for halophytes. (1) Root exclusion: 
Na+ is transported in the xylem, transported to the leaves by transpiration, and then 
partially recirculated by the phloem to the roots and excreted in the medium (Bradley 
and Morris 1991; Berthomieu et  al. 2003). (2) Excretion: Some halophytes are 
capable to deposit high (molar) amounts of NaCl in specialized external (epidermal) 
structures like salt glands and salt bladders (Dassanayake and Larkin 2017; Shabala 
et al. 2014). About 50% of all halophyte plants contain salt bladders. With the diam-
eter of the bladder being often 10 times bigger than epidermal cells, each epidermal 
bladder cell has about 1000 times larger volume, and hence, could sequester 1000- 
fold more Na+ compared with leaf cell vacuoles (Shabala et al. 2014). The mecha-
nism of excretion has been described particularly in the case of salt glands. Thus, 
the movement of the liquid from the basal cell to the apical cell is done through the 
connections of the plasmodesm between the two cells. A solution enriched with salt 
is stored in the collecting chamber between the wall of the apical cell and the cuticle 
which has peeled off. The latter stretches by bringing the saline solution to the sur-
face of the leaf via small open spaces of the cuticle (Gorham 1996).

Fig. 1.2 Complementary mechanisms for ion homeostasis in the halophyte Cakile maritima 
involving V H+-ATPase (at moderate salinity, up to 300 mM NaCl) and PM H+ ATPase (at high 
salinity, 300–500 mM NaCl)

1 Salinity Responses and Adaptive Mechanisms in Halophytes and Their Exploitation…
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1.3  Learning from Signaling Pathways in Halophytes 
in Response to Salinity

The general consensus is that there is nothing really unique to halophytes, neither in 
their anatomical features, nor in their physiological mechanisms. The major differ-
ence to glycophytes is how efficiently these mechanisms are controlled in these two 
plant groups (Shabala and Mackay 2011; Shabala 2013). The key to improving 
salinity stress tolerance in crops may lie in understanding how salt stress-responsive 
mechanisms are regulated in halophytes.

1.3.1  Regulation of Ion Homeostasis by SOS Signaling 
Pathway in Halophytes

Several studies have established the Salt Overly Sensitive (SOS) pathway as the 
canonical model for the mechanism responsible for salt tolerance. The SOS path-
way involves interplay among Na+-H+ antiporters for transporting sodium, and the 
activation of the kinase that phosphorylates the transporter (Ji et al. 2013). Among 
them, SOS1, a plasma membrane Na+-H+ antiporter, has been shown to be a critical 
component for maintaining salt homeostasis by pumping sodium out of cells upon 
activation. Considering the characterization of sodium extrusion based on SOS1 in 
the highly sodium-sensitive, glycophytic Arabidopsis, it remained to be studied 
whether the SOS pathway, and particularly SOS1, had any function and relevance 
for the sodium tolerance of halophytic species. The function of SOS1 in Thellungiella 
salsuginea has now been characterized (Bressan et al. 2001; Amtmann 2009) with 
special emphasis on intracellular processes that might be altered by the inhibition of 
SOS1 expression. The study identified SOS1 as an intrinsic part of the halophytic 
nature of this species because the down-regulation of SOS1 transcript expression 
converted Thellungiella into a glycophytic species (Oh et al. 2009a, b). A computa-
tional analysis of the primary and secondary structures of halophytes and glyco-
phytes showed that no major differences in SOS1 between both groups (Kim and 
Bressan 2016). The major difference in Na+ tolerance between A. thaliana and 
T. salsuginea was due to a much higher Na+ influx in A. thaliana. This observation 
is consistent with others’ findings that SOS1 is required for Na+ tolerance but over-
expression of SOS1 from either A. thaliana or T. salsuginea does not result in a 
major improvement in Na+ tolerance (Shi et al. 2003).

1.3.2  Vacuolar Compartmentalization System

The vital control of intracellular sodium concentration for plants coping with salinity 
was achieved by intracellular accumulation and compartmentalization of Na+ pre-
dominantly in vacuoles, and thereby the cytoplasm keeps tolerable concentrations 
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(Shabala 2013; Flowers and Colmer 2008).The sequestration of Na+ in the vacuole is 
possible thanks to Na+/H+ antiporters located in the tonoplast. The great benefit of 
the halophytes is that they could have a constitutive expression of this tonoplast anti-
porter and can stimulate their activity under a salt stress (Zhang et al. 2008). The 
activity of NHX Na+/H+ antiporters which use the pH gradient generated by vacuolar 
V H+-ATPases to actively transport Na+ against its electrochemical gradient toward 
the vacuole (Zhu 2001; Hasegawa 2013). The combined stimulation of these both 
transporters seems to be important in the adaptation of halophytes to salt stress (Qiu 
et al. 2007). The compartmentalization of Na+ in the vacuole contributes not only to 
ion homeostasis and cell turgor, it also protects the metabolic enzymes from salt 
toxicity (Aharon et al. 2003). The accumulation of Na+ and Cl− in the vacuole also 
increases stem or leaf succulence. The succulence in leaves or stems characteristic of 
numerous halophytes, is associated with an increase in cell size, a decrease in surface 
area per tissue volume and a high water content per unit surface area (Short and 
Colmer 1999). In C. maritima the Na+ concentration of the leaves increased with 
increasing NaCl concentration in the medium (Debez et al. 2004) and no salt-related 
toxicity symptoms were noted. Moreover high leaf Na+ concentration was associated 
with increased leaf thickness and succulence (Debez et al. 2006) suggesting the exis-
tence of mechanisms for compartmentalization of Na+ in these organs (Fig. 1.2). The 
increased succulence of the leaves could be interpreted as an adaptation in terms of 
conservation of internal water and dilution of accumulated salts (Koyro and Lieth 
2008). Moreover, the increased activity of V H+-ATPases since 300 mM NaCl in C. 
maritima leaves has been reported (Debez et al. 2006). This activity could provide 
the necessary proton driving force triggering sodium transport towards the vacuole 
(Fig. 1.2).

1.3.3  Osmolyte Biosynthesis Pathways: Opposite Regulation 
in Halophytes and Glycophytes

In halophytes, the accumulation of glycine betaine and proline two important 
organic solutes is involved in osmotic adjustment in response to salt stress (Flowers 
and Colmer 2008). Halophytes are more efficient in controlling the catabolism of 
the proline and greatly accumulate it in salt stressed cells than glycophytes (Slama 
et al. 2015). The leaves and roots of C. maritima present a proline pool similar to A. 
thaliana in control situation but after 72 h of salt stress, the leaves of C. maritima 
accumulate twofold more proline than A. thaliana and threefold in the roots (Ellouzi 
et al. 2014). They have also the ability to accumulate 18-fold more betaine than the 
glycophytes (Jdey et al. 2014). Thus, C. maritima could use organic osmolytes in 
addition to Na+ for osmotic adjustment. It is further noteworthy that glycine-betaine 
as proline accumulation could also play a role in ROS homeostasis in halophytes 
(Katschnig et al. 2013) and serve in preservation of the structural and functional 
integrity at the cellular level (Jdey et al. 2014).The beneficial effect of proline accu-
mulation on salt tolerance has been demonstrated in a range of halophyte species 
(Szabados and Savoure 2010; Slama et  al. 2015). Thellungiella salsuginea and 
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Lepidium crassifolium, two halophytic wild relatives of Arabidopsis, accumulated 
more proline under control and salt-stressed conditions (Murakeozy et al. 2003; Taji 
et  al. 2004; Ghars et  al. 2008). Proline hyperaccumulation in T. salsuginea was 
shown to be a result of enhanced proline synthesis via pyrroline-5-carboxylate syn-
thetase (P5CS) and reduced proline catabolism by proline dehydrogenase PDH 
(Taji et al. 2004; Kant et al. 2006). Interestingly, in Arabidopsis, phospholipase D 
(PLD) functions as a negative regulator of proline accumulation under control con-
ditions (Thiery et al. 2004) whereas phospholipase C (PLC) acts as a positive regu-
lator of proline accumulation during salt stress (Parre et al. 2007). However, this 
regulation is opposite in Thellungiella, where PLD functions as a positive regulator 
and PLC acts as a negative regulator (Ghars et al. 2012). This opposite regulatory 
function exerted by T. salsuginea on proline accumulation (Fig. 1.3) suggests that 
halophytes have a ‘stress-anticipatory preparedness’ strategy (Taji et al. 2004).

1.3.4  ROS Homeostasis

Reactive oxygen species (ROS) are important in the cell for all organisms in their 
signaling pathway. But, large accumulation of ROS in the cell triggered an oxidative 
stress. This stress is a source of damages as lipid peroxidation, DNA damage, and 

Fig. 1.3 Regulation of proline metabolism in plants. Most data were obtained using Arabidopsis 
thaliana and Thellungiella salsuginea. Circles designate enzymes and rectangles the environmen-
tal context; open and black boxes correspond to the signalling pathways demonstrated in A. thali-
ana and T. salsuginea, respectively. Abbreviations: P5CS pyrroline-5-carboxylate synthetase, 
ProDH proline dehydrogenase, PLC phospholipase C, PLD, phospholipase D, ROS reactive oxy-
gen species. (Modified from Ghars et al. 2012)
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protein denaturation for examples. The sensitivity to ROS seems to be different 
between the glycophytes and halophytes. Actually, halophytes endure a higher level 
of ROS since high salinity can lead to the formation of ROS. Scavenging of ROS is 
thus critical in plant salt tolerance, and accordingly halophytes are equipped with 
powerful antioxidant systems, including enzymatic and non-enzymatic components 
to regulate the level of ROS in the cell (Bose et  al. 2014). Halophytes have the 
capacity to use the superoxide dismutase (SOD) at its better yield (Jithesh et  al. 
2006; Ozgur et al. 2013). This enzyme converts the O2

.− in H2O2, a more stable ROS 
that can be next transformed into H2O2 thanks to the catalase (CAT) and the peroxi-
dase (POX).

The kinetics of H2O2 signalling appears to be much faster in halophytes than in 
glycophytes (Bose et  al. 2014). For example, the salt-induced H2O2 accumulation 
peaked at 4 h upon salt stress onset in the leaves of a halophyte Cakile maritime and 
declined rapidly afterwards. In the glycophyte A. thaliana, however, H2O2 continued to 
accumulate even after 72  h after salt application (Ellouzi et  al. 2011) (Fig. 1.4). 
Similarly, salt stress-induced H2O2 production was higher in the leaves of a halophyte 
(Populus euphratica) in comparison with the leaves of a glycophyte (P. popularis) after 
24 h of salinity treatment (Sun et al. 2010), suggesting that elevated H2O2 levels upon 
stress exposure are essential to confer salt stress signalling and adaptation to stress in 
halophytes. Enhanced H2O2 production in the chloroplasts of Thellungiella salsuginea 
is pivotal for the “salt stress preparedness” mechanism in this halophyte species 
(Wiciarz et al. 2015), consistent with this notion. While (transiently) elevated H2O2 
appears to be essential for salt-stress signaling in halophytes, interaction between H2O2 
and transition metals (Fe2+ or Cu2+) present in cell walls may result in the generation of 
highly reactive hydroxyl radicals (OH.) via the Fenton reaction. Hydroxyl radicals 
damage cellular structures, decrease cytosolic K+/Na+ ratio by directly activating a 
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range of Na+, K+ and Ca2+-permeable cation channels and eventually cause cell death 
(Demidchik et al. 2010). The abundance of the metal binding proteins (e.g. ferritin) in 
specific tissues or cellular compartments controls the concentration of the transition 
metal ions available for the Fenton reaction, hence regulates the H2O2-mediated signal 
propagation in plants. Salt stress increases ferritin deposits in the leaves of the halo-
phytic Mesembryanthemum crystallinum (Paramonova et al. 2004). Similarly, a green 
micro-alga (Dunaliella salina) that grows only under highly saline conditions accumu-
lates large quantities of a triplicated transferrin-like protein (Liska et  al. 2004). 
Furthermore, there is a transient increase in the transcripts of ferritin gene (Fer1) in the 
leaves of a mangrove Avicennia marina 12 h after salt stress (Jithesh et al. 2006). These 
observations suggest that halophytes can indeed regulate the propagation of H2O2-
mediated signalling by increasing the abundance of metal binding proteins in all the 
tissue/cellular organelles where H2O2 accumulates, preventing it from being converted 
into hydroxyl radicals.

1.4  Learning from the Acclimation of Halophytes to Their 
Natural Biotopes

In saline environments, salinity is heterogenous spatially and temporally. For exam-
ple, halophytes naturally adapted to seasonal salinity fluctuations or unpredictable 
changes in salinity, owing to their ability to keep a stress imprint or ‘memory’ that 
improved plant responses when challenged by future salt stress events (Ben Hamed 
et al. 2013). Our recent studies on the halophyte Cakile maritima, native to Tunisian 
coasts, suggest a relatively long-term stress memory in plants pre-exposed to salin-
ity which resulted in a lower oxidative stress when subsequently exposed to salinity 
(Ellouzi et al. 2014). This suggests that among the set of defence mechanisms trig-
gered by stress pre-exposure there are imprints which persist for several weeks after 
relief of a first stress that allowed stress pre-exposed plants either to prevent and/or 
scavenge reactive oxygen species more efficiently than non-pre-exposed plants. As 
possible mechanisms for a stress imprint, Bruce et al. (2007) suggested the accumu-
lation of transcription factors or signalling proteins, epigenetic changes including 
chemical changes at the DNA (DNA methylation and acetylation), histone modifi-
cation or accumulation of small RNAs.

1.5  How Can We Exploit Regulation Pathways 
and Acclimation in Halophytes to Produce Salt Tolerant 
Crops?

There are several possible practical ways of increasing the salt tolerance in crop 
species. These include: (1) over-expression of genes from halophytes and (2) prim-
ing involving prior exposure to a biotic or abiotic stress factor making a plant more 
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resistant to future exposure. Priming can also be achieved by applying natural or 
synthetic compounds which act as signalling transducers, ‘activating’ the plant’s 
defense system. It appears that each of these approaches targets intracellular K+/Na+ 
and ROS homeostasis and ion transport across cell membranes, improving the 
cytosolic K+/Na+ ratio and assisting cell osmotic adjustment (Fig. 1.4).

1.5.1  Over-Expression of Genes from Halophytes in Salt 
Sensitive Species

The recent isolation and characterization of salt tolerance genes encoding signalling 
components from halophytes has provided tools for the development of transgenic 
crop plants with improved salt tolerance and economically beneficial traits (Fig. 1.5). 
These genes encode protein implicated in Na+ sequestration (H+ ATPase, NHX 
transporters) and exclusion (SOS1), synthesis of osmolytes, ROS detoxification, 
signal perception and regulating factors and other unknown functions (Himabindu 
et al. 2016).

Halophytic genes involved in salt tolerance mechanisms have been extensively 
studied in various model species (approximately 80 genes), including E. coli, yeast, 
Arabidopsis, tobacco and few crop species (only 20 genes) (Himabindu et al. 2016). 
Few reports used these genes from monocot halophytes for crop improvement, in 
comparison to the studies that used dicot halophytes genes (Himabindu et al. 2016). 
For example, vacuolar H+-ATPases encoding genes from dicots halophytes were 
proved to be potential key players of salt tolerance in glycophytes. We recently 
showed that this gene (LmVHA-E1) is up-regulated in the halophyte Lobularia 
maritima under different stress conditions (Dabbous et al. 2017), similar to what 
was reported by Mesembryanthemum crystallinum (Kluge et  al. 2009), Suaeda 
salsa (Ratajczak 2000; Wang et al. 2001) and Tamarix hispida (Gao et al. 2011). 
The overexpression of this gene in A. thaliana led to improved stress tolerance to 

Fig. 1.5 Salt tolerance 
studies using halophyte 
genes in different crop 
plants
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salinity and osmotic stress in transgenic plants, mainly associated with reduced 
relative water loss and oxidative damages and increased levels of sodium possibly 
due to higher H+-ATPase activity compared to the wild-type plants (WT). 
Accordingly, the higher levels of expression of different stress related genes such as 
AtNHX1 AtP5CS, AtCAT, AtSOD, AtPOD and AtLEA, indicated higher levels of 
activities in sodium sequestration into vacuoles, in osmotic regulation and in ROS 
scavenging of transgenic plants. Altogether, our results suggest an essential role for 
V-H+-ATPase subunit E1 in improving the tolerance of plants not only to to salinity 
but also osmotic stress. In another study, Hu et al. (2012) found that tomato plants 
overexpressing an MdVHA-B from apple (Malus domestica) exhibited improved 
drought-stress tolerance. These results indicate that enhanced vacuolar H+ pumping 
in transgenic plants could be an effective approach to improve the drought tolerance 
of crops. In addition to their role in ion transport, V-H+-ATPases energize the trans-
port of solutes such as amino acids (proline), betaine, polyols and sugars, across the 
tonoplast (Chen and Murata 2002). There is also evidence that the V-ATPase sub-
units may have additional functions independent of proton pumping, thus adding 
another layer of complexity to the biology of V-ATPases. For example, VHA-B1 has 
been identified in nuclear complexes with hexokinase, and a series of phenotypes of 
a vha-B1 mutant indicate that this subunit is involved in glucose signalling (Cho 
et  al. 2006). According to our results, LmVHA-E1 improved the tolerance of A. 
thaliana to mannitol-induced osmotic stress probably through an increased accu-
mulation of compatible solutes like proline, as indicated by an increased expression 
of P5CS gene in transgenic lines. Further experiments are needed if a clear conclu-
sion on the relationship between V-H+-ATPases and osmotic stress tolerance is to be 
drawn. It is evident from our study and several other reports that the over-expression 
of a single gene could impart salt tolerance to plants. But, it is well-known that 
salinity tolerance is a multi-gene trait and transformation with more than one gene 
will be necessary to meet the requirements to obtain insights into the mechanisms 
of tolerance improvement.

1.5.2  H2O2 Priming

Several recent studies on plants have demonstrated that pre- treatment with exoge-
nous H2O+ can induce salt tolerance (Table 1.1). These findings demonstrate that 
H2O2 priming can induce tolerance to salinity in plants by modulating physiological 
and metabolic processes such as photosynthesis, proline accumulation and ROS 
detoxification, and that this ultimately leads to better growth and development. 
Importantly, ROS metabolism also plays a pivotal role in the development of stress 
and cross stress tolerance.

H2O2 priming represents a fruitful area of future research, which should help 
plant scientists explore the molecular mechanisms associated with abiotic stress 
tolerance and promote a more environmental friendly sustainable agriculture 
(Hossain et al. 2015). As shown in previous section, halophytes have  mechanisms 
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to utilize ROS, especially H2O2, for signaling purposes that confer acclamatory 
stress tolerance through the modulation of osmotic adjustment, ROS detoxifica-
tion, photosynthetic C fixation and hormonal regulation (Ben Hamed et al. 2016). 
A large number of studies have suggested that H2O2 treatment is capable of 
inducing salt stress tolerance through the induction of a small oxidative burst. 
This burst subsequently activates a ROS-dependent signalling network, thereby 
enhancing the accumulation of latent defense proteins, such as ROS-scavenging 
enzymes and transcription factors (TFs), resulting in a primed state and an 
enhanced stress response (Borges et al. 2014). Many researchers have suggested 

Table 1.1 List of some successful studies showing the ameliorative effect of H2O2 priming on the 
response of crop species to salinity

Plant Method of application Response to salt stress after pre-treatment Reference

Rice Low concentrations 
(<10 μM) of H2O2 or 
NO

Greener leaves and a higher photosynthetic 
activity increases in ROS scavenging 
enzyme activities and increased expression 
of genes encoding pyrroline-5- 
carboxylatesynthase, sucrose- phosphate 
synthase, and the small heat shock protein 
26

Uchida 
et al. 
(2002)

Maize 1 μM H2O2for 2 days, 
25 mM for 1, 5 and 
10 days

By enhancing antioxidant metabolism and 
reducing lipid peroxidation in both leaves 
and roots

Azevedo- 
Neto et al. 
(2005)

Triticum 
aestivum

Seeds were soaked in 
H2O2 (1–120 μM,8 h) 
and subsequently grown 
in saline conditions 
(150 mM NaCl)

Lower H2O2 in seedlings from primed 
seeds, better photosynthesis, maintained 
turgor, under salt stress

Wahid et al. 
(2007)

Hordeum 
vulgare

Seedlings pre-treated 
with H2O2 (1 and 
5 mM), 150 mM NaCl 
for 4 and 7 d

Lower Cl− leaf content, Higher rates of CO2 
fixation and lower malondialdehyde (MDA) 
and H2O2 contents under salt stress

Fedina 
et al. 
(2009)

Wheat H2O2 0.05 μM Enhanced GSH content and increased the 
activities of APX, CAT, SOD, and POD

Li et al. 
(2011)

Avena 
sativa

H2O2 0.5 mM Up-regulation of the activities of CAT and 
SOD

Hossain 
et al. 
(2015)

Maize Foliar H2O2 priming Less H2O2 accumulation and maintenance 
of the leaf RWC and chlorophyll contents

Gondim 
et al.(2012, 
2013)

Triticum 
aestivum

H2O2: 50, 100 μM Reductions in both Na+ and Cl− ion levels 
and an increase in proline content and in N 
assimilation. Improved water relations, 
increased levels of photosynthetic pigments 
and greater growth rates

Ashfaque 
et al. 
(2014)

Panax 
ginseng

100 μM H2O2, for 2 days Better seedling growth, and chlorophyll and 
carotenoid contents, lower oxidative stress 
increased activities of APX, CAT, and 
guaiacol peroxidase,

Sathiyaraj 
et al. 
(2014)
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a central role for H2O2 in intracellular and systemic signaling routes that increase 
tolerance and acclimation to abiotic stresses. Recent findings have shown that 
effective ROS signaling may require an increased flux of thiol-dependent anti-
oxidants. With respect to signal transduction, ROS can interact with other signal-
ing pathways, such as the activation of NADPH oxidase dependent or monomeric 
G protein; lipid-derived signals; induction of MAPK; redox sensitive TFs; regu-
lation of Ca2+; and plant hormone signal transduction. An understanding of the 
H2O2 physiology of plants, particularly H2O2 sensing and the identification of the 
components of H2O2 signaling network and H2O2 cross-talk with other growth 
factors, is of practical importance if we aim at improving the performance of 
crop plants growing under salt stress conditions.

1.5.3  Salinity Pre-treatment

Plants exposure to low level salinity activates an array of processes leading to an 
improvement of plant stress tolerance. This has already been demonstrated for dif-
ferent crop species such as soybean, rice, sorghum, pea and maize (Amzallag et al. 
1990; Umezawa et al. 2000; Djanaguiraman et al. 2006, Pandolfi et al. 2012, 2016). 
For example, soybean pretreated for 23 days showed a higher survival rate under 
severe stress conditions (Umezawa et  al., 2000); in rice, 1 week of pretreatment 
decreased leaf area and total dry matter production, but improved growth rate and 
shoot and root length after 1 week of severe salt treatment (Djanaguiraman et al. 
2006); and in sorghum pre-treated plants maintained the same growth rate before 
and after the exposure to high level of salt, and they could stand a concentration 
much higher than non acclimated plants (Amzallag et al. 1990). In Pisum staivum 
and Zea mays, 7 days were enough to activate an array of processes leading to an 
improvement of plant stress tolerance (Pandolfi et al. 2012, 2016).

In many studies, acclimation to salinity was reported mainly to be related to 
ion- specific rather than osmotic component of salt stress. For example, in Pisum 
 sativum, although acclimation took place primary in the root tissues, the control 
of xylem ion loading and efficient Na+ sequestration in mesophyll cells are found 
to be important components of this process (Pandolfi et al. 2012). In maize, accli-
mation to salinity is not attributed to better ability of roots to exclude Na+, given 
the lack of any significant difference in net Na+ fluxes between acclimated and 
non-acclimated roots (Pandolfi et al. 2016). These findings are in a full agree-
ment that acclimated plants accumulated more Na+ in the shoot compared with 
non-acclimated ones, although further investigations are needed in order to 
unravel a clear picture of the ionic component of the acclimation mechanisms at 
the molecular level. Reported results allow us to suggest that the contribution of 
the root SOS1 plasma membrane transporters in this process is relatively minor, 
and instead points out at the important role of vacuolar compartmentation of Na+ 
as a component of acclimation mechanism.
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1.6  Conclusions and Perspectives

There is an urgent need to obtain high salt tolerant crops, because salinity is con-
tinuously spreading, productivity of conventional crop plants is significantly 
decreasing and world population is growing. This challenge can be achieved through 
the exploitation of halophytes, either through the engineering of their salt tolerance 
or miming acclamatory processes in salt sensitive crops. Most studies of halophytes 
concentrate on changes in plant physiology and gene expression to understand the 
mechanisms of salt tolerance. However adaptation to salinity is also connected with 
complex ecological processes within the rhizosphere induced by microorganisms 
(procaryotes and fungi) inhabiting roots and leaves of halophytes. It is therefore 
necessary to also learn from such microorganisms in order to increase the salt toler-
ance in crop species.
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Chapter 2
The Involvement of Different Secondary 
Metabolites in Salinity Tolerance of Crops

Oksana Sytar, Sonia Mbarki, Marek Zivcak, and Marian Brestic

Abstract Salt stress decreased plant growth and development; affects carbon 
metabolism, ion toxicity, nutritional status, and oxidative metabolism; and modu-
lates the levels of secondary metabolites which are important physiological param-
eters in salt stress tolerance. Recent progress has been made in the identification and 
characterization of the mechanisms that allow plants to tolerate high salt concentra-
tions and drought stress. Accumulation of secondary metabolites often occurs in 
plants subjected to stresses including various elicitors or signal molecules. The 
focus of the present chapter is the influence of salt stress on secondary metabolite 
production and some of important plant pharmaceuticals. Enhanced synthesis in the 
cytosol of determined secondary metabolites (anthocyanins, flavones, phenolics, 
and specific phenolic acids) under stress condition may protect cells from ion- 
induced oxidative damage by binding the ions and thereby showing reduced toxicity 
on cytoplasmic structures. The aim of this study was to determine the physiological 
implication of secondary metabolites in salt-tolerant crops.
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Abbreviation

CAT Catalase
GPX Glutathione peroxidase
GSTs Glutathione-S-transferase
PAL Phenylalanine ammonium lyase
ROS Reactive oxygen species

2.1  Introduction

Drought, high salinity, and freezing temperatures are environmental conditions that 
cause adverse effects on the growth of plants and the productivity of crops. 
Environmental factors, viz., temperature, humidity, and light intensity, the supply of 
water, minerals, and CO2 influence the growth of a plant and secondary metabolite 
production. Salt environment leads to cellular dehydration, which causes osmotic 
stress and removal of water from the cytoplasm resulting in a reduction of the cyto-
solic and vacuolar volumes. Salt stress often creates both ionic and osmotic stress in 
plants, resulting in accumulation or decrease of specific secondary metabolites in 
plants (Mahajan and Tuteja 2005).

It is expected that exposure of plants to salinity will also result in a wide range of 
metabolic responses. The changes in levels of several metabolites following salt 
stress are well documented. One of the best described metabolic responses is the 
increase in intracellular concentration of a range of soluble, neutral organic com-
pounds that are collectively termed “compatible solutes” (Bohnert et  al. 1995; 
Nelson et al. 1998).

The most common compatible solutes in plants are polyhydroxy compounds 
(sucrose, oligosaccharides, and polyhydric alcohols) and nitrogen-containing com-
pounds (proline, other amino acids, quaternary ammonium compounds, and poly-
amines) (Bohnert et  al. 1995; Hare et  al. 1998). However, it is noteworthy that 
increases in amino acid concentrations have been attributed simply to arising from 
the decrease in growth rate that results from stress (Munns 2002). Such accumula-
tion may not, therefore, be an adaptive response to salinity but simply a secondary 
consequence of reduced growth.

Anthocyanins are reported to increase in response to salt stress (Parida and Das 
2005; Slama et al. 2017). In contrast to this, salt stress decreased anthocyanin level 
in the salt-sensitive species (Daneshmand et al. 2010).

Polyphenol synthesis and accumulation is generally stimulated in response to 
biotic or abiotic stresses (Muthukumarasamy et al. 2000). Increase in polyphenol 
content in different tissues under increasing salinity has also been reported in a 
number of plants (Parida and Das 2005; Slama et al. 2017). Increasing total pheno-
lic content with moderately saline level has been observed in red peppers (Navarro 
et al. 2006). Exposure S. portulacastrum as halophyte under 800 mM NaCl impaired 
significantly photosynthesis, proline, polyphenol, antocyanins and carotenoids 
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accumulation and strong antiradical activity (DPPH) observed at this extreme salin-
ity and exhibits important antioxidant potentialities.might partly explain the plant 
survival which be used in the rehabilitation and the stabilisation of saline or saline 
arid land (Slama et al. 2017).

Total chlorophyll (CHL) and CAR involved in photochemical reaction of leaves 
are the most important secondary metabolites. Decrease in CHL content is associ-
ated with enhanced expression of chlorophyllase activity under stress (Majumdar 
et al. 1991).

Plants synthesise a variety of organic solutes such as proline, glycine betaine, 
soluble sugars, polyamines, etc., which are collectively called as osmolytes or com-
patible solutes. The osmolyte accumulation is frequently reported in plants includ-
ing halophytes exposed to salt stress and has been correlated with a plant’s capacity 
to tolerate and adapt to salinity conditions (Mssedi et al. 2000; Slama et al. 2008). 
When compared to other plants, S. portulacastrum appeared as a high proline accu-
mulator, with proline levels reaching 300 μmol g−1 leaf dry matter (Slama et al. 
2006).

Besides proline, higher salinity also causes increased accumulation of glycine 
betaine (Lokhande et al. 2010). The accumulation of glycine betaine was assumed 
to have positive functions in relation to maintenance of membrane integrity and 
stability of other cellular structures under salt and drought stress conditions 
(Martinez et al. 2005).

Studies of plant responses to salinity stress and the differences between salt- 
sensitive and salt-tolerant species using involvement of secondary metabolites have 
revealed an interesting diversity of patterns. First, there are differences in constitu-
tive levels of metabolites between tolerant and sensitive varieties/species, and, sec-
ond, different species show conserved as well as divergent metabolite responses in 
response to salinity.

Many major crops such as pepper, eggplant, potato, lettuce, and cabbage are salt- 
sensitive (Shannon and Grieve 1999). In addition, important cereals such as rice and 
maize are also sensitive to hyperosmotic stresses, and their production seriously 
decreases in saline soils (Ngara et al. 2012). Therefore increasing soil salinization 
as well as the growing world population shows the increasing need to develop crops 
which are able to adapt to salt stress.

Some plants grow and complete their life cycle in the habitats with a high salt 
content. They are known as salt plants or halophytes adapted to saline environments 
that are able to complete their life cycles in the presence of salt concentrations in the 
soil equivalent to at least 200 mM NaCl (Katschnig et al. 2013; Flowers and Colmer 
2008; Santos et al. 2015). The halophytes distribution and their responses to salinity 
habitats is used for development of halophytes classification into the following two 
main categories. First category is salt-enduring halophytes which show optimum 
development in non-saline habitats but can tolerate salts (Abdell et al. 2006). Second 
category is salt-resistant halophytes which show optimum development in saline 
habitats (Van Eijk 1939; Slama et al. 2017).

The high structural diversity of osmolytes combined with their multifunc-
tionality and the seasonal flexibility of the metabolism in halophytes has been 
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shown (Murakeözy et al. 2003; Slama et al. 2015). Depending on the accumu-
lated osmolyte, halophyte plants can be classified into three physiotypes (Briens 
and Larher 1982): species that produce high levels of soluble carbohydrates and/
or polyols but in which nitrogenous water-soluble compounds are present at 
very low concentrations, plants accumulating nitrogenous water-soluble com-
pounds at higher concentrations than nonstructural carbohydrates, and species 
that accumulate both carbohydrates and nitrogenous solutes, the first remaining 
quantitatively predominant.

Accumulation of carbohydrates may require a great deal of carbon, which is less 
readily available under stress conditions when net assimilation is decreased 
(Jefferies and Rudmik 1984). Moreover, a saline environment is generally deficient 
in nitrogen. The nitrogen-containing compounds able to accumulate in the plant, 
despite NO3 reduction in many species in response to salt stress. Nitrogen in salt-
stressed plants may not be a limiting factor (Mansour 2000). Salt tolerance requires 
the coordinated metabolic adjustment of different organs and tissues, with inherent 
reallocation processes of both C and N (Adams et al. 1990); therefore, investigation 
of whole-plant responses of primary metabolites is studied nowadays. In many 
cases known in salt response, primary metabolites can influence or can be affected 
by changes in secondary metabolites which can take part in detoxification of reac-
tive oxygen species (ROS) as antioxidants. It is not fully available data regarding 
effect of salt stress on level, accumulation etc. of specific secondary metabolites 
which present in specific halophytes and crop plants.

Therefore, the aim of this chapter is to describe the presence of specific second-
ary metabolites in halophyte plants. To discuss possible role of these secondary 
metabolites in response reactions under salt stress is main aim of proposed 
chapter.

2.1.1  Divisions of Plant Secondary Metabolites in Known 
Salt-Tolerant Plants

Secondary metabolites are organic compounds produced by plants originating of 
primary metabolism, have no direct relation to its growth and development, and 
show no functions hitherto recognized in vital processes of plants, such as photo-
synthesis, cellular respiration, protein synthesis, solute transport, and nutrient 
assimilation, unlike the primary metabolites (Olivoto et al. 2017). The synthesis of 
specific metabolites being restricted to a few species (Taiz and Zeiger 2010) is not 
observed in all species of the plant kingdom.

Most of the secondary metabolites are classified based on their biosynthetic ori-
gin. Plant secondary metabolites considered as end products of primary metabolism 
and not involved in metabolic activity can be divided into chemically distinct main 
groups: phenolic compounds, glycosides (saponins, cyanogens), alkaloids, steroids, 
essential oils, lignins, tannins, lectins (hemagglutinins), etc. (Salah 2015).
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The environmental stress factors such as salt, dryness, temperature, and soil pH 
are essential factors for release of secondary metabolites with potent antioxidant 
activity (Selvam et al. 2013). For example, there is a confirmed correlation between 
antioxidant activity and total phenolic content in plants of different origin (Piluzza 
and Bullitta 2011; Sadeghi et  al. 2015). The total antioxidant activity is an inte-
grated parameter of antioxidants present in a complex. Other secondary metabolites 
which can have antioxidant capacity are participating in creating parameters of total 
antioxidant activity. These are flavonoids, tannins, anthocyanins, and phenolic 
acids - representatives of phenols group (Dyduch-Siemińska et al. 2015). Secondary 
metabolites containing nitrogen are alkaloids which also have antioxidant activity 
(Velioglu et al. 1998) and can be connected with changes of metabolites containing 
nitrogen in primary metabolism under salt stress.

The most important characteristic of halophyte plants is their capacity to grow 
under high concentrations of NaCl. The biochemical mechanisms leading to salt 
tolerance in these plants are regulated in such a way that allows a more successful 
response to salt stress than in other plants (Hasegawa et al. 2000). We suppose that 
response mechanism of halophyte plants to salinity can be connected with second-
ary metabolite composition and specific gene expression under salt stress (Panich 
et al. 2010; Ksouri et al. 2012; Falleh et al. 2013).

Many of secondary metabolites participate in the development of salt stress 
response as antioxidants (Fig. 2.1).

Some physiological and biochemical mechanisms of tolerance to salinity are 
common to many halophytes when plants are subjected to salinity, whereas others 

Salt stress

Production of ROSInhibited Plant Growth Modified K+/Na+Ratio

Osmotic and Ionic stresses

Antioxidants

Secondary metabolites Antioxidant enzymes

Phenolic compounds, glycosides
(saponins, cyanogens), alkaloids,

steroids, essential oils, lignins, tannins
and lectins (haemagglutinins)

SOD, CAT, GPX etc.

Fig. 2.1 Participation of secondary metabolites in development of salt stress response
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are specifically amplified under a combination of stresses. Therefore, the response 
of halophytes to multiple stressors may not reflect an additive effect of these con-
straints but rather constitute specific response to a new situation (Visser et al. 2006) 
where many constraints are operating simultaneously. The effects of stressors can 
lead to deficiencies in growth, crop yields, permanent damage, or death if the stress 
exceeds the plant tolerance limits. Comparative studies between halophytes and 
glycophytes have shown that halophytes are better equipped with the mechanisms 
of cross-stress tolerance and are constitutively prepared for stress. Moreover, other 
data has shown that the pretreatment of halophytes with salinity or other constraints 
in the early stages of development improves their subsequent response to salinity, 
which suggests the capacity of these plants to “memorize” a previous stress allows 
them to respond positively to subsequent stress (Hamed et al. 2013). Halophytes can 
be sources for production of antioxidant compounds, and their accession-dependent 
capacity to induce antioxidative mechanisms in response to salt may result in a cor-
responding variability for growth sustainability (Ksouri et al. 2007; Flowers et al. 
2015; Jdey et al. 2017).

It is supposed that halophytes vary regarding the composition of secondary 
metabolites but possible that some secondary metabolites especially which present 
in high content can be responsible for the salt tolerance capacities of halophyte 
plants. A large number of medicinally important plants are halophytes (Qasim et al. 
2016; Jdey et al. 2017). Most halophytes produce secondary metabolites that affect 
animal performance when consumed, even when palatable to the animals (Salah 
2015). Plant secondary metabolites are produced in plants for protective purposes 
for the plants themselves and to adapt to environmental stresses and are unique 
sources for pharmaceuticals, food additives, flavors, and industrially important bio-
chemicals. The most of halophytes contains moderate or low levels of anti-nutri-
tional factors (secondary metabolites), which lies under the safe limits. The 
halophytes can be used as a potential feed source to raise animals, particularly in 
arid/semiarid areas (Ehsen et al. 2016). At the same time these plants are also world-
wide used in several areas of industry used in traditional medicine. It was done 
screening of halophytes regarding pharmacological properties to set out new prom-
ising sources of natural ingredients for cosmetic or nutraceutical applications (used 
as antioxidant, antibiotic as well as new natural skin lightening agents) (Jdey et al. 
2017).

In previous botanical researches, the most well-known salt-tolerant plants were 
chosen (Armitage 2000; Darke 1999; Dirr 1997; Gerhold et. al. 2001). Table 2.1 
shows endogenous plant secondary metabolites present in some halophytic fodder 
crops.

Plant metabolomics reveals conserved and divergent metabolic responses to 
salinity. Few studies have utilized metabolic fingerprinting or profiling technologies 
to discover changes in higher plants upon exposure to salt stress. The salt stress 
impact on secondary metabolites of crops such as tomato, Solanum lycopersicum 
cv. Edkawy and cv. Simge F1; rice, Oryza sativa; and grapevine, Vitis vinifera cv. 
Cabernet and the models Arabidopsis thaliana eco. Col-0 as well as A. thaliana T87 
cell cultures has been investigated (Cramer et al. 2007). Comparisons to halophytic 
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species, such as the tree Populus euphratica or the shrubs Thellungiella halophila 
and Limonium latifolium, have also been performed (Gagneul et al. 2007). Thus, 
applications range from ecological metabolomic approaches to artificial in  vitro 
systems.

An increase in the photosynthetic pigments at lower salt levels might be due to 
the osmotic adjustment mechanism developed by the grass species incumbent with 
salt stress. The increased levels of polyphenols at elevated salinity might be due to 
the accumulation of secondary metabolites (Mane et al. 2010).

Medicinal plants are rich in secondary metabolites like alkaloids, glycosides, 
steroids, and flavonoids which are potential sources of drugs. The question of sub-
jecting medicinal herbs to modern scientific test has often been raised. Biosynthesis 
of secondary metabolites is affected strongly by salt stress resulting in considerable 
fluctuations in quality and quantity. There can be variation in the pattern of second-
ary product composition within the same plant. It is possible that the efficacy of the 
herb depends on the total effect of plant contents rather than the few chemical frac-
tions separated from the herb (Muthulakshmi Santhi et al. 2015).

2.1.2  Role of Alkaloids in Salt Stress

Alkaloids are a group of naturally occurring chemical compounds that mostly con-
tain basic nitrogen atoms. Primarily alkaloids are found in plants and are especially 
common in original families of flowering plants. More than 3000 different types of 
alkaloids have been identified in a total of more than 4000 plant species. The plant 
families which are rich in alkaloids are Papaveraceae, Ranunculaceae, Solanaceae, 
and Amaryllidaceae families. Among presented in Table 2.1, halophytic fodder crop 
alkaloids were found and present in Magnolia sp., Sophora japonica, and Pinus 
ponderosa.

Effect of salinity and different nitrogen sources on the activity of antioxidant 
enzymes and indole alkaloid content in Catharanthus roseus seedlings shows 
increased accumulation of alkaloid in all leaf pairs, as well as in roots of C. roseus 
of NO3

−-fed plants as compared to NH4
+-fed plants (Misra and Gupta 2006). The 

obtained results show the possibility to increase content of steroidal alkaloid solsa-
sodine level production under salinity stress in Solanum nigrum. Positive dose- 
dependent correlations were observed between the NaCl levels and solasodine 
content accumulation, proline content, and solasodine accumulation in calli of 
Solanum nigrum (Šutković et al. 2011). Increasing level of plant alkaloid vincristine 
under drought stress was found (Amirjani 2013). It was observed that the level of 
ricinine alkaloids in roots of Ricinus communis was significantly lowered by salt 
stress, but it was increased in shoots (Ali et al. 2008).

Salinity in soil presents a stress condition for growth of the plants. Under natural 
conditions of growth and development, plants are inevitably exposed to different 
types of stress, which may cause increased production of reactive oxygen species 
(ROS) (Smirnoff 1993). Under highly suppressive conditions, these alkaloids play 
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the role as ROS scavengers. Some experimental studies have also shown that ROS 
production also regulates the alkaloid pathway occurring in undifferentiated cells 
(Sachan et al. 2010).

2.1.3  Role of Phenolic Compounds in Salt Stress

Phenolics are aromatic benzene ring compounds with one or more hydroxyl groups 
produced by plants mainly for protection against stress. The functions of phenolic 
compounds in plant physiology are difficult to overestimate, especially their inter-
actions with biotic and abiotic environments. Phenolics play important roles in plant 
development, particularly in biosynthesis of pigments and lignin (Bhattacharya 
et al. 2010).

However, phenolic compounds are potential antioxidants because there is a rela-
tion between antioxidant activity and presence of phenols in common vegetables 
and fruits (Cai et al. 2004; Fu et al. 2011). A positive linear correlation between 
antioxidant capacities and total phenolic contents implied that phenolic compounds 
in tested 50 medicinal plants could be the main components contributing to the 
observed activities. The results showed that Geranium wilfordii, Loranthus parasiti-
cus, Polygonum aviculare, Pyrrosia sheareri, Sinomenium acutum, and Tripterygium 
wilfordii possessed the highest antioxidant capacities and total phenolic content 
among 50 plants tested and could be rich potential sources of natural antioxidants 
(Yi et al. 2010). Among presented in Table 2.1, halophytic fodder crops, mostly all 
of them, have phenolic comounds and specific flavonoid composition.

Phenylalanine ammonium lyase (PAL) and glutathione-S-transferase (GSTs) 
also get induced from unfavorable effects of stresses (Marrs 1996). PAL, in action 
with cinamates 4-hydroxylase, forms an essential group of enzymes that helps in 
biosynthesis of several important secondary metabolites from phenylalanine (Singh 
et al. 2009). Involvement of phenylpropanoid and particularly flavonoid pathways 
in safflower plants during wounding and especially salinity stress was estimated 
(Dehghan et al. 2014).

Increasing phenolic compound content in the leaves of buckwheat sprouts com-
pared with the control has been observed under treatment with various concentra-
tions of NaCl. Moreover, the accumulation of phenolic compounds was primarily 
caused by an increase in the levels of four compounds: isoorientin, orientin, rutin, 
and vitexin (Lim et al. 2012). Salt stress in strawberry fruits increased the antioxi-
dant capacity, antioxidant pools (ascorbic acid, anthocyanins, superoxide dis-
mutase), and selected minerals such as Na+, Cl−, K+, N, P, and Zn2+, as well as lipid 
peroxidation (Keutgen and Pawelzik 2008). There was also an observed connection 
between production of polyphenolic antioxidants and salt stress in halophyte P. 
karka which indicates salinity as an effective tool to produce antioxidant-rich bio-
mass for industrial purposes (Abideen et al. 2015).

It was estimated that salt stress in some concentrations can improve the nutri-
tional value of radish sprouts too. The germination of sprouts under adequate salt 
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stress can be one useful way to enhance health-promoting compounds of plant food. 
Antioxidant activity of radish sprouts was not affected by experimental concentra-
tions of NaCl. But lower concentrations of NaCl have decreased total glucosinolate 
and total phenolic contents, and higher concentrations of NaCl have increased their 
content (Yuan et al. 2010).

Salt-induced lipid peroxidation was observed only in old leaves, whereas the 
accumulation of the major phenolic compounds under saline conditions was higher 
in young leaves of Carthamus tinctorius L (Abdallah et  al. 2013). During stress 
treatment, the accumulation of the major polyphenolic compounds is found higher 
in young leaves of maize plants too. At the same time a difference in phenolic 
response under salt stress between different plant cultivars has been observed 
(Ghosh et al. 2011; Ashraf et al. 2010; Hajlaoui et al. 2009). A high polyphenol 
accumulation, especially  anthocyanins can show their efficient participation in 
restriction of oxidative damages caused by the H2O2 generation (Hajlaoui et  al. 
2009).

It was suggested that accession-dependent capacity to induce antioxidative 
mechanisms in response to salt may result in a corresponding variability for growth 
sustainability of some plants. In this case halophytes may be interesting for produc-
tion of antioxidant compounds. The high leaf polyphenol content and antioxidant 
activity have been estimated in leaves of the halophyte Cakile maritima (Ksouri 
et al. 2007). It was observed that soil salinity also causes higher chlorogenic acid 
concentrations in halophyte honeysuckle flower buds, with significant increases in 
total chlorogenic acid concentration (Yan et al. 2016).

Flavonoids are one of the largest classes of plant phenolics that play a role in 
plant defense (Kondo et al. 1992). Isoflavonoids are derivatives of flavonone inter-
mediate, e.g., naringenin, secreted by legumes which play a critical role in plant 
development and defense response and also in supporting the configuration of nitro-
gen- fixing nodules by symbiotic rhizobia (Sreevidya et al. 2006). Posmyk et al. 
(2009) reported that synthesis of these flavonoids is an effective strategy against 
ROS.  It was found that under salt stress, Azospirillum brasilense promoted root 
branching in bean seedling roots and increased secretion of nod gene-inducing fla-
vonoid species (Dardanelli et al. 2008). Anthocyanins are reported to increase in 
response to salt stress (Parida and Das 2005). In contrast to this, salt stress decreased 
anthocyanin level in the salt-sensitive species (Daneshmand et al. 2010).

2.2  Role Lignins in Salt Stress

The one representative of phenols group is important to the structure of the plant and 
is called lignin. Lignin is one of the major characteristics of plant secondary cell wall 
that provides structural rigidity for the cells and tissues and hydrophobicity to trache-
ary elements. It was estimated that salt stress exerts a synergistic effect in the lignifi-
cation of both protoxylem and metaxylem vessels and induces an earlier and stronger 
lignification of the secondary thickenings of the phloem fiber cell walls. Salt exposure 
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influenced cell wall composition involving increases in the lignin- carbohydrate ratio 
(Janz et al. 2012). The lignin deposition is a factor which inhibits root growth and 
which contributes to the structural integrity of xylem vessels as an adaptation mecha-
nism in resisting the stress imposed by salinity (Cachorro et al. 1993).

In the primary roots of maize, the Casparian strip matured closer to the root tip 
under conditions of salt stress. It has been shown that formation of the strip at posi-
tions closer to the root tip under salt stress was due to a decrease in the number of 
cells and in the lengths of cells in the endodermis between the root tip and the low-
est position of the strip. The age of a cell at the lowest position of the strip is equiva-
lent to the time required for the cell to complete the formation of the strip since the 
cell itself had been produced. It was indicated that salinity did not have a major 
effect on the time-dependent formation of the strip itself in individual cells (Karahara 
et al. 2004).

The average number of lignified cells in vascular bundles was significantly 
greater together with increased S-adenosyl-l-methionine synthase activity in plants 
under salt stress, with a maximal expansion of the lignified area found in the root 
vasculature. It was indicated that increased S-adenosyl-l-methionine synthase 
activity correlated with a greater deposition of lignin in the vascular tissues of plants 
under salinity stress (Sánchez-Aguayo et al. 2004).

The effects caused by NaCl may be owing to the enhanced lignin production that 
solidifies the cell wall and restricts root growth. The total phenolic and lignin con-
tents and p-hydroxyphenyl (H) and syringyl (S) monomers of lignin increased with 
PAL activity decreased in NaCl-treated roots (Neves et al. 2010). Activation of lig-
nin biosynthetic enzymes during internodal development of Aeluropus littoralis 
under salt stress has been observed. It induced activities of phenylalanine ammonia 
lyase and cinnamyl alcohol dehydrogenase and increased the lignin content (Kelij 
et al. 2015).

2.3  Role of Glucosinolates in Salt Stress

Glucosinolates are a large group of sulfur- and nitrogen-containing glucosides. 
Glucosinolates, a class of secondary metabolites, mainly found in Brassicaceae, are 
affected by the changing environment. In the plant, glucosinolates coexist with an 
endogenous enzyme myrosinase. The glucosinolates are stored in the vacuoles of 
so-called S-cells and myrosinase in separate but adjacent cells. Upon plant tissue 
disruption, glucosinolates are released at the damage site and become hydrolyzed by 
myrosinase. The chemical nature of the hydrolysis products depends on the structure 
of the glucosinolate side chain, plant species, and reaction conditions (Redovnikovi 
et al. 2008). The mechanism of glucosinolate turnover regulation under salinity still 
is not completely clarified. However, the different physiological stage of the plant or 
the level of tolerance to salinity and the individual glucosinolate response (in rela-
tion to glucosinolate-myrosinase system) needs a detailed analysis to discuss the 
response of glucosinolates to salt stress. It is found that lower concentrations of 
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NaCl have decreased glucoraphasatin  (4-methylthio-3-butenyl-glucosinolate) and 
total glucosinolate in radish seedlings and higher concentrations of NaCl have 
increased their content (Yuan et al. 2010; López-Pérez et al. 2009). In broccoli plant 
under influence of salinity is determined decreasing of glucosinolates due to stress 
conditions (Sarikamiş and Çakir 2017). These results could be related to the strong 
metabolism alteration focused in turgor adjusting and leading to a high growth 
reduction (López-Pérez et al. 2009; López-Berenguer et al. 2009). The fact that glu-
cosinolates were accumulated under low water potential when the leaves have to 
maintain turgor suggested that during salinity stress, the primary metabolism and 
growth were restricted, but not the secondary metabolism and the production of 
glucosinolates. It was suggested that the increase in glucosinolates was related to the 
synthesis of osmoprotective compounds (Martínez-Ballesta et al. 2013).

Leaf water balance under salt stress can be supported by aquaporins and gluco-
sinolate synthesis. NaCl addition occurs decrease in SO4

2−−, and an increase in 
glucosinolates what can indicate about involvement of these compounds in the 
water-balance response of plants to salt stress (López- Berenguer et al. 2008).

Glucosinolate degradation and turnover are carried out by the activity of myrosi-
nases (Halkier and Gershenzon 2006; Yan and Chen 2007). Tissue damage brings 
myrosinase (cytoplasm) in active contact with glucosinolates (vacuole) (Galletti 
et  al. 2006; Andersson et  al. 2009). The complexity of the regulation of the 
glucosinolate- myrosinase system has been pointed out, since no relationship has 
been observed between the glucosinolate level as a result of altered myrosinase 
activity in plants under salt stress (Pang et al. 2012). In this study, an increase in 
glucosinolate degradation was expected to be observed as a consequence of mem-
brane damage by salt stress indicated by high relative electrolyte leakage. Therefore, 
the lack of relation between myrosinase activity and glucosinolate levels supported 
the hypothesis that salinity results in an alteration of metabolic activity producing 
an increase in glucosinolate content.

2.4  The Essential Oils Under Salt Stress

Essential oils are volatile, natural, complex compounds characterized by a strong 
odor and are formed by aromatic plants as secondary metabolites. They can be 
synthesized by all plant organs, i.e., buds, leaves, stems, flowers, twigs, fruits, 
seeds, roots, bark, or wood, and are stored in secretory cells, cavities, canals, or 
epidermal cells. Essential oils can be also produced and stored in trichomes and are 
involved in plant-animal, plant-microorganism, and plant-plant interactions that aid 
plant maintenance, survival, and adaptation to environmental conditions (Castro 
et al. 2008). Because of the mode of extraction, mostly by distillation from aro-
matic plants, they contain a variety of volatile molecules such as terpenes and ter-
penoids, phenol-derived aromatic components, and aliphatic components (Bakkali 
et al. 2008).
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In general, terpenoids are a predominant constituent of plant essential oils, but 
many of these oils are also composed of other chemicals like phenylpropanoids. The 
terpenoids are a large and diverse class, derived from five-carbon isoprene units 
assembled and modified in thousands of ways. In fact, almost all essential oils are 
extremely complex in composition, with respect to the presence of a large variety of 
highly functionalized chemical entities, belonging to different chemical classes 
(monoterpenoids, sesquiterpenoids, phenylpropanoids, etc.). Essential oil produc-
tivity is ecophysiologically and environmentally friendly (Sangwan et al. 2001).

The cultivation of essential oils containing species from different families has 
been initiated in a number of countries to respond to food and cosmetic industry 
needs. Developing ways to manipulate the concentration and yield of some essential 
oils under different stresses is important nowadays. In fact, soil salinity may favor a 
directional production of particular components of interest and can be used for 
studying their possible role under salt stress for some particular plants.

One of the most important characteristics of oil accumulation is its dependence 
on the developmental stage/phase of the plant per se as well as its concerned part/
organ, tissue, and cells (Sangwan et al. 2001). Comparing the performance of two 
Cymbopogons C. winterianus and C. flexuosus under increasing salinity and sodic 
conditions, it has been estimated that increasing salinity and sodicity stresses caused 
a reduction, both in shoots and root yield of citronella, lemongrass, and vetiver 
(Kumar and Gill 1995). Ansari et al. (1998) has recorded the decline in oil yield in 
C. winterianus and least in C. flexuosus too. Compositionally, proportions of citral 
and geraniol increased under salt stress, respectively, in the oils of lemongrass and 
palmarosa. A salt-tolerant line of palmarosa, developed by an in vitro procedure 
(Patnaik and Debata 1997), has a regeneration potential, even under high salt con-
centrations (up to 200 mM).

Irrigation with a solution containing 100 mM NaCl for 4 weeks increased con-
siderably 1.8-cineole, camphor, and β-thujone concentrations in common sage, 
whereas lower concentrations had no effects (Tounekti and Khemira 2015). Within 
the essential oil, the relative level for various constituents increased, decreased, or 
did not change in peppermint (Mentha x piperita L.), pennyroyal (Mentha pulegium 
L.), and apple mint (Mentha suaveolens Ehrh.) under salt stress as compared with 
nonstressed control plants. Reduction of the essential oil yields and induced marked 
quantitative changes in the chemical composition of the essential oils in safflower 
(Carthamus tinctorius L.) have been observed (Harrathi et al. 2012). Salt stress did 
not affect the yield or the concentrations of the constituents of the essential oil of 
Lippia gracilis Schauer, carvacrol and thymol showing the highest concentrations in 
all treatments (Ragagnin et al. 2014). In experimental plants, oil concentration in 
the plant tissue under salt stress increased as compared with untreated controls, sug-
gesting that oil synthesis and/or oil degradation processes were less sensitive to salt 
stress than similar processes in plants with decreased oil concentration content 
(Aziz et al. 2008).
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2.5  Tannins Under Salt Stress

Tannins is a term widely used to refer to any large polyphenolic compound contain-
ing sufficient hydroxyls and other suitable groups (such as carboxyls) to form strong 
complexes with various macromolecules. The tannin compounds are widely distrib-
uted in many species of plants, where they play a role in protection from such biotic 
stress as predation and in plant growth regulation (Ferrell and Thorington 2006). 
Among presented in Table  2.1, halophytic fodder crops tannins were found and 
present in bearberry (Arctostaphylos uva-ursi), red oak (Quercus rubra), white oak 
(Quercus alba), potentilla (Potentilla fruticosa), larch (Larix spp.), daylily 
(Hemerocallis spp.), and sea lavender (Limonium latifolium).

Condensed tannins are polymeric flavanols formed by condensation of mono-
meric units such as flavan-3-ols and flavan-3-4-diols (Foo et al. 1996). When con-
densed tannins get depolymerized, they produce mainly cyanidin or delphinidin and 
therefore have been further classified as procyanidins or prodelphinidins (Bruneton 
1999). Only a low degree of absorption of condensed tannins by the digestive tract 
of herbivores has been reported. One of their most important chemical properties is 
the ability to form soluble and insoluble complexes with macromolecules, such as 
protein, fiber, and starch. Condensed tannins have been proposed to play a role in 
the interactions between plants and microorganisms, either pathogenic or mutualis-
tic, as well as in plant responses to abiotic stresses (Gebrehiwot et al. 2002; Reinoso 
et  al. 2004; Paolocci et  al. 2005). Lotus species exhibit significant variations in 
shoot and root condensed tannins (Escaray et al. 2007).

Leaf anatomical changes like plant height, fresh weight, and leaf area were found 
to have negative correlation with salinities. With increment of salinity, the thickness 
of upper and lower cuticle and upper and lower epidermis and the densities of tannin 
cell increased, but the thickness of upper and lower endodermis and the intercellular 
spaces of spongy tissue of leaves decreased (Liu et al.2009).

The salt-sensitive and salt-tolerant poplar species reveals evolutionary adaption 
of stress tolerance mechanisms. An increased respiration, greater tannin and soluble 
phenolic contents, as well as, higher glucose and fructose level in the two different 
phylogenetically poplar species has been observed under salt stress. Increasing tan-
nin content is connected to pathways of phenylpropanoid and flavonoid biosynthe-
sis which got higher transcript abundances of enzymes (Janz et al. 2010).

2.6  Manipulations/Genetic Engineering of Secondary 
Metabolites for Conferring Salinity Tolerance

Nowadays mostly studied salt-tolerant genes encode a putative Na+/H+ antiporter 
(Shi et al., 2000) (Table 2.2).
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2.7  Conclusions

In the presented chapter, some literature data and analysis about possible roles of 
plant secondary metabolites under conditions of salt stress are described. 
Participation of primary metabolites in osmotic adjustment which can induce 

Table 2.2 Genetic engineering of secondary metabolism for conferring salinity tolerance

Species Gene name Gene functions References

Oryza sativa OsHsp17.0, OsHsp23.7 Heat-shock proteins, 
molecular chaperones, and 
folding, assembling, and 
transporting proteins

Zou et al. 
(2012)

Artemisia annua CYP71AV1 Increase of artemisinin 
production

Sheludko 
(2010)

Tobacco 
(Nicotiana 
tabacum L.)

Constitutively silenced for 
homogentisate 
phytyltransferase (HPT) and 
γ-tocopherol methyltransferase 
(γ-TMT) activity

98% reduction of total 
tocopherol accumulation in 
transgenic line and hence 
decreased degree of salt 
tolerance

Abbasi et al. 
(2007)

Common 
buckwheat 
(Fagopyrum 
esculentum)

AtNHX1, a vacuolar Na+/H+ 
antiporter gene

Increase of rutin 
accumulation

Chen et al. 
(2008)

Arabidopsis 
thaliana

MYB112 transcription factor Increase of anthocyanin 
accumulation

Lotkowska 
et al. (2015)

Tobacco 
(Nicotiana 
tabacum L.)

NtMYC2a-recognized G-box 
motifs

Increase of nicotine content Chen et al. 
(2016)

Arabidopsis 
thaliana

Expression of genes F3H, 
F3′H, and LDOX

Increase of anthocyanin 
accumulation

Van Oosten 
et al. (2013)

Arabidopsis 
thaliana

VvbHLH1 gene from grape Increase of anthocyanin 
accumulation

Wang et al. 
(2016)

Lotus japonicus Gene of plastidic glutamine 
synthetase (GS2) deficiency

Changes in phenolic 
metabolism

García- 
Calderón 
et al. (2015)

Aeluropus 
littoralis (Willd) 
Parl

Cell wall CWPRX gene 
expression

Increase of cell wall 
phenolic acids (ferulic acid, 
p-coumaric acid, and sinapic 
acid)

Haghighi 
et al. (2014)

Sacharum sp. Expression patterns of miRNAs 
156, 159, and 166

Overexpression of SPL5, 
GA-Myb, and Glass III 
HD-Zip protein 4 which 
enhanced salt tolerance

Shriram et al. 
(2016)

Rauvolfia 
serpentina 
Arabidopsis 
thaliana

miRNAs Activation of flavonoid 
biosynthetic

Gupta et al. 
2017

Diospyros kaki

O. Sytar et al.



39

development of oxidative stress with increasing ROS is also known. Secondary 
metabolites as antioxidants are able to participate in balancing oxidative status of 
plant organism. Phenolic compounds, tannins, essential oils, glucosinolates, and 
lignins are present in halophytes and their possible role in salt tolerance has been 
discussed. Secondary metabolites also have significant practical applications in 
medicine, serve as nutritive unique sources for food additives and cosmetics, and 
has importance in plant stress physiology for adaptation.
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Chapter 3
Exploring Halotolerant Rhizomicrobes 
as a Pool of Potent Genes for Engineering 
Salt Stress Tolerance in Crops

Neveen B. Talaat

Abstract Soil salinization is a constant threat to crop productivity and ecology 
worldwide. The conventional approach, breeding salt-tolerant plant cultivars, has 
often failed to efficiently alleviate this devastating environmental stress factor. In 
contrast, the use of a diverse array of microorganisms harbored by plants has 
attracted increasing attention because of the remarkable beneficial effects of them 
on plants. Among these microorganisms, halophilic and halotolerant rhizomicrobes 
is one of the most important extremophilic microorganisms. They can be found in 
saline or hypersaline ecosystems and have developed different adaptations to sur-
vive in salty environments. Their proteins and encoding genes are magnificently 
engineered to function in a milieu containing 2–5 M salt and represent a valuable 
repository and resource for reconstruction and visualizing processes of habitat 
selection and adaptive evolution. Indeed, the natural occurrence of these microor-
ganisms in saline soils opens up a possible important role of them in increasing the 
salt tolerance in crops. They are capable of eliciting physical, chemical, and molec-
ular changes in plants which enhanced their tolerance and promoted their growth, 
and thus they can refine agricultural practices and production under saline condi-
tions. Likewise, their ability to serve as bioinoculants could be a more ready utiliz-
able and sustainable solution to ameliorate the deleterious salt effects on plants. 
However, the ecology of their interactions with plants is still under investigation and 
not fully understood. This chapter aims to introduce the halotolerant rhizomicrobes 
and shed light on their special mechanisms to adapt to salinity conditions. A special 
section would be dedicated for their potential to be exploited in engineering salt 
tolerance in crops.
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Abbreviations

ACC 1-Aminocyclopropane-1-carboxylic acid
AMF Arbuscular mycorrhizal fungi
APX Ascorbate peroxidase
CAT Catalase
DHAR Dehydroascorbate reductase
EPS Exopolysaccharides
GPX Guaiacol peroxidase
GR Glutathione reductase
IAA Indole acetic acid
LCO Lipo-chitooligosaccharide
MDA Malondialdehyde
MDHAR Monodehydroascorbate reductase
mtlD Mannitol 1-phosphate dehydrogenase
PGDH 3-Phosphoglycerate dehydrogenase
PGPR Plant growth-promoting rhizobacteria
QACs Quaternary ammonium compounds
ROS Reactive oxygen species
SHMT Serine hydroxymethyltransferase
SOD Superoxide dismutase
SOS Salt overly sensitive
VOCs Volatile organic compounds
VSP2 Vegetative storage protein 2

3.1  Introduction

Soil salinization is one of the most widespread soil degradation processes on the 
earth endangering the potential use of soils. It is a major environmental stress nega-
tively affecting plant growth and severely limiting the agricultural productivity 
worldwide. Globally, it is estimated that 20% of irrigated land and almost 5% of the 
world’s cultivable land are salt-affected (Selvakumar et  al. 2014). Exposure of 
plants to excess salt induces osmotic, ionic, and oxidative stresses as well as nutri-
tional imbalances. Osmotic stress is induced by limited water adsorption from soil, 
while ionic stress resulted from high concentration of Na+ and Cl− inside the plant 
cells (Talaat and Shawky 2011, 2015). Oxidative stress is usually caused by genera-
tion of reactive oxygen species (ROS) and hydroxyl radicals, which are detrimental 
to plant survival under salt stress (Talaat 2014, 2015a). Reduced physiological 
activity is due to nutritional imbalance under salt stress, which consequently sup-
presses the growth and development of plants (Talaat 2015b; Talaat et al. 2015a). 
Furthermore, plants evolved an array of genetic and epigenetic regulatory systems 
to respond to salinity stress (Vannier et al. 2015). Indeed, the integration of genom-
ics approach with traditional breeding is useful for improving crop salinity 
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tolerance. Transgenic plants overexpressing a wide range of genes adapt well to 
high saline condition (Roy et al. 2014). However, this approach is time-consuming, 
expensive, and labor-intensive and frequently results in unstable mutants due to the 
simultaneous manipulation of numerous genes involved in abiotic stress responses. 
It is also still uncertain whether transgenic crops will become generally publicly 
acceptable (Jewell et  al. 2010). Moreover, molecular techniques are not widely 
applicable to important Brassica and Triticum species that are tetraploid or hexa-
ploid (Kumar et al. 2015). Finally, transgenic salt-tolerant crops, especially those 
whose transcription factors have been genetically modified, sometimes suffer yield 
penalties (Roy et al. 2014). Thus, care should be taken to maintain yield stability in 
transgenic crops. To bypass these limitations, it is necessary to investigate addi-
tional alternative strategy. Indeed, it is worthwhile to explore the question of how to 
mitigate the adverse effects of salt stress, enhance plant salt tolerance, and eventu-
ally increase crop yields in high-salinity soils by using sustainable and eco-friendly 
biological solution.

Microbes are a key component of all ecosystems on earth, playing major roles in 
the biogeochemical cycles. Compatible plant-microbe interactions favor plant 
growth and development and help plants deal with different environmental chal-
lenges (Talaat and Shawky 2015; Subramanian et  al. 2016). Although many 
microbes are hard to grow under high salt conditions, some halotolerant or halo-
philic rhizomicrobes are identified (Liu et  al. 2016; Subramanian et  al. 2016). 
Halophiles, as a member of extremophiles, are salt-loving organisms that can live in 
hypersaline environments such as hypersaline soils, salt lakes, marine sediments, 
salted food, and brines. They adapt with their saline surroundings by their capability 
to balance the osmotic pressure of the environment, via either producing compatible 
organic solutes or accumulating large salt concentrations in their cytoplasm. Their 
low nutritional requirements and resistance to high concentrations of salt make 
them a potent candidate in a wide range of biotechnological applications (Edbeib 
et al. 2016). Halotolerant rhizomicrobes not only tolerate salt-stress conditions but 
also have the ability to promote plant growth and development under this harsh 
environment (Essghaier et al. 2014; Singh and Jha 2016). Using them as bioinocu-
lants could be a more readily utilizable and sustainable way to mitigate the detri-
mental salt effects on crops (Bharti et al. 2016). Thus, there is high potential for 
bioremediation applications for salt-affected soils using halophilic microbes. This 
biotechnology method has proven to be more efficient than plant breeding and 
genetic modification approaches.

Application of bioinoculants such as plant growth-promoting rhizobacteria 
(PGPR), arbuscular mycorrhizal fungi (AMF), and Rhizobium has been known as 
an efficient, eco-friendly, and cost-effective approach for ameliorating saline soils 
and increasing plant growth via several mechanisms (Munns and Gilliham 2015). 
PGPR are a group of microorganisms that can be found in the rhizoplane and rhizo-
sphere, phyllosphere, or inside of plant tissues as endophytes. Halotolerant PGPR 
provides plants with their activities to challenge salinity stress. They impart benefit 
to the growth of plants under high salinity by using different mechanisms such as 
synthesis of phytohormones (auxins, cytokinins, gibberellins, and abscisic acid); 
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production of essential enzymes, 1-aminocyclopropane-1-carboxylate (ACC) 
deaminase, to reduce ethylene level in the root of developing plants; fixation of 
atmospheric nitrogen; solubilization of insoluble phosphate; mobilization of nutri-
ent in the rhizosphere; synthesis and excretion of siderophores that enhance the 
bioavailability of iron; as well as production of volatile organic compounds (VOCs), 
antioxidants, and exopolysaccharides (EPS). Moreover, some halotolerant PGPB 
colonize plants endophytically, produce various antimicrobial metabolites against 
pathogenic fungi and bacteria, support plant health by improving systemic resis-
tance, and contribute to soil fertility and remediation (Orhan 2016; Singh and Jha 
2016; Sorty et al. 2016; Bhise et al. 2017). In addition, some salt-tolerant Rhizobium 
strains can grow at NaCl concentration up to 500 mM. These salt-tolerant rhizobia 
go through some morphological, metabolical, and structural modifications to mud-
dle through the salt stress (Guasch-Vidal et al. 2013; Liu et al. 2014). Interestingly, 
combined application of halotolerant Rhizobium and halotolerant PGPR 
Pseudomonas strains could be explored as an effective strategy to induce salt toler-
ance in mung bean (Ahmad et al. 2013).

AMF form beneficial symbiotic associations with most plants and play a vital 
role in plant growth under various stressed conditions by modifying the root system, 
enhancing mobilization and the uptake of several essential elements, defending 
roots against soilborne pathogens, stimulating phytohormone synthesis, inducing 
osmoregulator accumulation, controlling ROS accumulation by enhancing antioxi-
dant enzyme activity and antioxidant molecule content, improving photosynthesis 
process, enhancing protein synthesis, and changing transcript levels of genes 
involved in signaling pathway or stress response as well as structural adaptations 
(Talaat and Shawky 2013, 2014a, b; Shabani et al. 2016). Halotolerant AMF coloni-
zation of maize roots improved plant salt tolerance by increasing water acquisition 
and shoot K+ while decreasing shoot Na+ concentration (Estrada et  al. 2013). 
Furthermore, endophytes can colonize the internal tissues of their host plants and 
can promote growth, stress tolerance, and nutrient uptake. Plants living under stress-
ful conditions may enhance their resistance to stress by associating with endophytes 
that may be useful in mitigating impacts of climate change and expanding agricul-
tural production into stressful environments (Soares et al. 2016). In this concern, 
endophytic salt-tolerant bacteria promote plant growth directly or indirectly through 
production of phytohormones, biocontrol of host plant diseases, and/or improve-
ment of plant nutritional status (Arora et al. 2014; Piernik et al. 2017). Therefore, 
treatment with halotolerant rhizomicrobes is an attractive option to mitigate the 
negative impact of soil salinization and improve crop yields under this harsh 
condition.

The present chapter illustrates the different mechanisms used by plants to adapt 
to saline condition. It also highlights the distribution of the halophiles and appraises 
the various strategies adopted by them to adjust with their saline surroundings. 
Moreover, it explores the possible mechanisms involved in halotolerant 
rhizomicrobe- mediated salinity tolerance in plants. It demonstrates the changes in 
the expression patterns of genes participating in inherent salt tolerance in plants 
when inoculated with this kind of microorganisms. A special section dedicates for 
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mitigate salinity tolerance in crops by introducing halotolerant microbial genes. 
Finally, major aspects for future work in the current direction have also been 
highlighted.

3.2  Plant Salt Adaptation Mechanisms to the Salt-Stressed 
Conditions

Plants basically counteract the negative effects of salinity by activation of biochemi-
cal and genetic responses. They deploy a variety of traits to combat salt like osmo-
lyte synthesis, reducing ROS level by following antioxidant defense mechanism and 
ion transport and their compartmentalization (Talaat and Shawky 2011, 2015; Talaat 
et al. 2015a). Indeed, the most essential trait is osmotic adjustment – cells accumu-
late sufficient solutes to balance extra osmotic pressure in the soil solution to main-
tain turgor. Osmotic balance can be achieved either by solute uptake from the soil or 
alternatively by compatible solute synthesis. Failure of this balance results in loss of 
turgidity, cell dehydration, and ultimately, death of cells (Munns and Gilliham 
2015). The synthesis and accumulation of low molecular weight compatible solutes 
termed as “osmolytes” such as proline, sugars, polyols, trehalose, and quaternary 
ammonium compounds (QACs) like glycine betaine, alanine betaine, proline beta-
ine, hydroxyproline betaine, choline o-sulfate, and pipecolate betaine are one of 
these mechanisms that are able to stabilize proteins and cellular structures, maintain 
cell turgor pressure by osmotic adjustment, and detoxify ROS protection of mem-
brane integrity (Yokoi et  al. 2002). Accumulation of compatible solutes is often 
regarded as basic strategy for the protection and survival of plants under salt stress 
(Talaat and Shawky 2014a; Talaat 2015a).

Salt stress in plants is a cumulative effect of osmotic and ionic stress which nega-
tively affects the plant growth and yield. Ionic stress generated by salinity is mitigated 
through the participation of salt overly sensitive (SOS) pathway and ion transporters 
via ion homeostasis (Bharti et al. 2016). Excess salt disrupts ion homeostasis in plant 
cells, and thus plants utilize three strategies to prevent high Na+ concentrations: active 
Na+ efflux, Na+ influx prevention, and Na+ compartmentalization in vacuoles. Indeed, 
ion homeostasis is controlled by the cell via various ion transporters (NHX1 and 
SOS1, 2, 3, 4) that restrict Na+ entry into the cytoplasm and regulate its accumulation 
in the vacuoles and simultaneously selectively import K+ ions. Na+/H+ antiporters 
(SOS1 and NHX1) minimize the cytotoxicity by maintaining the optimal cytosolic ion 
concentration. NHX1, located in tonoplast, reduces cytosolic Na+ concentration by 
pumping Na+ into the vacuole, whereas plasma membrane- localized SOS1 regulates 
the long-distance Na+ transport from root to shoot, and both of these processes are 
driven by proton-motive force generated by the H+-ATPase (Blumwald 2000). SOS2 
encodes for a serine/threonine protein kinase, and SOS3 encodes for a myristoylated 
calcium-binding protein and senses salt-specific cytosolic Ca2+ concentration. SOS3 
interacts with SOS2 using calcium as the second messenger and targets vegetative 
storage protein 2 (VSP2) to impart salt tolerance, simultaneously controlling the Na+/
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H+ antiporter system (Qiu et al. 2002). Differences in Ca2+ concentration trigger protein 
phosphorylation cascades that provoke mitogen-activated protein kinases, which in 
turn, regulate the stress response (Chinnusamy et al. 2004). SOS4 encodes a pyridoxal 
kinase, involved in the biosynthesis of pyridoxal-5-phosphate, which acts as an essen-
tial cofactor for numerous cellular enzymes. SOS4 regulates Na+ and K+ homeostasis 
by modulating the activities of ion transporters (Bharti et al. 2016). Another ion car-
rier channel, AtHKT1, has been shown to function as a selective Na+ transporter. 
AtHKT1 plays a role in long-distance Na+ transport and Na+ circulation in the plant, 
with AtHKT1 mediating Na+ loading into the leaf phloem and Na+ unloading from the 
root phloem sap (Berthomieu et al. 2003).

Furthermore, salinity alters the normal homeostasis of the cell and causes an 
increased production of ROS such as the superoxide radical, hydrogen peroxide, 
and hydroxyl radical. Under optimal growth conditions, ROS are mainly produced 
at low levels in organelles such as chloroplasts, mitochondria, and peroxisomes. 
The enhanced production of ROS during salt stress can pose a threat to cells, but it 
is thought that ROS also act as signals for the activation of stress response and 
defense pathways (Miller et al. 2010). Hence, ROS play two divergent roles as both 
deleterious and beneficial species depending on their concentration in plants. At 
high concentration they cause damage to biomolecules and trigger genetically pro-
grammed cell suicide events, whereas at low concentration it acts as second mes-
senger in intracellular signaling cascades that mediate several responses in plant 
cells (Mittler et al. 2011). At high levels, ROS are unwelcome harmful by-products 
of normal cellular metabolism. It causes oxidative damage to lipid, protein, and 
DNA leading to altered intrinsic membrane properties like fluidity, ion transport, 
loss of enzyme activity, protein cross-linking, inhibition of protein synthesis, and 
DNA damage, ultimately resulting in cell death. In order to avoid the oxidative dam-
age, higher plants possess an elaborate and highly redundant plant ROS network, 
composed of antioxidant enzymes and antioxidant molecules, and are responsible 
for keeping ROS levels under control (Talaat and Shawky 2014b; Talaat 2014, 
2015a). The enzymatic components of the antioxidative defense system comprise of 
several antioxidant enzymes such as superoxide dismutase (SOD, EC 1.15.1.1), 
catalase (CAT, EC 1.11.1.6), guaiacol peroxidase (GPX), and enzymes of ascorbate- 
glutathione (AsA-GSH) cycle, ascorbate peroxidase (APX, EC 1.11.1.11), monode-
hydroascorbate reductase (MDHAR, EC 1.6.5.4), dehydroascorbate reductase 
(DHAR, EC 1.8.5.1), and glutathione reductase (GR, EC 1.6.4.2). Nonenzymatic 
mechanisms include compounds, such as ascorbic acid, glutathione, and 
α-tocopherol, capable of directly scavenging several ROS (Noctor and Foyer 2011). 
On the other hand, spatial and temporal fluctuations of ROS levels are interpreted as 
signals required for numerous biological processes such as growth, development, 
tolerance to abiotic stress factors, proper response to pathogens, and cell death. 
The molecular language associated with ROS-mediated signal transduction, leading 
to modulation in gene expression, is one of the specific early stress responses in the 
acclamatory performance of the plant (Bhattacharjee 2012). Moreover, 
 overexpression of genes involved in ROS scavenging has resulted in lower cellular 
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damage, the maintenance of photosynthetic energy capture, and an improvement in 
shoot and root growth under saline conditions (Roy et al. 2014).

3.3  Presence of Halotolerant or Halophilic Rhizomicrobes

Halophilic microbes are salt-loving organisms that flourish in hypersaline ecosys-
tems such as the Dead Sea, saltern crystallizer ponds, natural inland salt lakes, 
brines, alkaline saline habitats, salt-contaminated soils, salt flats, evaporated ponds, 
subsurface salt formations, deep-sea hypersaline basins, salted foods, cold saline 
environments, and decayed monuments which may be the consequence of seawater 
evaporation (Edbeib et  al. 2016). Hypersaline ecosystems are divided into two 
groups: thalassohaline, which is from seawater like oceans and contains sodium 
chloride such as the predominant salt, and athalassohaline, which is from non- 
seawater sources like dead seas, alkaline soda lakes, carbonate springs, saltern 
brines, and alkaline soil and contains different ion ratios. They vary in ionic compo-
sition and pH. Alkaline soda lakes have a high concentration of carbonate/bicarbon-
ate ions, while the Mg+2 and Ca+2 are abundant in the Dead Sea (Oren 2008). 
Halophiles were isolated from salty soils in a variety of regions throughout the 
world, viz., Oceanobacillus iheyensis, Halassobacillus devorans, Bacillus halma-
palus, and Virgibacillus chiguensis from Death Valley, CA, USA (Piubeli et  al. 
2015); Kocuria sp., Nocardiopsis sp., and Micromonospora sp. from Ribandar 
(Goa, India); as well as Haloterrigena dagingensis G3-1, Natrinema altunense SD3, 
and Halostagnicola larsenii OS2 from the Algerian Sahara (Quadri et al. 2016).

Halophiles can be divided into slightly, moderately, or extremely halophilic 
depending on their sodium chloride requirements. Extreme halophiles are those 
which can grow optimally in media with 15–30% (2.5–5.2 M) NaCl, moderate halo-
philes are growing optimally in media with 3–15% (0.5–2.5 M) NaCl, and slight 
halophiles are able to grow optimally between 1% and 3% (0.2–0.5  M) NaCl 
(DasSarma and DasSarma 2015). Halophilic microbes can survive and thrive in 
saline conditions containing up to (>300 g/l) NaCl concentration and are found all 
over the small subunit rRNA-based tree of life. They are found within the three 
domains of life, Archaea, Bacteria, and Eukarya (Fig. 3.1; Ciccarelli et al. 2006). 
There are aerobic as well as anaerobic halophiles, heterotrophic, phototrophic, and 
chemoautotrophic types (Oren 2008). The bacterial sequences were assigned into 
5784 operational taxonomic units (OTUs, based on ≥97% sequence identity), rep-
resenting 24 known bacterial phyla, with Proteobacteria (44.9%), Actinobacteria 
(12.3%), Firmicutes (10.4%), Acidobacteria (9.0%), Bacteroidetes (6.8%), and 
Chloroflexi (5.9%) being predominant. Lysobacter (12.8%) was the dominant bacte-
rial genus in saline soils, followed by Sphingomonas (4.5%), Halomonas (2.5%), 
and Gemmatimonas (2.5%). Archaeal sequences were assigned to 602 OTUs, pri-
marily from the phyla Euryarchaeota (88.7%) and Crenarchaeota (11.3%). 
Halorubrum and Thermofilum were the dominant archaeal genera in saline soils. 
Rarefaction analysis indicated less than 25% of bacterial diversity and approxi-
mately 50% of archaeal diversity in saline soil (Trivedi 2017).
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3.4  Halophilic Rhizomicrobe Adaptation Mechanisms 
to the Hypersaline Environments

The population of microorganisms generally decreases with increasing salinity, and 
diversity is exceptionally low in hypersaline water masses; only halotolerant 
microbes can survive and thrive at higher salinity conditions. Indeed, the survival of 
microorganisms in hypersaline conditions requires specialized cellular adaptation 

Fig. 3.1 Distribution of 
halophiles within the three 
domains of life, i.e., 
Archaea, Bacteria, and 
Eukarya. The tree was built 
using small subunit rRNA 
gene sequences from 
Ciccarelli et al. (2006)
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mechanisms to preserve the osmotic balance with the highly saline environments. 
Halotolerant microbes cope with this harsh environmental condition by two strate-
gies, namely, “salt-in” and “compatible solutes” (Oren 2008). Halophiles accumu-
late inorganic ions such as potassium and chloride inside their cells to balance the 
salt concentration in their environment. They import Cl− from the environment into 
the cytoplasm via the Cl− pumps. Arginines and/or lysines are positioned at both 
ends of the channel to facilitate Cl− uptake and release (Lanyi 1990). Extreme halo-
philes of the archaeal Halobacteriaceae family such as H. salinarum, Haloarcula 
marismortui, and Halococcus morrhuae and the bacterial Halanaerbiales family 
such as Haloanaerobium praevalens, Haloanaerobium acetoethylicum, and H. 
halobius accumulate intracellular K+ to maintain their osmotic balance with the 
environment (Oren 2008). This is achieved by the concerted action of the membrane- 
bound proton-pump bacteriorhodopsin, the ATP synthase, and the Na+/H+ antiporter 
and results in an electrical potential that drives the uptake of K+ into cells via a K+-
uniport mechanism (Kixmuller and Greie 2012).

Furthermore, halophilic microbes respond to salt stress by regulating the cyto-
solic pools of organic solutes to achieve osmotic equilibrium. Indeed, halophiles 
can survive in a highly saline environment by maintaining osmotic balance and 
establishing the proper turgor pressure, via producing organic compatible solutes 
which include polyols such as glycerol, sugars and their derivatives, amino acids 
and their derivatives, and quaternary amines such as glycine, betaine, ectoines, etc. 
inside their cells. Osmoprotectant accumulation in microorganism’s cells either by 
de novo synthesis or by uptake from the surroundings is regulated according to the 
salt concentration outside the cell (Edbeib et  al. 2016). In addition, the types of 
compatible solutes accumulated inside halophilic strains can determine the degree 
of halotolerance. Low salt-tolerant strains generally accumulate simple sugars such 
as sucrose and/or trehalose. Sugar accumulation in low salt-tolerant strains serves as 
a compatible solute in response to salt stress and can play crucial roles as a signaling 
molecule and involved in glycogen synthesis as well as insoluble polysaccharide 
synthesis (Kolman et  al. 2015). Moderately salt-tolerant strains also accumulate 
glucosylglycerol (Fulda et al, 2006). Moreover, the moderately halophilic bacterial 
strains Halomonas hydrothermalis VITP9, Bacillus aquimaris VITP4, Planococcus 
maritimus VITP21, and Virgibacillus dokdonensis VITP14 accumulated glutamic 
acid under salt stress, indicating the significance of glutamic acid as the anionic 
counterpart of K+/Na+ ions and precursor for other synthesized nitrogenous osmo-
lytes. Major other solutes were also accumulated by these strains under saline con-
ditions, such as proline (VITP4), ectoine (VITP14 and VITP9), sugars (VITP21), 
and glycine betaine (by all strains under study), referring that the total intracellular 
organic solutes increased significantly with increasing NaCl concentration in the 
growth medium, and the compositions of the solutes were dependent on the type of 
strain (Joghee and Jayaraman 2016). Likewise, in the presence of high salinities, the 
moderately halophilic Halobacillus halophilus produces proline as the main organic 
compatible solute (Saum and Muller 2008). Indeed, the frequency of proline and 
glycine is higher in case of extreme halophiles. Highly salt-tolerant strains generally 
accumulate ectoine and the quaternary ammonium compounds such as glycine 
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 betaine and glutamate betaine. Significant increase in the frequency of proline 
among extreme halophiles is observed in the genes reported as regulators of ion 
transporters (aca4, esi47, hal3, hal), transporters (ema1, gbuA), osmotic tolerance 
proteins (gpd1, relA), and salt toxicity target (hal2). On the other hand, high fre-
quency of glycine among extreme halophile is observed in the genes reported to 
regulators of ion transporters (esi47, hal3, hal5), transporters (ena1, ena2, gbuA, 
hal11), osmotic tolerance protein (cysK, gdp1, relaA), and chaperones (dnaK, 
groEL) (Anwar and Chauhan 2012). These compatible solutes exert their effect 
through changes in solvent structure and/or elusive changes in the dynamic proper-
ties of the protein rather than by changing the structure of the protein itself and also 
help in protein-DNA interaction (Kurz 2008). They can also serve as stabilizers of 
biomolecules, i.e., enzymes, DNA, membranes and whole cells, salt antagonists, 
and stress-protective agents (Detkova and Boltyanskaya 2007). In this concern, 
ectoine can increase shelf life and activity of enzyme preparations by protecting 
many unstable enzymes and nucleic acids against the detrimental action of high 
salinity. Such compatible solutes are sometimes termed “molecular chaperones” 
(Kolp et al. 2006).

The unique internal microbial protein structure of halophilic microbes allows 
them to thrive in extreme saline environments. The difference between halophile 
proteins and non-halophile proteins that helps halophiles to prosper in hypersaline 
environments is the presence of a larger proportion of acidic amino acids like gluta-
mate and aspartate on their protein surfaces and thus increases the negative protein 
surface potential and improves its ability to compete with ions for water molecules 
and, thereby, preferentially solubilizes the protein (Zhang and Yi 2013). This 
hypothesis is supported by the observations that crystal structures of halophilic pro-
teins include water molecules bound to surface acidic residues (Karan et al. 2012). 
Glutamate has a water-binding nature higher than any other amino acid. In addition, 
halophilic enzymes are more stable than their non-halophilic counterparts owing to 
their polyextremophilic characteristics (Edbeib et al. 2016). The surface of halo-
philic enzymes is highly negatively charged, and spheres of hydration are clustered 
to the protein surface to prevent their degradation (Paul et  al. 2008). Halophilic 
enzymes are divided into three categories: (1) intracellular enzymes, which are not 
directly in contact with the ionic concentration of the surroundings; (2) membrane- 
bound enzymes (carrier proteins), which are in direct contact with the cytoplasmic 
content as well as the outside medium; and (3) extracellular enzymes, which are 
directly exposed to the saline medium. Halophilic bacteria belonging to Bacillus 
group including Solibacillus, Halobacillus, Oceanobacillus, Gracilibacillus, 
Virgibacillus, Thalassobacillus, and Piscibacillus and Gram-negative bacterial 
 species of Salinivibrio, Chromohalobacter, and Halomonas can secrete extracellu-
lar hydrolytic enzymes such as amylases, proteases, lipases, DNases, pullulanases, 
and xylanases (Rohban et al. 2009).

Most importantly, halophiles can use hydrocarbons as their sole carbon and 
energy sources. Therefore, they may prove to be valuable bioremediation agents for 
the treatment of saline effluents and hypersaline waters contaminated with toxic 
compounds that are resistant to degradation (Edbeib et al. 2016). Among the bacte-

N. B. Talaat



59

ria domain, members of the genera Micrococcus, Pseudomonas, Alcaligenes, 
Rhodococcus, Arthrobacter, Bacillus, Halomonas, Chromohalobacter, Alcanivorax, 
Marinobacter, Idiomarina, Thalassospira, Halomonas, and Arhodomonas were 
able to degrade aliphatic and/or aromatic compounds as the sole sources of carbon 
at salinity ranging from 5% to 15% (Moreno et al. 2011; Bonfá et al. 2013; Zhou 
et al. 2016). Halophilic Thalassospira sp. strain TSL5-1 effectively degrades high 
molecular weight polycyclic aromatic hydrocarbons, namely, pyrene (41.4%) in 
hypersaline environments at salinity ranging from 0.5% to 19.5% in 25 days (Zhou 
et al. 2016). Besides, Moreno et al. (2011) found the presence of common genes, 
which are responsible for metabolism of phenol and benzoate in Halomonas orga-
nivorans, viz., catA, catB, catC, and catR encode 1,2- CAT, cis-,cis-muconate 
cycloisomerase, muconolactone delta-isomerase, and a transcriptional regulator, 
respectively. These genes were flanked downstream by the benzoate catabolic genes 
benA and benB, which code for the large and small subunits of benzoate 
1,2- dioxygenase, respectively.

3.5  Root Halotolerant Microbial Inoculation and Plant Salt 
Tolerance

Halotolerant microbes isolated from saline environments have potential to alleviate 
the toxic effects of soil salinity on plant growth and improve salt tolerant through a 
number of direct and/or indirect mechanisms and would be most appropriate as 
bioinoculants under such condition. Salt-tolerant microbes can reduce Na+ content 
of shoots, increase the expression of stress-responsive transcription factors, induce 
greater osmolyte synthesis, induce phytohormone production, enhance ROS scav-
enging, and thus improve plant biomass under salinity stress.

3.5.1  Halotolerant Plant Growth-Promoting Rhizobacteria 
(PGPR)

Mechanisms of Salt-Stress Amelioration in Halotolerant  
PGPR-Inoculated Plants

3.5.1.1  Halotolerant PGPR-Induced Morphophysiological Alterations

To address salt-stress management, plants’ morphological and physiological char-
acteristics have great impact. Inoculation with Azospirillum strains isolated from 
saline soil increased salinity tolerance and improved shoot dry weight, grain pro-
ductivity, and N concentrations of wheat plants (Nia et al. 2012). Likewise, inocula-
tion with halotolerant bacterial strains Halobacillus sp. and Bacillus halodenitrificans 
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ameliorated salt stress by enhancing root length, dry weight, and grain yield of 
wheat (Ramadoss et al. 2013). Exiguobacterium oxidotolerans, a halotolerant PGP 
rhizobacteria, improved yield and content of secondary metabolites in Bacopa mon-
nieri under salt stress (Bharti et al. 2013). Halotolerant PGPB ameliorated the nega-
tive impact of salinity on wheat plant by increasing the leaf’s relative water content 
and enhancing photosynthetic pigment production (Saghafi et al. 2013). Inoculation 
of two halophilic bacteria strain J31 of Terribacillus halophilus and strain M3-23 of 
Virgibacillus marismortui producing halotolerant and thermotolerant chitinases that 
help in decomposing chitin-based organic matters to tomato seeds improved the 
stem growth compared to the uninoculated control (Essghaier et  al. 2014). 
Inoculation of halotolerant bacterium Bacillus licheniformis HSW-16 protected 
wheat plants from growth inhibition caused by NaCl and increased plant growth 
(6–38%) in terms of root length, shoot length, fresh weight, and dry weight (Singh 
and Jha 2016). Similarly, halotolerant PGPR Dietzia natronolimnaea STR1 inocu-
lation promoted the growth of salt-stressed wheat plants by increasing the plant 
height, root length, and dry weight (Bharti et al. 2016). However, inoculated salt- 
stressed rice plants with salt-tolerant bacteria Pseudomonas sp. PDMZnCd2003 
had a negative impact on the plant growth. This unexpected effect was a case that 
should be concerned before the application of this kind of bacteria as a PGPB 
(Nakbanpote et al. 2014).

3.5.1.2 Halotolerant PGPR-Induced Phytohormone Production

Noteworthy, inoculated salt-sensitive plants with halotolerant PGP bacteria can 
ameliorate the salinity negative impact on plant growth and development. Indeed, 
halotolerant PGPB stimulate plant growth under high salinity by using several 
mechanisms, such as synthesis of IAA, GA, CK, and ABA, solubilization of insolu-
ble phosphate, synthesis and excretion of siderophores, and production of ACC 
deaminase. In this respect, inoculated salt-stressed soybean plants with halotolerant 
phytohormones producing PGP rhizobacteria induced salt tolerance to plants by 
improving proline production, shoot/root length, and dry weight (Naz et al. 2009). 
Salt-tolerant IAA-producing bacterial strains P. aureantiaca TSAU22 and P. extrem-
orientalis TSAU20 alleviated quite successfully the reductive effect of salt stress on 
percentage of germination (up to 79%). They may supply additional phytohormone to 
the plants and thus may help stimulate root growth and reverse the growth- inhibiting 
effect of salt stress to a certain extent in both the shoot and the root (Egamberdieva 
2009). Regarding phytohormone quantification, lipo- chitooligosaccharide (LCO)-
treated A. thaliana rosettes had increased levels of ABA and free SA, while thuricin 
17 (Th17)-treated rosettes showed increased levels of IAA and SA. ABA regulation 
was observed in salt-stress tolerance and IAA- regulated protein degradation using the 
ubiquitin proteasome pathway, which decreased the toxic effects of ROS 
(Subramanian et  al. 2016). Moreover, halotolerant PGPR improves salt-stress 
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tolerance in different plant species by producing ACC deaminase and thus keeps 
ethylene levels low, which is helpful to root growth and survival of plants under this 
harsh condition. Canola seeds inoculated with halotolerant bacteria containing ACC 
deaminase activity under 150  mM NaCl exhibited high biomass production 
(Siddikee et  al. 2010). Inoculated tomato plants with salt- tolerant isolates 
Pseudomonas stutzeri (C4) and Pseudomonas aeruginosa (T15), having different 
PGP traits like ACC deaminase, phytohormones, siderophore production, and P 
solubilization, enhanced plant salinity tolerance and ameliorated the deleterious 
effect of stress by increasing root and shoot length as well as biomass production 
(Tank and Saraf 2010). Halotolerant bacteria with ACC deaminase activity con-
ferred salt tolerance in red pepper seedlings by showing higher biomass production 
and lower ethylene content (Siddikee et al. 2011). Inoculated wheat plants with salt-
tolerant isolates Bacillus pumilus, Pseudomonas mendocina, Arthrobacter sp., 
Halomonas sp., and Nitrinicola lacisaponensis, isolated from high saline habitats 
and exhibited plant growth-promoting traits like P solubilization as well as IAA, 
siderophore, and ammonia production, increased root and shoot length, biomass, 
and biochemical levels such as chlorophyll, carotenoids, protein, and phenolics 
(Tiwari et  al. 2011). The halophilic bacterium Planococcus rifietoensis has PGP 
activities like IAA and ACC deaminase production, and phosphate-solubilizing 
activity enhanced the growth and yield of T. aestivum under salinity stress (Rajput 
et al. 2013). Salt-stressed Cucumis sativus plants showed an upregulation of stress- 
responsive abscisic acid which is not occurring when osmotolerant PGPB were 
inoculated, whereas salicylic acid and GA were highly produced in PGPB-inoculated 
plants (Kang et  al. 2014). Halotolerant PGPB strains Bacillus, Pantoea, 
Marinobacterium, Acinetobacter, Enterobacter, Pseudomonas, Rhizobium, and 
Sinorhizobium (LC027447-53; LC027455; LC027457, LC027459, and LC128410) 
associated with the weed Psoralea corylifolia L. had IAA-producing activity and 
promoted the seed germination and seedling growth of wheat under saline condi-
tions (Sorty et al. 2016). The plant growth reduction caused by NaCl was amelio-
rated with the application of halotolerant bacterial strains, Thalassobacillus sp., 
Bacillus sp., Halomonas sp., Oceanobacillus sp., Bacillus sp., Zhihengliuella sp., 
and S. succinus, isolated from salt-affected soils of the East Anatolian region and 
possessed PGP activities such as IAA, ACC deaminase, and ammonia production, 
phosphate solubilization, and atmospheric nitrogen fixation. They significantly 
increased the root and shoot length and total fresh weight of the wheat plants. The 
growth rates of the plants inoculated with bacterial strains ranged from 62.2% to 
78.1% (Orhan 2016). Inoculation with Enterobacter cloacae strain KBPD, a salt- 
tolerant PGP rhizobacteria with ACC deaminase activity, phosphate solubilization, 
and indole acetic acid, siderophore, ammonia, hydrogen cyanide, and exopolysac-
charide production, alleviated salt toxicity in Vigna radiata L. by increasing shoot 
length, root length, fresh and dry weights, as well as total chlorophyll content. Salt- 
affected plants had higher proline content, while inoculation with E. cloacae KBPD 
reduced its content (Bhise et al. 2017).

3 Exploring Halotolerant Rhizomicrobes as a Pool of Potent Genes for Engineering…



62

3.5.1.3 Halotolerant PGPR-Induced Osmolyte Accumulation

Halotolerant rhizomicrobes are the potential tools for sustainable agriculture and 
trend for the future. One of the mechanisms by which these bacteria mediated salin-
ity tolerance in host plant is the enhancement of the organic solute accumulation 
(Singh and Jha 2016). Indeed, plants accumulate a variety of osmoprotectants that 
improve their ability to combat abiotic stresses. Among them, betaine appears to 
play an important role in conferring resistance to stresses (Talaat and Shawky 
2014a; Talaat 2015a; Talaat et al. 2015b). Halotolerant cyanobacterium, Aphanothece 
halophytica, has a unique biosynthetic pathway of betaine consisting of three-step 
methylation of glycine, which is catalyzed by two N-methyltransferases (ApGSMT 
and ApDMT). Arabidopsis plants that were transformed with ApGSMT and 
ApDMT accumulated substantial amounts of betaine and increased tolerance to salt 
stress (Waditee et al. 2005). Halotolerant A. halophytica, isolated from the Dead 
Sea, is known to accumulate significant amounts of betaine and can grow in media 
of up to 3.0  M NaCl. The gene encoding 3-phosphoglycerate dehydrogenase 
(PGDH), which catalyzes the first step of the phosphorylated pathway of serine 
biosynthesis, was isolated from A. halophytica and transferred into Arabidopsis 
plants, in which the betaine synthetic pathway was introduced via glycine methyla-
tion and further increased betaine levels and improved the stress tolerance. Thus, 
PGDH enhanced the levels of betaine by providing the precursor serine for both 
choline oxidation and glycine methylation pathways. In addition, transgenic 
Arabidopsis plants expressing ApPGDH, ApGSMT, and ApDMT exhibited an 
enhanced tolerance for salt stress compared with those of the wild-type or trans-
genic plants expressing ApGSMT and ApDMT (Waditee et al. 2007). These results 
revealed that introducing the betaine synthetic pathway into betaine non- 
accumulating plants improved salt tolerance of plants. Moreover, increasing accu-
mulation of serine as a precursor of betaine in the transgenic plants expressing 
ApPGDH enhanced betaine accumulation and subsequently conferred salt-stress 
tolerance. Indeed, serine is an essential amino acid that plays important roles in a 
variety of biological processes including metabolism, purine and pyrimidine bio-
synthesis, and generation of activated one-carbon (C-1) unit and is also a precursor 
of phosphatidylcholine (phospholipid) and cysteine (antioxidant compounds) and 
therefore involves in adaptive responses to abiotic stresses in plants (Tasseva et al. 
2004). Thus, serine may play important roles either directly and/or indirectly in the 
responses of plants to various environmental stresses. Additionally, through serine 
hydroxymethyltransferase (SHMT), serine associates with glycine metabolism via 
the glycine decarboxylase complex. In halotolerant cyanobacterium, A. halophyt-
ica, the SHMT gene, was suggested to be essential for cell survival. ApSHMT is a 
salt-inducible gene, and overexpression of it increases the levels of not only glycine 
and serine but also choline and glycine betaine and conferred tolerance to salinity 
stress (Waditee et al. 2012). As many crop plants do not have a glycine betaine syn-
thetic pathway, genetic engineering of glycine betaine biosynthesis pathways repre-
sents a potential way to improve the tolerance of crop plant to stress (Chen and 
Murata 2002). Therefore, attempt to express PGDH, SHMT, and glycine betaine 
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synthesis gene together would be worthwhile to test for the improvement of salinity 
stress in crop plants via boosting the levels of glycine betaine. Furthermore, moder-
ately halophilic bacterial strains (S. haemolyticus and B. subtilis) isolated from 
saline rhizosphere of chickpea can accumulate endogenous osmolytes such as pro-
line, glycinebetaine, and choline. These osmolytes improve the growth of bacterial 
strains and plants by alleviating salt stress (Qurashi and Sabri 2013). Salt-stressed 
maize plants inoculated with halotolerant PGPRs, Bacillus sp., and Arthrobacter 
pascens sp. recorded higher sugar and proline accumulation (Ullah and Bano 2015). 
A halotolerant ACC deaminase bacterium Bacillus licheniformis HSW-16 induced 
systemic tolerance to salt stress in wheat plant, enhanced plant growth, and increased 
certain osmolytes such as total soluble sugar, total protein content, and decreased 
malondialdehyde content (Singh and Jha 2016).

3.5.1.4  Halotolerant PGPR-Induced Ion Homeostasis and Nutrient 
Acquisition

Halotolerant microbes mediate salinity tolerance in host plant by altering the selec-
tivity of Na+, K+, and Ca2+ and sustain a higher K+/Na+ ratio in plant tissues. All 
halophilic microorganisms contain potent transport mechanisms, generally based 
on Na+/H+ antiporters, to expel sodium ions from the interior of the cell. A crucial 
function of ion transporters is to maintain and retain favorable cytosolic K+/Na+ 
ratios in the face of low K+/Na+ ratios in the environment. K+ is an important mon-
ovalent cation inside the cell, where it is not only crucial for salt or turgor acclima-
tion but is also involved in membrane energetic, pH regulation, enzyme activities, 
and gene expression (Hagemann 2011). In this concern, A. halophytica contains 
Na+/H+ antiporters such as Ap-NhaP1, Ap-NapA1–1, Ap-NapA1–2, and Ap-Mrp, as 
well as a putative F1F0-type Na+-ATP synthase (ApNa+-ATPase) operon (ApNa+-
atp) in the cytoplasmic membrane that is playing a potential role in salt tolerance 
(Soontharapirakkul et al. 2011).

Inoculation of salt-tolerant diazotrophic PGPR to rice increased nutrient uptake 
(N, P, and K), and in parallel, Na+ level in plant tissues was reduced. In addition to 
these characters, these rhizobacteria showed the potential to fix nitrogen and solubi-
lize phosphate under high salinity conditions (Sarathambal and Ilamurugu 2013). 
Inoculation of halotolerant bacteria containing ACC deaminase Bacillus mojavensis 
to salt-stressed wheat plants increased the root and shoot weight, chlorophyll con-
tent, as well as K+, Ca2+, and Mg2+ uptake in comparison with the uninoculated 
stressed plants (Pourbabaee et al. 2016). The halotolerant rhizobacteria that belong 
to the genera Klebsiella, Pseudomonas, Agrobacterium, and Ochrobactrum have 
PGP activities like IAA and ACC deaminase production and phosphate-solubilizing 
activity which promoted growth and enhanced salinity tolerance in peanut by main-
taining ion homeostasis. Maintenance of high N, K+, and Ca2+ levels as well as K+/
Na+ ratio is a potential mechanism to reduce the damage caused by salt stress 
(Sharma et al. 2016). Inoculation of halotolerant ACC deaminase bacterium Bacillus 
licheniformis HSW-16 protected wheat plants from growth inhibition caused by 
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NaCl by regulating ion transporters, favoring K+/Na+ ratio, decreasing Na+ accumu-
lation (51%), and increasing K+ (68%) and Ca2+ content (32%) in plants. Production 
of exopolysaccharide by the B. licheniformis HSW-16 can also protect from sodium 
by binding this ion (Singh and Jha 2016).

3.5.1.5 Halotolerant PGPR-Induced Antioxidative System

Some halotolerant PGPRs are capable of inducing tolerance against salt stress in 
plants by elevating ROS-scavenging system. They can activate plant antioxidant 
defense machinery by upregulating the activity of the antioxidant enzymes that 
scavenges overproducing ROS and protect the plants from salt toxicity. PGPRs, 
Bacillus sp., and Arthrobacter pascens sp. isolated from rhizospheric soil of halo-
phyte regions showed reliability in growth promotion of salt-stressed maize plants 
and elevation in the activity of antioxidant enzymes including SOD, POX, CAT, and 
APX (Ullah and Bano 2015). Wheat plants inoculated with halotolerant rhizobacte-
ria Dietzia natronolimnaea STR1 recorded higher proline accumulation and lower 
malondialdehyde (MDA) level under salt-stressed conditions in comparison to the 
uninoculated salt-affected plants. MDA content, a result of lipid peroxidation, is a 
marker of the extent of membrane damage owed to oxidative damage due to the salt 
stress (Bharti et al. 2016). Inoculation of halotolerant rhizobacteria that belong to 
the genera Klebsiella, Pseudomonas, Agrobacterium, and Ochrobactrum exhibited 
PGP traits like P solubilization as well as IAA and ACC deaminase production 
which enhanced peanut growth under saline conditions by decreasing ROS accumu-
lation (Sharma et al. 2016).

3.5.1.6 Halotolerant PGPR-Induced Gene Expression

Halotolerant PGPRs mediate salinity tolerance in host plant by inducing the expres-
sion of different plant genes that involved in salt tolerance. Indeed, salinity adapta-
tion process in inoculated plants is genetically and physiologically very complex. It 
is based on genes whose effects not only limit the rate of salt uptake from the soil 
but also limit the transport of salt through the plant and thus adjust the ionic and 
osmotic balance of the cells in roots and shoots as well as regulate the plant develop-
ment and the onset of senescence. Carotenoid producing halotolerant PGPR Dietzia 
natronolimnaea STR1 protected wheat plants from salt-stress damaging effect by 
modulating the transcriptional machinery responsible for salinity tolerance in plants 
such as ABA signaling, SOS pathway, ion transporters, and antioxidant machinery. 
ABA-signaling cascades, such as TaABARE and TaOPR1, were upregulated in 
PGPR-inoculated plants leading to induction of TaMYB and TaWRKY expression 
followed by stimulation of expression of a plethora of stress-related genes. Enhanced 
expression of TaST, a salt stress-induced gene, associated with promoting salinity 
tolerance was observed in PGPR-inoculated plants in comparison to uninoculated 
control plants. Expression of SOS pathway-related genes (SOS1 and SOS4) was 
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also modulated in PGPR-applied wheat shoot and root systems. Improved SOS4 
expression in PGPR-inoculated wheat roots could be correlated with improvement 
in root length and overall plant growth in salt-stressed plants. Likewise, higher 
expression of ion transporters TaNHX1, TaHAK, and TaHKT1 in STR1-inoculated 
plants was observed in both shoots and roots in comparison to their uninoculated 
counterparts suggesting a likely role of halotolerant rhizobacteria in modulating ion 
transport mechanisms under saline conditions. STR1-inoculated wheat plant toler-
ance to salinity stress was also correlated with the increased expression of various 
antioxidant enzymes such as CAT, APX, MnSOD, POD, GPX, and GR, suggesting 
that PGPR triggered the abiotic stress-related defense pathways. Thus, halophilic 
PGPR can mediate salt tolerance in plants through modulation of ROS-scavenging 
enzyme expression (Bharti et al. 2016). Inoculation with halotolerant PGPRs which 
belong to the genera Klebsiella, Pseudomonas, Agrobacterium, and Ochrobactrum 
induced salinity tolerance in peanut plants by affecting the transcript levels of anti-
oxidant genes APX, CAT, and SOD and by regulating their expression (Sharma et al. 
2016).

3.5.2  Halotolerant Endophytic Bacteria

Endophytes are the microorganisms that thrive inside the plants. They face less 
competition for nutrients and are more protected from adverse changes in the envi-
ronment than bacteria in the rhizosphere and phyllosphere as they interact closely 
with the host plant. Halotolerant endophytic bacteria can positively enhance plant 
growth and productivity under saline conditions by involving several mechanisms 
such as production of phytohormones (auxins and cytokinins), increasing the 
amount of available nutrients by a number of biochemical processes (e.g., N2- 
fixation, phosphate solubilization, siderophore release increasing Fe availability), 
suppression of ethylene production by ACC deaminase, or induction of plant 
defense mechanisms (Weyens et al. 2009). These properties of salt-tolerant endo-
phytic bacteria make them suitable candidate for application in salt-stressed soils.

Several functional gene groups in endophytic salt-tolerant bacterium 
Stenotrophomonas rhizophila DSM14405T were upregulated as a result of salt 
shock including those responsible for the synthesis and transport of cell wall, outer 
membrane, and cytoplasmic membrane; the metabolism and transport of amino 
acids, nucleotide, and secondary metabolites; and the energy production. In con-
trast, genes responsible for cell motility, secretion, and intracellular trafficking and 
the transport and metabolism of inorganic ions were downregulated. In addition, S. 
rhizophila is equipped with several other genes, which play a role in root coloniza-
tion, such as those that encode the O-antigen, capsule polysaccharide biosynthesis 
pathways, hemagglutinin, and outer membrane adhesion proteins (Alavi et  al. 
2013). Endophytic salt-tolerant bacteria promote plant growth directly or indi-
rectly through production of phytohormones, biocontrol of host plant diseases, and 
improvement of plant nutritional status (Arora et  al. 2014). Inoculation of 
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Beta   vulgaris L. seeds with the two halotolerant endophytic bacteria strains, 
Pseudomonas sp. ISE-12 (B1) and Xanthomonadales sp. CSE-34 (B2), under 
saline conditions positively affected germination percentage and germination 
index as well as shortened mean germination time, which led to a quickening of the 
growth stages of seedlings. Moreover, salt-stressed inoculated plants had a greater 
root length, higher dry biomass, lower tissue water content, and lower specific leaf 
area compared with the control (Piernik et al. 2017).

3.5.3  Halotolerant Rhizobia

The nitrogen-fixing symbiosis formed between rhizobia and legumes can decrease 
the damaging effect caused by soil salinity on stressed plants. In this respect, several 
studies focus on salt-tolerant rhizobia and their mechanisms of salt resistance. 
Selection of salt-tolerant strains of symbiotic bacteria able to efficiently nodulate 
plants under saline conditions is considered as a great challenge to improve the 
productivity of N2-fixing plants. Among them, a Frankia Ceq1 was able to grow at 
NaCl concentration of more than 300 mM (Tani and Sasakawa 2003). Some species 
of halotolerant Rhizobium are capable to nodulate under high NaCl concentration, 
which could be attributed to the induction of the nod genes in the absence of flavo-
noid inducers (Guasch-Vidal et al. 2013). Mesorhizobium alhagi CCNWXJ12-2 is 
a highly salt-tolerant and alkali-tolerant rhizobium which can form nodules with the 
desert plant Alhagi sparsifolia. It contains a putative PrkA-family serine protein 
kinase, PrkA. The expression of prkA was found to be downregulated in high salt 
conditions (Liu et al. 2014). Recent report showed that PrkA could reduce the sur-
vival of M. alhagi under environmental stress and deletion of prkA dramatically 
improved the salt and alkaline tolerance as well as the antioxidant capacity of M. 
alhagi. Moreover, it is possible to increase the salt and alkali tolerance of a bacte-
rium by constructing specific mutants in genes highlighted by RNA-Seq data (Liu 
et al. 2016).

Interestingly, inoculation/co-inoculation with salt-tolerant Rhizobium and halo-
tolerant, auxin-producing Pseudomonas containing ACC deaminase improved the 
total dry matter and salt tolerance index of mung bean plants. Indeed, combined 
application of salt-tolerant Rhizobium and halotolerant Pseudomonas strains could 
be explored as an effective strategy to improve salt tolerance in mung bean (Ahmad 
et al. 2013).

3.5.4  Halotolerant Fungi

The halotolerant and halophilic fungi use polyols including glycerol, erythritol, 
arabitol, and mannitol as osmotic solutes and retain low salt concentrations in their 
cytoplasm. Na+-sensitive 3-phosphoadenosine-5-phosphatase HwHa12 is one of the 
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putative determinants of halotolerance in Hortaea werneckii and is promising trans-
gene to improve halotolerance in crops (Plemenitas et al. 2014). Furthermore, halo-
tolerant endophytic fungi can help plants adapt to extreme environments. Fungal 
endophytes isolated from hosts on saline soils have potential application to increase 
salt tolerance of important plants via habitat-adapted symbiosis. Endophytic fungi 
isolated from Leymus mollis and Dichanthelium lanuginosum promoted plant 
growth in rice seedlings under salt stress (Redman et al. 2011). Endophytic fungi 
play a role in increasing the capacity of Phragmites australis to grow in high salin-
ity soils, probably contributing to invasion in saline environments. Moreover, endo-
phytes found at the high salinity site increased tolerance of rice seedlings to elevated 
levels of salinity (Soares et al. 2016).

Accumulation of Na+ and impairment of K+ nutrition are a typical characteristic 
of plant subjected to salt stress (Talaat and Shawky 2011, 2013; Talaat 2015b). 
Plants have evolved molecular mechanisms in order to cope with the negative effects 
of salinity. These include the regulation of genes with a role in the uptake, transport, 
or compartmentation of Na+ and/or K+, which are responsible of the adequate ionic 
homeostasis in the plant. Hence, regulation of plant transporter genes involved in 
ion homeostasis by the halotolerant AMF under saline conditions is of great impor-
tance. Salt-stressed maize plants inoculated with three native AMF from a 
Mediterranean saline area showed significant increase in K+ and reduction in Na+ 
accumulation as compared to non-mycorrhizal-stressed plants, concomitantly with 
higher K+/Na+ ratios in their tissues, and these effects correlated with the regulation 
of ZmAKT2, ZmSOS1, and ZmSKOR genes in roots of maize colonized by these 
native AMF. Indeed, the protective effect of the halotolerant AMF on maize plants 
under salinity was mediated by improved K+ retention in the plant tissues due to the 
upregulation of ZmAKT2 and ZmSKOR as well as by enhanced Na+ extrusion from 
the root to the external medium and/or prevented Na+ from reaching to the photo-
synthetic tissues via redistribution of Na+ between roots and shoots due to the 
upregulation of ZmSOS1 (Estrada et al. 2013).

3.6  Plant Salt Mitigation by Introducing Halotolerant 
Microbial Genes

Salt stress is one of the major environmental factors that is severely affecting plant 
growth and productively resulting in significant losses worldwide. Improving plant 
salt tolerance is an important issue in plant molecular biology. Indeed, engineering 
salt tolerance in crops by introducing salt-resistant microbial gene to salt-stressed 
plants is of great importance and could be a sustainable solution to ameliorate the 
deleterious salt effects on plants. Hence, halotolerant microbial genes can contrib-
ute significantly to plant performance under this harsh condition. In this concern, 
the Na+/H+ antiporter encoding gene AaNhaD from halotolerant bacterium 
Alkalimonas amylolytica increased salt tolerance in transgenic tobacco BY-2 cells. 
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Indeed, AaNhaD even in plant cells functions as a pH-dependent tonoplast Na+/H+ 
antiporter, thus presenting a new avenue for the genetic improvement of salinity 
tolerance (Zhong et al. 2012). Overexpression of a stress-responsive gene FcSISP 
from Fortunella crassifolia in tobacco enhanced its salt tolerance. The transgenic 
plants accumulated lower Na+ concentrations, which led to reduced Na+/K+ ratio, 
while accumulating more proline than the WT. Steady-state mRNA levels of genes 
involved in Na+ exchange (three SOS genes and three NHX genes) and proline syn-
thesis (P5CS and P5CR) were higher in the transgenic plants in comparison with 
WT (Gong et al. 2014). Moreover, Metwali et al. (2015) isolated AgNHX1, a vacu-
olar Na+/H+ antiporter from a halophytic species Atriplex gmelini, and introduced it 
into fig plants. Overexpression of the AgNHX1 gene in salt-treated transgenic plants 
enhanced their tolerance to salt stress, improved plant growth, increased proline and 
K+ content, and decreased Na+ concentration compared to non-transgenic control 
plants.

Moreover, accumulation of compatible solutes in salt-stressed plants is useful as 
they can act as osmoprotectants, stabilizers of biomolecules and whole cells, salt 
antagonists, and/or stress-protective agents. Glycine betaine as one of these organic 
solutes is the most effective cellular osmoprotectant against abiotic stresses. It also 
plays a role in stabilizing the structures of complex proteins, protecting the tran-
scriptional machinery, and/or maintaining the integrity of membranes (Yang et al. 
2008). Arabidopsis plants transformed with ApGSMT and ApDMT from a halotol-
erant cyanobacterium, Aphanothece halophytica, accumulated betaine, which 
improved their stress tolerance (Waditee et  al. 2005). Introduced PGDH gene 
encoding 3-phosphoglycerate dehydrogenase from A. halophytica to Arabidopsis 
plants induced betaine accumulation and increased tolerance to salt stress (Waditee 
et  al. 2007). Additionally, introduced codA gene encoding choline oxidase from 
Arthrobacter globiformis to tomato plants induced the synthesis of glycine betaine 
and improved the tolerance of plants to salt stress. The codA-transgenic plants 
revealed higher tolerance to salt stress during seed germination and subsequent 
growth of seedlings than WT plants. Mature salt-stressed transgenic plants showed 
higher contents of the relative water, chlorophyll, and proline than those of WT 
plants (Goel et al. 2011). Likewise, halophilic methanoarchaeon Methanohalophilus 
portucalensis can de novo synthesize betaine. Introduced genes encoding betaine 
biosynthesizing enzymes, Mpgsmt and Mpsdmt, into salt-stressed Arabidopsis 
plants enhanced their growth by increasing relative water content, photosystem II 
activity, and quaternary ammonium compound accumulation (Lai et al. 2014).

Bacterial mannitol 1-phosphate dehydrogenase (mtlD) gene introduced to potato 
plants enhanced NaCl tolerance in transgenic plants. The improved tolerance of this 
transgenic line could be due to the induction and progressive accumulation of man-
nitol in plant shoots and roots, which act as an osmoprotectant (Rahnama et  al. 
2011). Moreover, better growth and productivity were observed in mtlD peanut 
lines under saline conditions, which might be attributed to increasing mannitol 
accumulation; improving osmotic adjustments; enhancing nutrient uptake; decreas-
ing H2O2 and MDA contents; increasing antioxidant enzymes activity such as SOD, 
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CAT, APX, and GR; enhancing ascorbic acid and relative water content; and stabi-
lizing macromolecules such as membrane proteins and enzymes (Patel et al. 2016).

The proteome of A. thaliana rosettes is altered by two bacterial signal com-
pounds: lipo-chitooligosaccharide (LCO) from Bradyrhizobium japonicum strain 
532C and thuricin 17 (Th17), a bacteriocin from Bacillus thuringiensis strain 
NEB17, which isolated from bacteria that reside in the soybean rhizosphere and 
more so under salt stress. Carbon and energy metabolic pathways were affected 
under both unstressed and salt-stressed conditions when treated with these signals. 
PEP carboxylase, Rubisco-oxygenase large subunit, and pyruvate kinase were some 
of the noteworthy proteins enhanced by the signals. Upregulation of other stress- 
related proteins such as A. thaliana membrane-associated progesterone-binding 
protein, chloroplast proteins, photosystems I and II proteins, LEA proteins, and 
nodulin-related proteins was observed in the LCO and Th17 treatments with NaCl 
stress. These findings suggested that the proteome of A. thaliana rosettes is altered 
by the bacterial signals tested, and more so under salt stress, thereby imparting a 
positive effect on plant growth under high saline conditions (Subramanian et  al. 
2016).

3.7  Conclusion and Future Perspectives

Salt stress is a global problem that extends all over the world. It is a major threat to 
the agricultural production, leading to adverse implications for food security, envi-
ronmental health, and economic welfare. Salinization is increasing worldwide, and 
plants growing under this worse condition are facing several detrimental effects. 
Indeed, crop cultivation in saline soils is one of the major challenges facing agricul-
ture today. As human population is growing fast and food requirement is a global 
problem, then an environmental-friendly, sustainable, and efficient method is 
required to save the world from pollution-producing technologies, improve agricul-
ture in salty soils, and help solve hunger in the world. Exploitation of plant-microbe 
interactions is one of the most important eco-friendly biological solutions that can 
promote crop productivity worldwide. In addition, the ability of microbes to confer 
stress resistance to plants may provide a novel strategy for mitigating the impacts of 
global climate change on agricultural and native plant communities. Application 
and exploration of halotolerant rhizomicrobes for sustainable improvement in 
growth and production under salt stress hold promise. These organisms have evolved 
many cellular adaptations, which allow them to survive and grow under extreme 
saline conditions. They adapt with their saline surroundings by their capability to 
balance the osmotic pressure of the environment, via either producing compatible 
organic solutes or accumulating large salt concentrations in their cytoplasm. The 
applications of these microorganisms trigger recovery of salt-affected soils by 
directly supporting the establishment and growth of vegetation in soils stressed with 
salts and thus opening a new and emerging application of microorganisms.
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Halotolerant rhizomicrobes can play an effective role in mitigating the unfavor-
able effect of salt stress on plant development through one or more mechanisms. 
They can alter the selectivity of Na+, K+, and Ca2+ and sustain a higher K+/Na+ ratio 
in plant tissues, increase the expression of stress-responsive transcription factors, 
induce greater osmolyte synthesis, induce phytohormone production, enhance ROS 
scavenging, and thus improve plant biomass under this harsh condition. Therefore, 
it requires the exploration of suitable halotolerant microbial strain(s) which can 
ameliorate salt stress in plants through one or more properties. Moreover, the pres-
ence of plant growth-promoting properties in halotolerant PGPB which includes 
nitrogen fixation, phosphate solubilization, phytohormone production, siderophore 
production, and biocontrol activities can help the plant grow in a sustainable man-
ner. These microbes could play a significant role in stress management, once their 
unique properties of tolerance to extremes, their ubiquity, and their genetic diversity 
are understood, and methods for their successful deployment in agriculture produc-
tion have been developed. These microorganisms also provide excellent models for 
understanding stress tolerance mechanisms that can be subsequently engineered 
into crop plants. Hence, the challenge to develop and popularize an inoculant for-
mulation for saline environment with long shelf life and high efficacy is considered 
as a promising approach in order to take advantage of halophilic microbe’s unique 
molecules in sustainable agriculture. Intensive selection of halotolerant bioinocu-
lants could lead to development of salt-tolerant crops which could advance the 
research toward bioengineering of susceptible plant lines. In fact, a lot of effort is 
still required to make halotolerant rhizomicrobes an efficient technique in sustain-
able agriculture.

Despite all advantages of halophilic microbes, there are few commercially devel-
oped examples so far. Implementation of new approaches such as genomics can be 
considered as an even more powerful tool in discovering the potentials and applica-
tions of halophiles. Indeed, in focusing commercial market of halotolerant rhizomi-
crobes as biofertilizers, a lot of hard work is still to be done. Also, isolation of new 
halophilic and halotolerant rhizomicrobes may lead to novel molecules that could 
be used for applications in different fields.

Selection of the appropriate halophilic microbial inoculants (PGPB, rhizobia, or 
mycorrhizae) is one of the most important technical traits. In addition, using com-
patible multiple microbial consortia consisting of halotolerant bacterial symbionts 
and halotolerant fungal symbionts acting synergistically, providing various benefi-
cial effects, is also a powerful strategic tool. Indeed, investigations on interaction of 
halotolerant PGPR with other halotolerant microbes and their effect on the physio-
logical response of plants under saline conditions are still in incipient stage. 
Inoculations with selected halotolerant PGPR and other selected halotolerant 
microbes could serve as the potential tool for alleviating the detrimental effects of 
salt stress on salt-sensitive crops. Therefore, an extensive investigation is needed in 
this area, and the use of PGPR and other symbiotic microorganisms can be useful in 
developing strategies to facilitate sustainable agriculture in saline soils. Future 
research has to be focused on the application of multi-halotolerant microbial inocu-
lation, which could be an effective approach to reduce harmful impact of salt stress 
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on plant development, but prerequisites for effective combinations need to be estab-
lished. Furthermore, the challenge in the twenty-first century lays on developing 
stable multiple stress tolerance traits and thus improving yields particularly in areas 
with adverse environmental conditions and contributing to global food security.

Genetic techniques may point out to new insight in the alleviating role of halo-
philic microbial inoculates under salinity stress. Using these microorganisms as an 
elicitor to increase plant stress tolerance and to incorporate microbial genes into 
stressed plants is now being addressed and getting the interest of scientists in such 
studies. Indeed, their use as bioinoculants could help to emerge a new dimension 
into the microbial inoculant application to plants under abiotic stress conditions. 
Future research should be focused on genetic techniques, and molecular approaches 
may indicate new insight in the alleviating role of halotolerant rhizomicrobes under 
saline conditions, to identify target genes for promoting growth under this harsh 
environment and to transfer target genes into plants through biotechnology.
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Chapter 4
Regulation and Modification 
of the Epigenome for Enhanced Salinity 
Tolerance in Crop Plants

Minoru Ueda, Kaori Sako, and Motoaki Seki

Abstract Histone modifications (acetylation, methylation, phosphorylation, etc.), 
histone variants, regulatory RNAs, and DNA methylation represent the functional 
elements of epigenetics. They serve as a basis for regulating biological processes 
such as flowering and germination, as well as environmental stress responses in 
plants. Chromatin modifications can also function to prime plants to respond to 
adverse environmental conditions and act as short-term or long-term (transgenera-
tional) stress memory, enabling to be preadapted to the prevailing environment. 
Recognition of the importance of epigenetic regulation in biological processes is 
increasing, including its role in salinity stress response, although many details are 
still lacking. To date, only a few studies in crop plants have provided evidence for 
epigenetic changes that occur in response to salinity and that result in increasing 
tolerance to salinity stress. In the current review, we discuss insights into the involve-
ment of epigenetic regulatory elements, such as histone modifications, histone vari-
ants, regulatory RNAs, and DNA methylation, in salinity stress response based on 
studies in the model plant, Arabidopsis. In particular, knowledge of the involvement 
of histone acetylation in salt-stress response has increased, and various chemical 
compounds capable of regulating levels of histone acetylation have been identified. 
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Based on the available evidence, we provide a perspective on the potential use of 
chemical epigenetic modifiers, which function as histone deacetylase (HDAC) 
inhibitors, for enhancing stress tolerance in crops such as cassava.

Keywords Histone acetylation · HDAC · HDAC inhibitor · Histone modification · 
Arabidopsis · DNA methylation · Cassava

Abbreviations

HDAC Histone deacetylase
HDC Histone deacetylation complex 1 (HDC1)
LEA Late embryogenesis abundant
lncRNA Long noncoding RNA
ncRNA Noncoding RNA
NHX Sodium hydrogen exchanger
RdDM RNA-directed DNA methylation
ROS1 Repressor of transcriptional gene silencing 1 (ROS1)
siRNAs Short interfering RNA

4.1  Introduction

Waddington defined the term epigenetics in the early 1940s (referenced in Jablonka 
and Lamb 2002). Since then, knowledge of the role of epigenetic regulation in abi-
otic stress response has gradually increased, starting with McClintock (1984) who 
first recognized the relationship between epigenetics and stress response (McClintock 
1984; Kim et al. 2015; Asensi-Fabado et al. 2016; Provart et al. 2016).

Soil salinity is one of the leading factors that hinder crop production globally, 
and the development of plants that are more tolerant to salinity stress is considered 
to be a critical goal that needs to be addressed. Soil salinity is known to affect plant 
cells in two ways. One is inducing a water deficit due to the high concentration of 
salt in the soil surrounding a plant which results in decreased water uptake by roots, 
thus inducing an osmotic stress. The other effect is the high accumulation of salt 
within a plant which alters the Na+/K+ ratio, as well as creating excessive levels of 
Na+ and Cl− ions, thus resulting in ion cytotoxicity (Munns and Tester 2008; 
Julkowska and Testerink 2015). Details on salinity stress response are described in 
earlier chapters in volumes 1 and 2. Earlier studies revealed that several mecha-
nisms, including maintenance of ion homeostasis, accumulation of compatible sol-
utes, hormonal adjustments, the cellular antioxidant system, and Ca2+ signaling, 
play an essential role in the ability of plants to adapt to and survive salinity stress 
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(Jia et  al. 2015). Key elements that ameliorate the potential damage of high salt 
levels to plant cells have been reported. These include transporters for ion homeo-
stasis [such as NHX1 (Apse et  al. 1999), SOS1/2/3 (Shi et  al. 2003; Yang et  al. 
2009), and HKT1 (Moller et al. 2009)] and compatible solutes that act as osmolytes 
to maintain osmotic homeostasis [such as proline (Kishor et al. 1995) and glycine-
betaine (Sakamoto and Murata 1998)]. Other cellular components that have been 
reported to play a role in salinity response and adaptation include late embryogen-
esis abundant (LEA) proteins (Xu et  al. 1996) and enzymes that function in the 
biosynthesis of antioxidants, including GST/GPX (Roxas et  al. 1997) and SOD 
(McKersie et al. 1999). Epigenetic elements that regulate the expression of genes 
coding for transporters involved in ion homeostasis and osmolyte accumulations 
have only recently been reported.

In this review, we summarize the studies on how epigenetic elements, including 
histone modifications, histone variants, regulatory RNAs, and DNA methylation, 
affect the expression of the key components of salt-stress response described above. 
In particular, our understanding of the involvement of histone modifications in 
salinity stress response has significantly progressed. The details of how salt response 
is mediated through histone variants and regulatory RNAs, however, are still poorly 
understood. Lastly, we provide a perspective on the potential use of chemical epi-
genetic modifiers, which function as histone deacetylase (HDAC) inhibitors, for 
enhancing stress tolerance in crops such as cassava.

4.2  Histone Acetylation

Histones are DNA-packaging proteins that provide stability to the genome by pre-
venting physical genotoxicity (e.g., DNA breaks) (Luger et al. 1997; Downs et al. 
2007). Their original function during the course of evolution, even prior to the diver-
gence of the Archaea and Eukarya, was to act as regulators of mRNA expression 
(Ammar et al. 2012). A variety of chemical modifications (acetylation, methylation, 
phosphorylation, etc.) can occur to the N-tails of histones, which is one of the prop-
erties that enable them to regulate mRNA expression, a function that is generally 
conserved in eukaryotes (Jenuwein and Allis 2001; Kouzarides 2007). Chromatin 
possesses a diverse array of chemical moieties, which allows to contain and transmit 
information independent of the genetic code (i.e., epigenetic) and regulate gene 
expression. Epigenetic regulation is considered to play a major role in plant devel-
opment and the ability of plants to adapt to the prevailing environment.

Among histone modifications, the mode of action of histone acetylation is rela-
tively well understood. Positively charged lysine residues within the N-tails of his-
tones are often the targets of histone acetylation. These positive charged amino acid 
residues can bind to the negatively charged region of the nucleosome (proteins and 
phosphate groups of DNAs), thus impacting chromatin structure. Acetylation of 
histones, however, neutralizes the positive charges on lysine residues and thus 
reduces the ability of histones to bind to the nucleosomes. This results in producing 
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a relaxed, open chromatin structure, which facilitates the recruitment of transcrip-
tional factors to DNA, and the subsequent activation of transcription (Shahbazian 
and Grunstein 2007). Acetylation levels are regulated by the balanced activity of 
histone acetyltransferases (HATs), which act as writers of histone acetylation, and 
histone deacetylases (HDACs), which act as erasers of acetylation. Recent studies 
have revealed that cross talk between writers and erasers of histone acetylation har-
monize the regulation of abiotic stress responses, including salinity stress (Kim 
et al. 2015; Asensi-Fabado et al. 2016).

In maize (Zea mays L.) roots, the upregulation of cell wall-related genes, such as 
ZmEXPB2 and ZmXET1, has been associated with an increase in H3K9 acetylation 
in the promoter and coding regions of genes. This acetylation is thought to be neces-
sary for a response to high salinity conditions to occur. The upregulation of 
ZmEXPB2 and ZmXET1 genes has been speculated to be mediated by two HAT 
genes (ZmHATB and ZmGCN5) because mRNA expression of these HAT genes was 
found to increase under salt-stress conditions (Li et al. 2014). Consistent with this 
finding, an Arabidopsis ada2b-1 mutant is hypersensitive to salt stress and is defi-
cient in transcriptional coactivators that complex with GCN5. In the ada2b-1 
mutant, the acetylation levels of histones H3K9/K14 are significantly reduced in 
areas containing the salt-stress-inducible genes, RESPONSIVE TO ABA18, COLD- 
RESPONSIVE 6.6, and RESPONSIVE TO DESSICATION29B (Kaldis et al. 2011). 
There is no evidence, however, that upregulation of these salt-responsive genes 
results in increased tolerance to salinity stress. These data do at least suggest that 
HATs may act as positive regulators of salt-stress response in plants.

The role of HDAC in salt-stress response appears to be more complex. Recent 
evidences indicate that HDAC genes have a significant role in regulating salt-stress 
response. The data indicate that HDAC inhibition contributes to both increasing and 
decreasing tolerance to salinity stress. Based on their catalytic domain, HDACs are 
categorized into zinc-dependent and nicotinamide adenine dinucleotide (NAD(+)) 
types. The reduced potassium deficiency 3 (RPD3)-like and the silent information 
regulator (SIR) 2-like (sirtuin) gene families are zinc-dependent and NAD(+)-
dependent HDACs, respectively. The RPD3-like family is further divided into three 
classes (I, II, and IV), based on their homology to yeast HDACs (Bolden et al. 2006; 
Seto and Yoshida 2014; Verdin and Ott 2015). Plants have also evolved a plant- 
specific HDAC (HD-tuin) family (Brosch et al. 1996; Lusser et al. 1997; Hollender 
and Liu 2008). The Arabidopsis genome encodes 18 HDAC genes, representing 3 
HDAC families (Hollender and Liu 2008). This includes 12 RPD3-like family pro-
teins, 2 sirtuin family proteins, and 4 HD-tuin family proteins. Recent studies have 
reported that several class I and II RPD3-like family genes and HD-tuin family 
proteins are involved in salt-stress response.

HDA9 negatively regulates salt-stress response (Zheng et  al. 2016), whereas 
HDA6, HD2C, and HD2D positively regulate it (Chen et al. 2010; Chen and Wu 
2010; Luo et al. 2012; Perrella et al. 2013; Han et al. 2016; Mehdi et al. 2016). In 
the case of HDA19, there are controversial data that athd1, an hda19 knockout 
mutant in the Ws background, shows sensitivity to salt stress (Chen and Wu 2010), 
whereas an hda19 repression line in the Col-0 background exhibits the opposite 
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phenotype (Mehdi et al. 2016). Recently, it was reported that two recessive alleles 
of hda19 showed tolerance to salinity stress in the Col-0 background (Ueda et al. 
2017). At least in Col-0, HDA19 functions as a negative regulator in salt-stress 
response. Their positive and negative regulation mechanisms underlying salt-stress 
response are reported as follows.

Under salinity stress conditions, the mRNA expression of the ABA and abiotic 
stress-responsive genes, ABI1, ABI2, KAT1, KAT2, DREB2A, RD29A, and RD29B, 
was decreased in axe1-5 and HDA6 RNA-interfering plants, resulting in a salt- 
sensitive phenotype (Chen et al. 2010). Complex formation of HD2C with HDA6 
was confirmed, and their single and double mutants show increased histone 
H3K9K14 acetylation: suggesting that HD2C and HDA6 proteins cooperatively 
regulate salinity stress response (Luo et al. 2012). Consistent with the hd2c pheno-
type, overexpression of HD2C resulted in enhanced tolerance to salt stress (Sridha 
and Wu 2006). Taken together, the functional association of HDA6 with HD2C acts 
as a positive regulator in salt-stress response.

In Arabidopsis, HDA9 and HDA19, which are categorized as class I HDACs, 
regulate salt-stress response via different pathways. In the case of hda9, a suppres-
sion of water deprivation-related genes is observed (Zheng et al. 2016). Additionally, 
HDA9 also forms a complex with a SANT domain-containing protein, 
POWERDRESS (PWR), and a transcription factor, WRKY53, contributing to the 
suppression of leaf senescence (Chen et  al. 2016). The HDA9/PWR/WRKY53 
complex controls leaf senescence through multiple pathways that are coordinated 
by ABA, JA, and autophagy-related genes, such as NPX1, WRKY57, and APG9 
(Chen et al. 2016). ABI3 and ABA receptors (PYL4, PYL5, and PYL6) are positive 
regulators of ABA signaling and are considered as direct targets of HDA19 (Ryu 
et al. 2014; Mehdi et al. 2016). Goyal et al. (2005) reported that mRNA levels of 
LEA proteins, which function in preventing protein aggregation, are enhanced in 
plants that are deficient in HDA19. Additionally, the level of a rate-limiting enzyme 
[delta1-pyrroline-5-carboxylate synthetase 1 (P5CS1)], which is involved in the 
biosynthesis of proline, is also enhanced in HDA19-deficient plants (Ueda et  al. 
2017). Collectively, these data suggest that HDA9 and HDA19 have different modes 
of action in the regulation of the ABA signaling pathway. Interactive factors of 
HDA19, such as MSI1 (multicopy suppressor of ira1), SIN3 (SWI-
INDEPENDENT3)-like 2 (SNL2), SNL3, and SNL4, and histone deacetylation 
complex1 (HDC1) are physically associated with HDA19. Among these interacting 
factors, MSI1, at least, appears to fine-tune salt- stress response through ABA sig-
naling with HDA19 (Mehdi et al. 2016). There are five MSI family members (MSI1 
to MSI5) in Arabidopsis (Hennig et al. 2005). The physical interactive partner of 
HDA6 is not MSI1 but rather MSI4 and MSI5 (Gu et al. 2011). It is plausible that 
the diversification of interactive partners associated with different HDACs and chro-
matin components might be responsible for the contrasting phenotypes observed 
between HDA6 and HDA19 in regard to salt-stress response, even though HDA6 is 
also a class I HDAC and both HDA6 and HDA19 are able to form a complex with 
HDC1 (Hollender and Liu 2008; Perrella et al. 2013). Further detailed analysis of 
complex-forming factors associated with each HDAC protein will provide a greater 
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understanding of how each HDAC protein antagonistically or cooperatively regu-
lates salt-stress response.

The hierarchal regulation of salt-stress response through HDAC isoforms has 
also been reported. In eukaryotes, class II HDACs are grouped based on their 
 primary structural similarity and the presence of a common motif (LEGGY motif) 
(Hollender and Liu 2008; Tran et  al. 2012). There are four HDAC genes in 
Arabidopsis and a quadruple mutant exhibited increased sensitivity to salt stress 
(Ueda et al. 2017). In the quadruple mutant, the mutagenesis of HDA19 also resulted 
in enhanced salt-stress tolerance, indicating that the suppression of HDA19 masks 
the phenotype produced by the role of class II HDACs in salt-stress response (Ueda 
et al. 2017). Further analysis is needed to determine whether or not the hierarchal 
regulation of salt-stress response takes place in a dependent or an independent path-
way with HDAC isoforms. Such studies will clarify the actual cross talk that occurs 
between HDACs in response to salt stress.

4.3  Histone Methylation and Phosphorylation

The mode of action of histone methylation is similar to histone acetylation. The 
resulting modification of the histone by methylation increases the basicity and 
hydrophobicity of histone tails and thus alters its affinity to chromatin or transcrip-
tion factors (Teperino et  al. 2010). Histone methylation is regulated by histone 
methyltransferases (HMTs) and histone demethylases (HDMs). Arginine and lysine 
residues are methylated by different proteins, namely, arginine methyltransferases 
(PRMTs) and histone lysine methyltransferases (HKMTs), respectively. The 
Arabidopsis genome encodes 41 genes for SET domain proteins, which are putative 
candidates for HKMTs, and 9 genes that code for PRMTs (Liu et al. 2010 and refer-
ences therein). Similar to HMTs, HDMs are divided into two classes, lysine-specific 
demethylases (LSD) and hydroxylation by Jumonji C (JmjC) domain-containing 
proteins (JMJ). These proteins facilitate the removal of methyl groups from methyl-
ated lysine residues in an independent catalytic reaction. The Arabidopsis genome 
encodes 4 LSD and 21 JMJ genes (Liu et al. 2010). HMTs and HDMs comprise a 
larger gene family than HAT and HDAC gene families in plants.

In contrast to acetylation, the degree of methylation of a single lysine residue 
(mono-, di-, or trimethylated) or a single arginine residue (mono- or dimethylated) 
is linked to distinct biochemical properties and transcriptional response (Teperino 
et al. 2010; Xiao et al. 2016). For example, H3K4me3, H3K9me3, and H3K36me2 
marks tend to be localized on actively transcribed genes, while H3K27me3 marks 
are generally detected on genes whose transcription is repressed (Roudier et  al. 
2009; Liu et al. 2010). The variable degrees of methylation and the diversification 
of writers and erasers of histone methylation are considered to be parameters that 
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allow plants to regulate gene expression in response to stress response more pre-
cisely than histone acetylation. To the best of our knowledges, however, there is 
limited evidence for the involvement of histone methylation in salt-stress response.

The expression of most stress-responsive genes is positively correlated with the 
addition of H3K4me3 marks, which are often associated with transcriptional activa-
tion (Zhang et al. 2009; Kim et al. 2012). An eraser for the H3K4me3 mark, how-
ever, is associated with increased tolerance to salinity stress. Gain of function 
mutants (jmj15-1 and jmj15-2) for the histone demethylase Jumonji C domain- 
containing protein 15 (JMJ15) exhibited increased tolerance to salinity stress, while 
a loss of function mutant (jmj15-3) exhibited increased sensitivity to salinity stress 
(Shen et al. 2014). Although JMJ15 preferentially represses gene expression through 
demethylation of H3K4me2/3, the direct targets responsible for increased tolerance 
to salinity stress that are JMJ15-dependent are not known at present. An increase in 
lignin content has been observed in the stems of jmj15-1 and jmj15-2 mutants. Shafi 
et al. (2015) reported that the basal level of H2O2 present in the mutants acts as mes-
senger to activate the transcription of genes for lignin biosynthesis in vascular tis-
sue, which is associated with an increase in salt-stress tolerance. This suggests that 
the gain of function in JMJ15 may adjust the expression of genes involved in cell 
response to reactive oxygen species (ROS), thus increasing plant tolerance to oxida-
tive stress, salinity stress, and abiotic stress in general (Choudhury et  al. 2017). 
Significant alterations, such as an increase in H3K4me3 and a decrease in H3K9me2, 
are observed in salt-sensitive hda6 Arabidopsis plants (Luo et al. 2012). Therefore, 
further identification and analysis of writers or other histone modifications that reg-
ulate salt-stress response through modifications of histone H3 on lysine 4 (H3K4) 
would greatly improve our understanding of the epigenetic regulation of salt-stress 
response via histone methylation.

The shortening and fractionation of H3K27me3 islands by priming plants with a 
mild salt stress appear to be the mechanism through which the priming increases 
drought tolerance (Sani et al. 2013). H3K27me3 is believed to function in repress-
ing gene transcription (Li et al. 2007), and the priming treatment induces a unique 
epigenetic mark around HKT1. Sani et al. (2013) suggest that the shortening and 
fractionation of the suppressive mark may enhance drought tolerance by inducing of 
HKT1 mRNA expression, whose overexpression is associated with an increase in 
salinity stress tolerance (Moller et al. 2009). The erasers or writers at lysine 27 of 
histone H3 (H3K27), such as ATXR5/6, SDG1/5/10, and JMJ11/12/30/32, may rep-
resent candidates for epigenetic modifications that improve salinity stress tolerance 
(Xiao et al. 2016).

Phosphorylation of histone H3 is induced by osmotic stress. This mark seems to 
play a pivotal role in the maintenance of proper heterochromatic organization rather 
than in the response to salt stress (Wang et al. 2015). Currently, evidence for the 
involvement of histone modifications in salt-stress response is limited to acetylation 
and methylation. Further studies, however, will identify other histone modifications 
that play a pivotal role in salinity stress response.
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4.4  DNA Methylation

In plants, cytosine at both CG and non-CG (CHG and CHH where H is A, T or C) 
sites can be methylated. DNA methylation is a stable and heritable modification and 
is an important repression mark for transcription and suppression of transposable 
elements, the latter of which serves to protect the integrity of the genome (Gallusci 
et al. 2017). Salinity stress has an impact on the pattern of DNA methylation result-
ing in either hyper- or hypomethylation depending on the plant species (Kovarik 
et al. 1997; Al-Lawati et al. 2016). In soybean, DNA methylation levels in some 
salt-responsive transcriptional factors were reduced under salt-stress conditions 
(Song et al. 2012). Likewise, HPLC analysis of wheat revealed that global cytosine 
methylation levels also decreased in response to salinity stress conditions (Wang 
et al. 2014). A comparison of a salt-tolerant wheat cultivar (SR3) and a salt-sensitive 
wheat cultivar (JN177) revealed that the level of DNA methylation in some salt- 
responsive genes changed in response to salt stress and that transcription was upreg-
ulated in SR3 (Wang et al. 2014). Similarly, Garg et al. performed whole-genome 
bisulfite sequencing in a salt-sensitive rice cultivar (IR64) and a salt-tolerant rice 
cultivar (Pokkali) (Garg et al. 2015). DNA methylation patterns were different in the 
two varieties, and the differences were associated with the elevated transcription of 
abiotic stress-related genes. These results suggest that changes in the pattern of 
DNA methylation that occurs in salt-tolerant cultivars may contribute to increased 
levels of salinity tolerance and represent a feature applicable to crops in general.

DNA demethylation plays an important role in salt tolerance in plants. The 
Demeter family of 5-methylcytosine DNA glycosylases plays a pivotal role in 
removing 5-methylcytosine (Zhu 2009). In tobacco, the overexpression of 
Arabidopsis repressor of transcriptional gene silencing 1 (ROS1), a member of the 
Demeter family, resulted in enhanced salt-stress tolerance. DNA methylation levels 
in these transgenic tobacco plants decreased in genes encoding enzymes involved in 
flavonoid biosynthesis and antioxidant pathways, and transcription levels of these 
genes were upregulated in response to salt stress (Bharti et al. 2015). Decreased 
DNA methylation levels, however, are not always associated with enhanced toler-
ance to salt stress. A defective mutant of methyltransferase 1 (MET1) that maintains 
CG methylation exhibited decreased levels of global DNA methylation but was sen-
sitive to salt stress (Yao et al. 2012). The authors speculated that the reduction in the 
level of global DNA methylation increased the level of strand breaks that occurred 
in the high salt-stress condition.

DNA methylation in plants is believed to work as a “transgenerational stress 
memory” that transmits parental stress memory to nonstressed offspring (Hauser 
et al. 2011). Wibowo et al. demonstrated that DNA methylation enables “short-term 
stress memory” in Arabidopsis. Repeated exposure to high levels of salt stress 
induced changes in the pattern of DNA methylation at non-CG sites in sequences 
located adjacent to stress-responsive genes (Wibowo et al. 2016). Some of those 
changes were then transmitted to the progeny through the female germ line. These 
epigenetic changes were associated with a heritable salt-tolerant phenotype. The 
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stress memory, however, was gradually reset in the absence of the salt stress. 
Epigenetic variation allows plants to adapt to their environment; however, the cost 
of resetting epigenetic marks also needs to be taken into account. Plants may or may 
not employ epigenetic plasticity depending on the level of fluctuation in the 
environment.

4.5  Regulatory RNAs

In addition to messenger RNA (mRNA), RNAs referred to as nonprotein coding 
RNAs (noncoding RNAs; ncRNA) have wide-ranging regulatory effects on biologi-
cal processes. ncRNAs are categorized according to their function as follows: trans-
fer RNA functions in translation, ribosomal RNA serves as a component of 
ribosomes, small nuclear RNAs are involved in splicing, microRNAs function in 
translational repression, and siRNAs are involved with mRNA cleavage (Eddy 
2001). miRNAs and siRNAs play a pivotal role in gene silencing in different ways. 
Recent evidence revealed that siRNAs recruit DNA and histone methylation in a 
locus-specific manner (Zilberman et al. 2003; Law and Jacobsen 2010). In the case 
of DNA methylation, small RNA-directed DNA methylation (RdDM) indepen-
dently regulates DNA methylation separately from the DDM1-dependent pathway 
(Law and Jacobsen 2010; Zemach et al. 2013; Matzke and Mosher 2014). Mutant 
ddm1 plants exhibit sensitivity to salt stress (Yao et al. 2012), and the salt-stress- 
responsive transcriptional factor, MYB74, whose overexpression induces increased 
sensitivity to salt stress during seed germination, is regulated by RdDM-dependent 
pathway. There are a few examples of epigenetic regulation of salt-stress response 
that are mediated through siRNAs; however, recent evidence has revealed that 
ncRNAs also appear to control DNA methylation (Yang et al. 2016; Matsui et al. 
2017). Therefore, as more ncRNAs are identified, it is expected that additional 
examples of the regulation of salt-stress response genes by the RdDM pathway will 
be uncovered.

Transcriptome analyses have identified numerous long noncoding RNAs 
(lncRNAs) in eukaryotes. Determining if an RNA sequence is an mRNA or an 
lncRNA can be problematic because small peptides translated from lncRNA have 
been occasionally discovered in eukaryotes (Kung et  al. 2013 and references 
therein). It appears that lncRNAs act to control various stages of mRNA processing 
and stability (Kung et al. 2013); however, they also seem to have a unique role in 
modulating epigenetic regulators. In animals, lncRNAs participate in recruiting 
DNA methyltransferases and X-chromosome inactivation (Lee 2012). COLDAIR is 
an lncRNA in Arabidopsis that targets polycomb repressive complex 2 (PRC2) to 
the FLC locus, resulting in epigenetic silencing (Heo and Sung 2011). Numerous 
stress-responsive lncRNAs have been identified in Arabidopsis (Di et al. 2014), and 
a drought-induced lncRNA (DRIR) has been reported to be associated with enhanc-
ing tolerance to both drought and salinity stress (Qin et al. 2017). Details on the 
specific function of DRIR are still lacking; however, it is evident that lncRNAs that 
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control the recruitment of epigenetic modulators, such as Xist and COLDAIR, to 
regions where genes for salinity stress response are encoded will be discovered in 
future studies.

4.6  Histone Variants

Histones are a core component of chromatin and comprise a large gene family in 
plants (Sequeira-Mendes and Gutierrez 2015). H2A, H2B, H3, and H4 histones are 
known as core histones and constitute histone octamers. H1/H5 histones function as 
linker histones. Although histone proteins are relatively highly conserved in eukary-
otes, some differences may exist between variants of histones that influence their 
affinity to DNA or histone-binding proteins that complex with DNA to form chro-
matin. The variation in the binding affinity of histones could serve as a basis for 
developmental stage-specific or stress-specific responses based on histone modifi-
cations. For example, among the variants of H2A, H2A.Z has a relatively distinct 
function in thermosensory and drought stress responses (Kumar and Wigge 2010; 
Sura et al. 2017). No histone variants have been reported, however, that preferen-
tially mediate salt-stress response.

4.7  Chemical Epigenetic Modifiers: Controlling Epigenetic 
Modifications to Increase Salinity Stress Tolerance

Inhibiting DNA methylation and the activity of histone-modifying enzymes is a 
promising therapeutic approach to treat diseases in humans, especially cancer. Thus, 
research to identify epigenetic inhibitors has rapidly increased. Inhibitors of DNA 
methylation are classified as nucleoside analogs or non-nucleoside compounds (Xu 
et  al. 2016). The nucleoside analogs are mainly derivatives of cytidine, such as 
5-azacytidine (azacitidine) and 5-aza-2′-deoxycytidine (decitabine). Non-nucleoside 
compounds include inhibitors of DNA methyltransferases in mammals, including 
RG108 (Fahy et al. 2012). To date, there is no evidence that the use of these inhibi-
tors increases salinity stress tolerance in plants. Development of a selective inhibitor 
against histone methyltransferases in plants, however, could potentially contribute 
to enhancing stress tolerance since overexpression of JMJ15, an HDM, has been 
reported to increase stress tolerance (Shen et al. 2014) (see Sect. 4.3).

Chemical inhibition of HDAC proteins is a potential approach that should be 
evaluated for its ability to increase salinity stress tolerance in plants under field 
conditions. Genetic mutation analysis of HDAC genes revealed that HDAC inhibi-
tion in a recessive mutation could both positively and negatively alter salt-stress 
response. Multiple disruption of class I (HDA19) and class II HDACs genes resulted 
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in an increase in salinity stress tolerance, suggesting that hierarchal regulation 
allows the inhibition of even nonclass selective HDACs to increase stress tolerance 
(see Sect. 4.2). The screening of 13 different selective HDIs [class I selective HDIs, 
FK228, Ky-2, MC1293, MGCD-0103, and MS-275; class II selective HDIs, 
MC1568, TMP195, TMP269, and Tubastatin A; and nonclass selective HDIs, JNJ- 
26481585, LBH-589, sodium butyrate (NaBT), and trichostatin A (TSA)] revealed 
that 8 of the HDIs (FK228, JNJ-26481585, Ky-2, LBH-589, MC1293, MS-275, 
sodium butyrate (NaBT), and Trichostatin A (TSA)) clearly increased salinity stress 
tolerance in Arabidopsis (Sako et al. 2016; Ueda et al. 2017). Consistent with the 
genetic analysis of salt-stress response, a pharmacological approach demonstrated 
that either selective or nonselective inhibition using class I HDIs enhances salinity 
stress tolerance. The phenotype obtained through pharmacological or genetic meth-
ods strongly suggests that suppression of HDAC activity enhances salinity stress 
tolerance. Among the pharmacological inhibitors, application of Ky-2 to increase 
tolerance to salt stress in young seedlings has been analyzed in detail. Treatment of 
seedlings with Ky-2 resulted in global hyper-acetylation and the upregulation of 
approximately 2000 genes, including salt-responsive genes. Furthermore, since 
Ky-2 treatment of sos1 mutants resulted in a loss of salt-stress tolerance, the upregu-
lation of AtSOS1 appears to be a critical component of the enhanced salt-stress tol-
erance exhibited by plants treated with Ky-2. This premise is supported by the 
observation that histone H4 acetylation levels are elevated in the AtSOS1 region in 
response to the Ky-2 treatment. The Ky-2 treatment also decreased the accumula-
tion of intercellular Na+ ions (Sako et al. 2016). A strategy for using HDIs to increase 
salt-stress tolerance in cassava has been explored. Treatment of cassava plants with 
SAHA, a type of HDI, moderated the level of stress induced by high salt conditions. 
The mechanism by which the SAHA treatment was able to alleviate salt stress in the 
cassava plants is still unknown (Patanun et al. 2017).

Treatment of plants with HDI compounds is considered to be a potentially useful 
approach for enhancing salinity stress tolerance in crops, particularly for crops in 
which the ability to introduce new, economically important traits through genetic 
transformation or conventional breeding strategies is difficult. Furthermore, the 
temporal use of HDIs to avoid environmental stresses may be a beneficial aspect of 
their use since it may limit the growth inhibition resulting from the expression of 
stress-responsive genes. In order for the use of chemical approaches to increase 
stress tolerance to become a viable management practice, the development of a 
plant-specific HDI will be required since most HDIs at present share targets 
(HDACs) in both plants and animals, which raises significant safety concerns. It is 
feasible and worthwhile to find a solution that would avoid the inhibitory effect of 
HDIs on non-plant HDACs because the HDAC that is required to be inhibited to 
increase salt-stress tolerance has been identified. Increasing salt-stress tolerance in 
crops is a critical global need that needs to be addressed in order to produce suffi-
cient food for a growing world population.
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Chapter 5
Manipulating Programmed Cell Death 
Pathways for Enhancing Salinity 
Tolerance in Crops

Ahmad Arzani

Abstract One of the key challenges for researchers is to obtain a deeper under-
standing of the strategies and mechanisms of plant adaptation to environmental 
stress that help overcome the limitations associated with climate change and loss of 
biodiversity. In this context, tolerance to salinity stress is one of the main abiotic 
factors constraining the plant growth, and production is of special importance. 
Programmed cell death (PCD) plays a protective role against biotic and abiotic 
stresses. PCD might play an important role in the maintenance of normal tissue 
homeostasis, regulation of cell metabolism, and remodeling of tissues after injury 
and infection as well as the elimination of damaged cells. Salinity stress induces an 
alteration in chloroplasts, mitochondria, cytoplasm, plasma membrane (PM), endo-
plasmic reticulum (ER), Golgi apparatus, vesicle formation and trafficking, and 
vacuoles formation which may result in PCD in plants. The overexpression of pro- 
survival genes including anti-apoptotic genes and those involved in suppression of 
apoptosis genes in the transgenic plants to enhance abiotic stress tolerance has been 
the subject of a number of investigations, particularly in the context of salinity toler-
ance. Therefore, the development of transformed plants for resistance to apoptosis 
could be an effective approach to improving salinity tolerance, while the use of 
complementary techniques like RNA-interfering (RNAi)-mediated gene knock-
downs has been shown to be an interesting and appealing alternative. The objective 
of this review is to summarize the current state of knowledge on improving salinity 
tolerance in crop plants through manipulation of PCD pathways.
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Abbreviations

AIF Apoptosis-inducing factor
AL-PCD Apoptotic-like PCD
ASPP Apoptosis-stimulating proteins of p53
ACD Autophagic cell death
BAG Bcl-2-associated athanogene
Bak BCL-2 antagonist/killer-1
Bax Bcl-2-associated X protein
Bcl-2 B-cell lymphoma2
Bcl-xl BCL-2-like 1
Ca2+ Calcium ion
ER Endoplasmic reticulum
FB1 Fumonisin B1
GORK Guard cell outward-rectifying K+ channel
H2O2 Hydrogen peroxide
HR Hypersensitivity
IAP Inhibitor of apoptosis
K+ Potassium ion
MAPK Mitogen-activated protein kinase
Mcl-1 Myeloid cell leukemia-1
Na+ Sodium ion
NADPH Nicotinamide adenine dinucleotide phosphate hydrogen
PM Plasma membrane
RNAi RNA interfering
ROS Reactive oxygen species
PCD Programmed cell death
PLC Phospholipase C
SKOR Outward-rectifying K+ channel
VPE Vacuolar processing enzyme

5.1  Introduction

Abiotic stress threatens staple crop production, coupled with the expanding world 
population necessitate not only efficient breeding strategies for developing abiotic 
stress tolerance crop plants but also the extension of plant production into the mar-
ginal regions including saline soil and water (Arzani and Ashraf 2016). Soil or water 
salinity is one of the key abiotic stresses that cause plant growth and yield reduction 
worldwide (Arzani 2008). Abiotic stress can be sensed and appropriate responses 
triggered implicating changes in growth, development, and metabolism (Conde 
et  al. 2011). Plants’ response to salinity stress represents the sum of numerous 
parallel- distributed processes that act to alleviate hyperosmolarity and reestablish 
ionic homeostatic conditions in cells (Arzani and Ashraf 2016). Programmed cell 
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death (PCD) is also among the evolved plant strategies to overcome these adverse 
conditions. PCD operates during growth and development as well as in response to 
various hostile environmental conditions. In this way the removal of damaged and 
superfluous cells can be facilitated; thus, cellular differentiation and homeostasis 
are supported in plants (De Pinto et al. 2012).

Therefore, PCD plays not only a protective role against abiotic and biotic stresses 
but also a major role in plant development. PCD is a highly coordinated process 
with series of steps involving specific nucleases and proteases and results in the 
selective elimination of the cells. In animals, autophagy, apoptosis, and programmed 
necrosis are the three major PCD forms, clearly characterized by their morphologi-
cal features (Bialik et al. 2010; Ouyang et al. 2012). Autophagy is usually defined 
by the accumulation of autophagic vacuoles. Chromatin condensation, the forma-
tion of apoptotic bodies and nuclear fragmentation by the caspases as the execution-
ers of apoptosis are the hallmarks of apoptosis. A more passive form of PCD is 
necrosis, which is distinguished by the presence of PM rupture and cytoplasmic 
swelling.

Autophagic cell death (ACD) is one of the characterized types of PCD. Autophagy 
process is initiated with the generation of double membrane-bound autophago-
somes, encompassing cytoplasmic organelles and macromolecules, headed for 
recycling (Huett et al. 2010). There is increasing recognition that autophagic cells 
commit suicide to prevent excessive stress by undertaking cell death, which dis-
criminates from programmed necrosis and apoptosis (Bialik et  al. 2010). 
Nonetheless, autophagy regulates an enormous number of physiological and patho-
logical functions such as cell differentiation, infections, starvation, cell survival, 
and death (Liu et al. 2010; Michaeli et al. 2016). The role of autophagy in cell death 
has been reviewed by Minina et al. (2014). In addition, recent advances in plant 
autophagy regarding mechanisms of selective autophagy, regulation of autophagy, 
and role of autophagy in recycling and availability of nutrients have recently been 
reviewed by Michaeli et al. (2016).

“Apoptosis,” as the second form of PCD, comes from a Greek root word that has 
been used to refer to “dropping off” the leaves or petals from a tree (Kerr et  al. 
1972). Given the definition roots, apoptosis is likely the most frequent type of PCD, 
while the biological impact of other non-apoptotic types may also be a driving force 
of the PCD especially in plants. Apoptosis is characterized by morphological altera-
tions of nucleus and cytoplasm including cell shrinkage, pyknosis (DNA condensa-
tion), and karyorrhexis (nuclear fragmentation) as well as biochemical changes 
such as internucleosomal cleavage of DNA, a number of intracellular substrate 
cleavages by specific proteolysis, and phosphatidylserine externalization (Ouyang 
et al. 2012).

Programmed necrosis as the third type of PCD contributes to cell swelling, cell 
lysis, and organelle dysfunction (Wu et al. 2012). Therefore, PCD may have a role 
in the maintenance of tissue homeostasis, regulation of cell metabolism, and remod-
eling of tissues after injury and elimination of damaged cells (Wynn et al. 2013). In 
contrast to the wealth of knowledge regarding the molecular mechanisms of PCD, 
in plants the molecular networks regulating PCD are still in their infancy, and 
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 information on this topic is scarce. This is in spite of the abundance and the impor-
tance of PCD throughout plant life span occurring as a conspicuous part of develop-
ment (dPCD) as well as a response to abiotic and biotic stresses (ePCD) (Lam 2004; 
Huysmans et al. 2017). Although plants react differently to various abiotic stresses, 
the initial recognizing and induction of reactive oxygen species (ROS) generation 
are a common set of response to abiotic factors in all plant species (Sewelam et al. 
2016). Nonetheless, production of ROS is a crucial factor in plant stress response 
and is also associated to in signaling of PCD (Chen et al. 2009a; Kumar et al. 2016).

In animals, ICE-/CED-like family proteases, named caspases, play a central role 
in PCD such as apoptosis and pyroptosis (Green 2011). In spite of the absence of 
caspases (abbreviation of cysteinyl aspartate-specific proteases) in plants, the meta-
caspases were postulated as the functional caspase homologs in plants (Bonneau 
et al. 2008). In recent years, significant knowledge has been gained in these areas 
including the characterization of two PCD types: vacuolar PCD and necrotic 
PCD.  The apoptotic cells can be eliminated in the animal using macrophages, 
whereas in plant lytic vacuoles progressively engulf and digest the cytoplasmic con-
tent during vacuolar cell death. On the other hand, necrosis is an alternative form of 
cell death which is triggered by severe stress and characterized by mitochondrial 
dysfunction, premature rupture of the plasma membrane, and organized cell disas-
sembly. Vacuolar processing enzyme (VPE) is a plant cysteine proteinase that is 
mediator driving the execution of various PCD and is considered as a counterpart of 
animal caspase 1 (Hatsugai et al. 2015).

Climate change and biodiversity loss create new challenges for developing 
dynamic strategies of plant adaptation to the changing environment. Stress-induced 
PCD markedly influences plant growth and yield, and it is an important threat to 
agriculture production (Mittler and Blumwald 2010). The applied and basic research 
on stress-induced PCD and stress responses, with the eventual goal of manipulating 
them for practical use, are incredibly challenging areas that attract the growing 
interest. Therefore, research on PCD-induced abiotic stress and stress responses in 
plants has strengthened significantly during the past years, and thereby understand-
ing of regulatory mechanisms and knowledge of the immunity role will undoubt-
edly help to reach the eventual goal to lessen yield losses (Petrov et al. 2015; Wang 
et al. 2015). The objective of this review is to summarize the current state of knowl-
edge on improving salinity tolerance in crop plants through manipulation of PCD 
pathways.

5.2  PCD in Response to Abiotic Stress

Plants tolerate the adverse environmental conditions by employing various adapta-
tion mechanisms including toxin exclusion and dramatic amelioration of suscepti-
bility (hypersensitivity) where the abiotic stress is extreme. The monitored level of 
applied heat stress-induced PCD in plant cells, where heat shock could be respon-
sible for the cell death morphology, is reported in Arabidopsis (Hogg et al. 2011), 
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tobacco (Vacca et  al. 2004), soybean (Zuppini et  al. 2006), maize (Wang et  al. 
2015), and lace plant (Dauphinee et  al. 2014). PCD in plant species has been 
induced by low or high temperature in tobacco (Koukalova et al. 1997), cucumber 
(Balk et al. 1999), Arabidopsis thaliana (Swidzinski et al. 2002), and maize (Wang 
et al. 2015).

Plant symptoms illustrating either undesirable or desirable response to salinity 
stress can be visually rated in the field. Nevertheless, a reduction in growth which is 
manifested by leaf burn and necrotic lesions on the leaves is a well-known indicator 
of exposure of plants to salinity (Tanou et al. 2009). It is suggested that leaf necrosis 
could be caused by the failure of the cells to avert the accumulation of Na+ ions into 
the cytoplasm (Greenway and Munns 1980); in other words, leaf necrosis may be a 
symptom of the breakdown of ionic regulation (Subbarao and Johansen 1994). In 
barley, Patterson et al. (2009) compared two barley cultivars (Sahara and Clipper) 
exposed to 100 mM NaCl treatment and observed that “Sahara” cultivar had signifi-
cantly less leaf necrosis and higher leaf Na+ concentrations than “Clipper,” conclud-
ing that “Sahara” has a higher tolerance to accumulated Na+. However, despite a 
general consensus attributing leaf necrosis to an undesirable reaction in plant salin-
ity stress, it is probably most disputable, and it could also be considered as the 
fundamental lack of knowledge about the reaction at the cellular level and entirely 
limited to macroscopic observations. Nevertheless, pathogen-induced HR cell death 
is one of the most efficient plant defense strategies, whereas pathogen- secreted 
toxin-induced cell death is a necrotrophic pathogen tactic for infection. Interestingly, 
although distinct mechanisms may regulate toxin-induced cell death and pathogen- 
induced cell death, both were mediated by the same VPE (Kuroyanagi et al. 2005).

Leaf margin, leaf tip burn, and leaf necrosis are among the plant responses to 
drought stress which can be found at the late vegetative stage. It was suggested that 
drought-induced leaf necrosis can be illustrated by the lack of anthocyanin pigmen-
tation (Rosenow et al. 1983). Therefore, leaf necrosis is considered distinctly differ-
ent from that of the disease symptom, where leaf necrosis is known as desirable 
plant reaction of host resistance named as “hypersensitivity (HR).” HR is a plant- 
specific PCD which is essential for defense response to restrict the spread of patho-
gens. Apoptosis is generally regarded as a critical physiological cell death program 
required for the tissue homeostasis as well as an active suicidal response to various 
pathological or physiological stimuli in the mammalian organism (Kabbage et al. 
2017). Among the several cell death pathways that have been postulated, apoptotic- 
like PCD (AL-PCD) seems to be an interesting operational mode in plants leading 
to a corpse morphology that is similar to the apoptotic morphology perceived in 
animal cells (Reape and McCabe 2008). It is now established that AL-PCD is an 
essential cellular process in plants that have a crucial role in the developmental, 
stress-induced, and senescence processes as well as in response to pathogen infec-
tion (Lam et al. 1999). Apart from the developmental and biotic stimuli, it has been 
shown that AL-PCD is induced by abiotic stresses such as high-fluence UV radia-
tion and heat stress (Foyer and Noctor 2005; Doyle et al. 2010).

Caspases are either involved or not involved in PCD. Accordingly, PCDs can be 
categorized into two groups, caspase-independent and caspase-dependent PCD 
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(Kroemer and Martin 2005). Apoptosis is entirely contingent upon caspase activa-
tion and thus caspase-dependent PCD represents typical apoptosis. Caspase- 
independent mechanism of cell death comprises paraptosis, autophagy, necrosis-like 
PCD, apoptosis-like PCD, and mitotic cataclysm. The non-caspase PCD was found 
to be associated with caspase-independent elimination, including the use of mito-
chondrial protein apoptosis-inducing factor (AIF) (Cande et al. 2002; Kroemer and 
Martin 2005; Zanna et al. 2005). Analysis of the Arabidopsis genome indicated the 
incidence of five close homologs of AIF which detected monodehydroascorbate 
reductases (MDARs) (Lisenbee et  al. 2005) while AIF initially characterized in 
mammalian mitochondrial DNA (Susin et al. 1999). Of AL-PCD regulation espe-
cially relevant to plant cells is the affirming dual target sites of MDAR that is to both 
chloroplasts and mitochondria.

In plants, the role of mitochondrial proteins triggering cell death is still in its 
infancy and debatable (Reape and McCabe 2010). However, a pivotal role of the 
mitochondrion in plant PCD has also been implicated in plant responses to salinity 
stress (Yao et al. 2004; Lin et al. 2006; Chen et al. 2009b; Wang et al. 2010; Monetti 
et al. 2014; Hamed-laouti et al. 2016). ROS produced from the electron transport 
chain in mitochondrion causes dysfunction of mitochondrial lipids and proteins 
(Yao et al. 2004) leading to the opening of a nonspecific pore in the inner mitochon-
drial membrane, also called the permeability transition pore (PTP) and release of 
“caspase-like” proteins (Yao et al. 2004; Reape and McCabe 2010; Sirisha et al. 
2014). The dysfunction of mitochondria has been proposed as a prerequisite for the 
establishment of NaCl-induced PCD in several plant species comprising both gly-
cophyte (A. thaliana, rice, tobacco) and halophyte (Cakile maritima, Thellungiella 
halophila) (Lin et al. 2006; Chen et al. 2009b; Wang et al. 2010; Monetti et al. 2014; 
Hamed-laouti et  al. 2016). There are considerable evidence and speculation that 
interaction between ROS and antioxidants would supply a boundary for the environ-
mental metabolic signals mediating activation of the acclimation of the cells to 
stress or alternatively induction of PCD (Foyer and Noctor 2005).

A dual biological role for ROS might be attributed to the leaf senescence includ-
ing regulation of the expression of senescence-associated genes and elevation of the 
program of cell death by direct oxidizing target macromolecules. Interestingly, tak-
ing in account the chloroplasts is one of the sources of ROS production in plants 
(Doyle et al. 2010) would help to resolve the question as to what extent the PCD 
reaction is responsive to the environmental stimuli in the plant kingdom. In addi-
tion, photoreduction of oxygen and energy transfer from triplet excited chlorophyll 
to oxygen, respectively, are responsible for generating superoxide radicals (O−2) and 
singlet oxygen (1O2) in chloroplasts (Kim et al. 2012). The PCD is induced with 
increasing singlet oxygen (1O2) concentration in chloroplasts, but the output of 1O2- 
mediated chloroplast leakage and liberate of chloroplastic proteins to the cytosol on 
the 1O2-mediated collapse of cells needs to be elucidated.

PCD, a genetically controlled cell response, has evolved under selective pressure 
and thus should be advantageous to the plant. Despite the recent progress in the 
understanding expression of the ROS-responsive genes which induced in response 
to abiotic and biotic stress, many challenges remain, particularly with regard to the 
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beneficial effects of the ROS-dependent genes influencing PCD on plant growth and 
resistance to both abiotic and biotic stresses. Hence, it appears possible that induc-
tion of the ROS-dependent PCD pathway in plants can be part of physiological 
changes that normally occur during an acclimation response to enhance stress 
resistance.

PCD has been perceived traditionally as a vital protective mechanism for disease 
resistance in plants. Today, it appears that PCD plays a fundamental role in the regu-
lation of much more diverse cellular functions, such as in response to biotic and 
abiotic stress as well as developmental processes (see a recent review by Huysmans 
et al. 2017). It should be acknowledged that since the dissection of the PCD at the 
whole-plant level is difficult, most of the attempts have been made at in vitro cell 
assays. Here a new scenario for the biological roles of PCD at the whole-plant level 
to facilitate the possible explanation contributing to the induction of PCD in 
response to abiotic stress is presented. The results of assessment of abiotic stress 
tolerance in the C4 model plant, Setaria viridis (L.) Beauv. accessions originated 
from diverse geographical areas of the world, a portion of which has been published 
elsewhere (Saha et  al. 2016), suggested to us that PCD might have occurred in 
response to salinity stress (Saha et  al. unpublished data). Interestingly, only one 
accession showed leaf necrosis after 4 weeks of treatment at 300 mM NaCl concen-
tration (Fig. 5.1) and astonishingly ranked as one of the most salinity-tolerant geno-
types. Further in vitro positron emission tomography (PET) study showed a clear 
difference in Na22 uptake and transport in this accession compared to a sensitive 
accession (Ariño-Estrada et al. 2017). However, observations at the cellular level 
are more pertinent for assessing the possible role of PCD in salinity tolerance than 

Fig. 5.1 Leaf necrosis resulted from 300 mM NaCl treatment for 4 weeks in one of the Setaria 
viridis (L.) Beauv. accessions
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those at the whole-plant level. It is also important to note that leaf necrosis was 
observed at the reproductive growth stage, while the PET imaging has been con-
ducted at the seedling stage. The inconsistency with the previously characterized 
leaf necrosis, as being regarded typical for the sensitive plant to salinity stress, can 
be explained by developmental stage differences in high levels of NaCl accumula-
tion occurred in the leaf cells at either the reproduction (present study) or the veg-
etative/seedling stage (previous studies). In addition, a complex combination of 
differential expression of genes encoding the photosynthetic enzymes and anatomi-
cal characterization was functionally essential for evolving more effective photo-
synthetic mechanism in the C4 plants. C4 plants exhibit higher adaptation to tropical 
regions than C3 plants and assumed to have an evolutionary adaptation in hot areas 
of the world in response to diminishing ambient CO2 concentration (Sage 2004). 
Therefore, this finding inspires us to look for an alternative interpretation. Further 
work on the macroscopic, microscopic, and molecular aspects of the salt-tolerant 
leaf necrosis structure is underway to test the hypothesis that leaf necrosis might be 
a favorable plant response (i.e., HR) to salinity.

As illustrated in Fig. 5.2, plant cells undergoing PCD exhibit the following fea-
tures: condensation of the cytoplasm and the nucleus, the retraction of the plasma 
membrane from the cell wall, loss of membrane integrity, DNA laddering, release 
of cytochrome c from mitochondria, increase in activity of the proteases of caspase- 
1- like and caspase-3-like, and alterations in the K+ efflux and ion homeostasis 
(Wang et al. 2010; Poor et al. 2013; Reape and McCabe 2013; Reape et al. 2015).

5.3  PCD in Response to Salinity Stress

Although to date no report on HR-like response has been documented for plant 
salinity tolerance, several researchers have investigated PCD at the cellular level. 
The influences of NaCl stress primarily on chloroplasts, mitochondria, cytoplasm, 
plasma membrane (PM), endoplasmic reticulum (ER), Golgi apparatus, vesicle for-
mation and trafficking, and vacuoles have been investigated in plants. The degrada-
tion of the inner chloroplast membrane due to the NaCl-induced stress on the 
ultrastructure of plant leaves has been reported by Hernandez et  al. (1995). The 
disintegration of organellar membranes (particularly the degradation of thylakoid 
membrane of chloroplast) in cells was found to be one of the major effects of salin-
ity stress (Mitsuya et al. 2000). Salinity stress caused swelling of thylakoid as one 
of the main alterations of chloroplast ultrastructure in barley (Zahra et al. 2014) and 
rice (Yamane et al. 2012). The wrinkled effects of salinity on chloroplast ultrastruc-
ture have been observed at 100 mM NaCl treatment in tomato (Khavari-Nejad and 
Mostofi 1998) and at 200 mM NaCl treatment potato (Fidalgo et  al. 2004) cells 
under in vitro conditions. The chloroplasts can play a similarly important role as do 
the mitochondria in triggering PCD, by regulating ROS signaling. The chloroplasts 
generate more ROS in a less efficient photosynthesis caused by salinity stress, and 
hence the ROS leads to cell death (Doyle et al. 2010; Kim et al. 2012; Aken and 
Breusegem 2015; Reape et al. 2015).
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Fig. 5.2 Overview of salinity stress-induced programmed cell death (PCD) in plants. Salinity 
stress causes the following changes in the plant cell: (1) phospholipase C (PLC), a plasma mem-
brane (PM) enzyme, liberates IP3 from membrane phospholipid, which results in release of Ca2+ 
from internal stores; (2) an increased Ca2+-ATPase gene expression leads to increase in this 
membrane- bound enzyme, which provides energy to drive the cellular Ca2+ pump. An increase 
Ca2+ in cytosol triggers PM-bound NADPH oxidase activity, which produces superoxide in the 
apoplast. This reactive oxygen species (ROS) transmits death signals through mitogen-activated 
protein kinases (MAPK) signaling pathway. In addition, death signals can be emitted by vacuolar 
processing enzyme (VPE) releasing from vacuole. The ROS levels could also be increased by a 
sense of release of either cytochrome c (Cyt c) or cytochrome f (Cyt f) from mitochondrion. 
Signals are transmitted to nucleus and ultimately cell execution proteins is synthesized, which 
results in PCD
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A profound downgrading in cytoplasmic streaming was observed at 100  mM 
NaCl treatment. In plants, cytoplasmic streaming is a marked attribute of cell com-
partment, in which vesicles and organelles transport along the strands of cytoplasm 
containing actin filaments. Cytoplasmic streaming indirectly explores some features 
of the metabolic function in the cell (Mansour and Salama 2004; Shimmen and 
Yokota 2004; Pieuchot et al. 2015). It has been postulated that salinity stress causes 
an increase in cytoplasmic Ca2+, which may detain cytoplasmic streaming through 
the support of internal Ca2+ stores (Knight 2000). Calcium does not solely play a key 
role in signaling function but might also trigger PCD and mediate death-specific 
enzymes in both animal and plant cells (Boursiac et al. 2010). In plants, Zhu et al. 
(2010) used the RNA-interfering (RNAi) silencing of the Ca2+ pump NbCA1 and 
showed that endomembrane Ca2+ pump operates in mediating the kinetics of a PCD 
pathway triggered by the pathogen. As shown in Fig.  5.2, a plasma membrane 
enzyme, phospholipase C (PLC), liberates IP3 from membrane phospholipid. The 
release of Ca2+ from internal stores is in turn mediated by IP3. It is hence suggested 
that the amplification of the stress signals during stress through enhancing the level 
of the stress-induced Ca2+ signal could be mediated by a stress-induced PLC gene 
(Hirayama et al. 1995). Likewise, cytosolic Ca2+ was increased by salinity stress in 
tobacco cells after a few minutes of treatment, and membrane potential of mitochon-
dria was diminished before the occurrence of PCD (Lin et al. 2005). Pretreatment of 
protoplasts with Ca2+ chelators such as EGTA or LaCl3 delayed salinity stress-
induced PCD through the increase in cytosolic Ca2+ implying an essential role for 
Ca2+ in the triggering of PCD in plants (Lin et al. 2005; Li et al. 2007a).

The function of Ca2+-ATPases is amended substantially in response to abiotic 
stress in plants. Ca2+-ATPase membrane-bound enzyme hydrolyzes ATP to supply 
energy to run the cellular Ca2+ pump. The transcript levels of genes encoding a 
putative ER Ca2+-ATPase have been increased by salinity stress in tobacco cells 
(Perez- Prat et al. 1992) and in tomato (Wimmers et al. 1992). In tobacco, Perez-
Prat et  al. (1992) observed an increased Ca2+-ATPase gene expression in both 
adapted and unadapted cells cultured at 428 mM NaCl, while the levels of tran-
scripts were much higher in adapted cells than in unadapted cells. Likewise, an 
enhanced Ca2+-ATPase transcript has been observed in plants treated with 50 mM 
NaCl for 24 h in tomato (Wimmers et al. 1992). In addition, it was suggested that 
the regulation of expression of Ca2+-ATPase gene could be regulated by the RNAi 
such as 22 nt miR4376 in tomato (Wang et al. 2011). It has been demonstrated that 
Ca2+-ATPase comprises five functional domains which are named based on their 
function or position. Hence, they include P-domain (the catalytic core), A-domain 
(actuator domain), N-domain (nucleotide-binding domain), as well as S- and 
T-domains (membrane-embedded domains). The ATP hydrolysis is performed by 
the cytoplasmic domains (A, P, and N), whereas the T- and S-domains play role in 
the ion transport, together with conformational changes through tertiary contacts 
and linkers (Palmgren and Nissen 2011).

It is argued that the burden of PCD categorizations should be put on the tono-
plast disruption relating to cytoplasmic clearing since the vacuole elaborates on 
various plant PCD types including HR, differentiation of tracheary elements, 
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senescence of various plant tissues, and so on (van Doorn 2011). Accordingly, the 
only terminology of two classes of PCD comprising necrosis and vacuolar cell 
death was suggested by van Doorn (2011). Vacuolar cell death is caused by a pro-
gression of an autophagy-associated phenomenon and the release of hydrolases 
from ruptured vacuoles (Bagniewska-Zadworna and Arasimowicz-Jelonek 2016). 
In addition, vacuole disintegration and tonoplast disruption are extremely rapid and 
irreversible processes and represent an unequivocal step in a cell headed for death 
in plant roots (Bagniewska-Zadworna and Arasimowicz-Jelonek 2016). In 
Physcomitrella patens, it was shown that knockout of vacuolar ACA pump (PCA1) 
gene could lead to higher sensitivity to salinity stress, because of diminished level 
of NaCl-triggered Ca2+ in the cytosol (Qudeimat et  al. 2008). Furthermore, the 
rapid enlargement of vacuolar volume has been observed under in vitro salinity 
conditions in mangrove [Bruguiera sexangula (Lour.) Poir.] cells and barley 
(Hordeum vulgare L. cv. Doriru) root meristematic cells (Mimura et  al. 2003). 
Paradoxically, this phenomenon was not confirmed in pea (Pisum sativum L.) 
(Mimura et al. 2003). The accumulation of Na+ ions in the central vacuole causes 
enhanced vacuolar volumes and is considered as one of the strategies employed by 
the cell in response to salinity stress.

The detrimental effects of ROS on plant tissues are being increasingly recog-
nized, but the biochemical mechanism linking the ROS production and PCD is 
poorly known. The main enzymes responsible for superoxide anion generation are 
cell wall-associated peroxidases and apoplastic plasma membrane-bound NADPH 
oxidases which are regulated by various environmental and developmental stimuli 
(Gechev et al. 2006; Sagi and Fluhr 2006). Salinity stress causes an increase in Ca2+ 
in the cytosol and triggers PM-bound NADPH oxidase activity, which produces 
superoxide in the apoplast (Monetti et al. 2014). Nevertheless, ROS are involved in 
signaling pathways and mediating PCD activation (Chen et al. 2009a; Mittler 2017) 
as they influence the activity of mitogen-activated protein kinase (MAPK), which is 
able to induce several nuclear transcription factors (Fig. 5.2). The overaccumulation 
of ROS in the cells causes oxidative cellular damage and cell death through reacting 
with different cellular components. In addition, it is now appreciated that ROS 
involves in triggering a programmed or physiological pathway for cell death that 
were not previously thought to be associated straightforwardly with executing cells 
through oxidation (Mittler 2017). In general, the quantity of ROS accumulation can 
activate opposing pathways leading to either survival or PCD. A supportive data 
was obtained by Chlamydomonas reinhardtii subjected to hydrogen peroxide (H2O2) 
treatment. The programmed cell suicide event is shown to be triggered by enhanced 
level of H2O2 which resulted in caspase-3-like protein recruitment, DNA laddering, 
and increased cleavage of PARP (a poly-(ADP)-ribose polymerase-like enzyme) 
(Vavilala et al. 2015). In general, a variety of genes, transcription factors, and sig-
naling molecules associated with the inducible expression of genes mediating 
salinity- induced PCD.  Certainly, this series includes some of those appointed to 
control ROS accumulation, release of Cyt c and Ca2+, and mitochondrial permeabil-
ity transition (Lin et al. 2005, 2006; Li et al. 2007b; Chen et al. 2009a; Monetti et al. 
2014; Biswas and Mano 2015; Bahieldin et al. 2016; Pan et al. 2016).
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PM and its proteins involved in a wide spectrum of cellular processes including 
signal perception-transduction and cellular homeostasis, which are regulated by 
various developmental and environmental stimuli (Mansour 2014; Mansour et al. 
2015). Salinity stress-induced PCD has also associated with the retraction of the PM 
from the cell wall, most likely due to raising the osmotic pressure leading to plas-
molysis (Dauphinee et al. 2014; Zhang et al. 2016). Salinity stress is also known to 
cause membrane disturbance resulting in the loss of membrane integrity, which 
allows intracellular components to leak out of the cells. NaCl-induced K+ efflux is 
believed to be responsible for the effect of salinity on the loss of membrane integrity 
and non-specific membrane damage in a number of species (Shabala et al. 2006; 
Cuin et al. 2008; Demidchik et al. 2010, 2014).

The cell membrane is the first living tissue that perceives signals of abiotic 
stresses including salinity and because of important role and abundance of lipids, 
which is one of the most sensitive ROS targets (Mansour 2014; Mansour et  al. 
2015). Salinity stress may cause electrolyte leakage as it is one of the integral parts 
of the plant’s response to stress. Demidchik et al. (2014) suggested that the main 
consequence of electrolyte leakage is stress-induced K+ release which outwardly 
rectifying K+ channels activated by ROS are responsible for this in plant cells. The 
K+ loss results from ion channel-mediated K+ efflux can induce PCD (Demidchik 
et al. 2010, 2014). The phenomenon of ROS generation, leading also to PCD, is not 
an independent process but may largely be influenced by the K+ loss in conditions 
of stress-induced electrolyte leakage. In plant cells, highly selective outward- 
rectifying potassium channel (SKOR), guard cell outward-rectifying K+ channel 
(GORK), and annexins catalyzing K+ efflux can be activated by ROS (•OH and 
H2O2). In addition, under salinity and oxidative stress, PCD could be induced by 
GORK-mediated K+ efflux (Demidchik et al. 2014).

The mitochondrion has recently acquired renewed attention in toxicology 
because of its crucial role in signaling and mediating cell death in certain cell types. 
It was proposed that mitochondria can also be associated in signaling pathways 
relevant to PCD induction, which is the mitochondrial release of cytochrome c and 
Ca2+ into the cytosol where they trigger cell death caspases (Lin et al. 2005, 2006; 
Reape et  al. 2015). In plants, the permeability of the mitochondrial membrane 
increases due to mitochondrial generated ROS which releases apoptotic mediators 
such as cytochrome c (see Fig. 5.2; Tiwari et al. 2002). Salinity stress caused par-
tially or fully inactivation of the photosynthetic reaction centers which results in the 
downgraded conversion of light energy into chemical energy (Turan and Tripathy 
2015), leading to increased ROS formation (Ambastha et al. 2017). In rice, a recent 
study of the ultrastructure of seedling leaves has proposed the involvement of chlo-
roplasts in PCD induced by salinity stress (Ambastha et al. 2017). Salinity stress 
also reported inducing cell death in isolated protoplasts of tobacco (Lin et al. 2006) 
and rice (Ambastha et al. 2017).

Salinity stress may cause substantial amendments in the Golgi bodies and disor-
dered vesicle formation and trafficking in plant cells. In Arabidopsis thaliana, high 
NaCl levels promoted vesicle formation, which may imply elevated levels of macro- 
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autophagy, plausibly to recycle degenerated intracellular elements (Liu et al. 2009). 
The ultrastructural alterations were observed in not only mitochondria but also 
Golgi bodies, which eventually resulted in autophagy in a halophyte plant, 
Thellungiella halophila (Wang et al. 2010).

5.4  Types of NaCl-Induced Cell Death in Plants

The first approach taken by plant cells for apoptosis-like PCD through DNA frag-
mentation does not include the NaCl-induced osmotic stress because osmotic stress 
cannot be accounted for the activation of endonucleases. DNA laddering results in 
PCD were only found in cells with NaCl and KCl treatment and not in sorbitol- 
treated cells, indicating that ionic component is to be associated with the PCD 
(Affenzeller et al. 2009; Vavilala et al. 2016). Hence, the effects of Na+ ion toxicity 
have attracted much greater interest as an apt target for dissecting the PCD and the 
salinity tolerance mechanisms than the osmotic effects (Arzani and Ashraf 2016). 
Potassium serves as a macronutrient with important roles in a variety of physiologi-
cal processes in plants, including nucleic acid and protein synthesis. The second 
approach taken for NaCl-induced PCD is related to ion homeostasis disturbance 
that results from an excessive amount of Na+ and a K+ deficit in the cytosol. It is 
postulated that reduction of cytosol K+/Na+ ratio in the cells would be an essential 
component in triggering PCD (Joseph and Jini 2010). Under saline conditions, the 
influx of Na+ through plasma membrane by the nonselective cation channels (NSCC) 
causes plasma membrane depolarization which leads to K+ leakage from the cell 
through depolarization-activated potassium outward-rectifying channels (KORs) 
(Shabala 2009; Demidchik 2014; Kim et al. 2014). K+ deficit results from the release 
of K+ from the cytoplasm, which in turn may trigger the effectors of PCD, cysteine 
proteases (Shabala 2009; Demidchik et al. 2010). The final way taken for the PCD 
is associated with NaCl-induced oxidative stress, generating ROS, which causes 
PCD through the deleterious effects to nucleic acids, proteins, lipids, and enzymes, 
as well as increased peroxidation of membrane lipids and membrane leakage. The 
enhanced ROS and reduced mitochondrial membrane potential were observed in 
protoplasts of Nicotiana tabacum treated with salinity stress. Similarly, increase in 
cytosolic Ca2+ was found a few minutes after salinity treatment, and decreased 
membrane potential of mitochondria was also noticed before the occurrence of PCD 
in tobacco BY2 cells (Monetti et  al. 2014). In Thellungiella halophila, salinity 
stress-induced PCD through caspase-like proteases under in vitro conditions was 
observed. Cells undergoing PCD exhibited attributes such as DNA laddering, retrac-
tion of plasma membrane from the cell wall, Cyt c release, and increase in caspase- 
3- like protease activity (Wang et al. 2010). The cells subjected to in vitro salt stress 
(500 mM NaCl) showed PCD symptoms such as DNA laddering, nuclear condensa-
tion, reduced cell viability, and positive TUNEL in wheat (Rezaei et al. 2013).
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5.5  Engineering PCD Pathway to Enhance Salinity 
Tolerance

Transgenic plants regenerated from the cells transformed with recombinant DNA are 
becoming increasingly pervasive and will approach ubiquity in research laboratories. 
The production of transgenic plants has become commonplace and has been employed 
as a routine tool for the introduction of a foreign or related gene to an agronomically 
important crop variety and for elucidating mechanisms of gene expression. Transgenic 
plants expressing novel salinity tolerance genes can be employed to improve crop 
performance under saline conditions (Arzani and Ashraf 2016). The prosperous 
development of transgenic plants with the desired trait, such as salinity tolerance, 
relies on object identification of the genes that are key players in governing that trait. 
Although overexpression of the majority of salinity tolerance genes being in model 
plants such as tobacco or Arabidopsis plants, the list of candidate genes mainly 
associated with Na+ exclusion in the transgenic plants from both Arabidopsis and 
field crops has been compiled by Arzani and Ashraf (2016). The various strategies 
to engineer PCD pathways that enhance salinity tolerance are as follows:

5.5.1  Manipulation of Anti-PCD Genes

The development of transformed plants for resistance to apoptosis could be an 
effective approach to improving salinity tolerance. It has been revealed that the 
generation of transgenic plants expressing anti-PCD genes led to enhancing biotic 
and abiotic tolerance. The family of apoptosis-stimulating proteins of p53 (ASPP) 
with iASPP, as the most evolutionary conserved member (Sullivan and Lu 2007), is 
one of the most promising candidates for use as anti-apoptotic factors. The ASSP 
family members bind to key player proteins regulating cell growth (APCL, PP1) 
and apoptosis (p53, p63, p73, Bcl-2, and RelA/p65) and most likely regulate the 
apoptotic function of p53, p63, and p73 (Sullivan and Lu 2007). The iASPP proteins 
only inhibit the apoptotic function of P53 (including p63 and p73) and do not impact 
the cell-cycle arrest activity of p53.

The expression of different apoptotic Bcl-2 genes can be activated by p53 as a 
transcription factor (Levine and Oren 2009).

In mammals, the family of Bcl-2 (B-cell lymphoma2) proteins, localized in the 
outer mitochondrial membrane, is a key regulator of mitochondrial outer membrane 
permeabilization (MOMP) and subsequent apoptosis. Bcl-2 proteins comprise both 
anti-apoptotic member (Bcl-2, Bcl-XL, and Mcl-1) proteins and the pro-apoptotic 
(Bax, Bak, and Bad) members (Le Pen et al. 2016). They exert influence on balancing 
the mitochondrial membrane potential. Although the members of Bcl-2 family, cas-
pases, and the members of the inhibitor of apoptosis (IAP) family are important regu-
lators of apoptosis in animals, conservation cycle does not evidently occur in plants. 
However, plant PCD and animal apoptosis have many common morphological 
resemblances. The expression of anti-apoptotic (pro-survival) genes has generally 
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been investigated in the model or crop plants using animal and plant target genes. For 
example, tomato plants were transformed with animal anti-apoptotic Bcl-xL and 
Ced-9 genes and led to retarded cell death or lack of cucumber mosaic virus symp-
toms (Xu et al. 2004). Tomato and tobacco plants expressing SfIAP gene from an 
insect (Spodoptera frugiperda) preclude cell death caused by the necrotrophic fungus 
Alternaria alternata, salinity, heat, and fungal toxin fumonisin B1 (FB1) treatment 
(Li et al. 2010). Likewise, expression of SfIAP gene has enhanced salinity tolerance 
in rice (Hoang et al. 2014).

The family of Bcl-2-associated athanogene (BAG) proteins is conserved in the 
eukaryotic organisms. The anti-cell death activity of BAG has been described 
through constitutive overexpression of AtBAG4 in rice (Hoang et al. 2015). All BAG 
proteins share a common signature motif at the C terminus (BD domain), which 
directly mediates binding to the Hsp70/Hsc70 heat shock proteins (see the recent 
review by Kabbage et al. 2017). The ubiquitous 70 kDa Hsp70 family proteins play 
a crucial role, as molecular chaperones in mediating the refolding of denatured pro-
teins and the folding of newly synthesized proteins. Therefore, Hsp70 proteins can 
assist anti-apoptotic Bcl-2 proteins through protein-protein interaction at marked 
essential points to suppress apoptosis pathways (Joly et al. 2010). Overexpression 
of Hsp70 derived from Citrus tristeza virus in rice conferred tolerance to salinity 
stress (Hoang et al. 2015). In rice, transgenic plants overexpressing Bcl-2 gene sig-
nificantly alleviated PCD symptoms through reduction of NaCl-induced K+ efflux 
and inhibition of the expression of VPEs (Kim et al. 2014).

5.5.2  Overexpression of Inhibitor of Apoptosis (IAP) Genes

Although plant genomes do not contain IAPs, tolerance to cell death induced by 
stress has been detected in the ectopic expression of viral and animal IAPs in plants. 
In tobacco, transgenic plants overexpressing the baculovirus Orgyia pseudotsugata 
nuclear polyhedrosis virus IAP (OpIAP) protein were resistant to tomato-spotted 
wilt virus and the necrotrophic fungi Cercospora nicotianae and Sclerotinia sclero-
tiorum (Dickman et al. 2001).

5.5.3  Interfering RNA (RNAi)-Induced Apoptosis Gene 
Silencing

Alternatively, small interfering RNA (siRNA)-induced transcriptional gene silenc-
ing system can be used to knockdown or knockout the expression of apoptotic 
genes. Long noncoding (lncRNA) and microRNAs miRNA are the two foremost 
subtypes of regulatory noncoding RNA (ncRNAs). They comprehensively regulate 
the interrelated steps and mediate the regulated cell death including apoptosis and 
necrosis through their interaction as well as in association with assorted 
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intracellular components (Su et al. 2016). Cytoplasmic mRNAs can be silenced by 
miRNAs through either promoting translation repression, expediting mRNA decap-
ping, or triggering an endonuclease cleavage (Bagga et al. 2005; Wu et al. 2006; 
Pasquinelli 2012; Nam et al. 2014). As such, the alternative cleavage and polyade-
nylation mechanisms that produce varied 3′-UTR isoforms influence the efficiency 
of miRNA targeting, while the translation inhibition is dependent on the CCR4-
NOT complex and the miRNA-induced silencing complex (miRISC), which causes 
the recruitment of eIF4A2 and locked on the mRNA region between the start codon 
and the pre-initiation complex (Nam et al. 2014). In humans, loss of microRNA- 
mediated repression of Bcl2 gene expression, in many instances, causes chronic 
lymphocytic leukemia (CLL) (Anderson et al. 2016). RNAi-mediated silencing of 
P69B a substrate of two matrix metalloproteinases (Sl2/3-MMP) from tomato and 
located upstream of Sl2/3-MMP in tomato transgenic plants led to reduced expres-
sion of the cell death marker genes tpoxC1, hsr203j, and Hin1 (Zimmermann et al. 
2016). VPEs are cysteine proteinases that function as key moderators of stress- 
induced PCD in plants. Suppression of OsVPE3 gene in the transgenic lines of rice 
led to improved salinity tolerance (Lu et al. 2016). Transgenic rice plants overex-
pressing Bcl-2 resulted in inhibition of salt-induced PCD through a significant 
reduction of the transient increase in the cytosolic Ca2+, suppression of OsVPE2 and 
OsVPE3, expression, and inhibited K+ efflux across the plasma membrane (Kim 
et  al. 2014). In Arabidopsis, inhibition of FB1-induced cell death was observed 
using loss of function mutation in all four VPE (αVPE, βVPE, γVPE, and δVPE) 
genes (Kuroyanagi et  al. 2005). In Nicotiana benthamiana, silencing VPE1a and 
VPE1b diminished sensitivity to cell death caused by the elicitor of bacterial hairpin 
but did not affect cell death caused by ethylene-inducing peptide1 (Nep1), the fun-
gal necrosis, and the elicitor of oomycete boehmerin (Zhang et al. 2010). Therefore, 
although VPE1a and VPE1b may involve in elicitor-triggered immunity, they execute 
cell death in a context-specific manner.

5.5.4  Repression of ROS-Induced PCD

The signaling and biological roles of ROS (e.g., •O−
2, H2O2, •OH, 1O2) in higher- 

order eukaryotic cells are still controversial and are unclear. Paradoxically, it is 
conceivable that both the stimulatory and inhibitory capacities of ROS can be related 
to its conspicuous biological properties, which comprise half-life, chemical reactiv-
ity, and lipid solubility (D’Autreaux and Toledano 2007). ROS, on the one hand, 
appear to act as signaling molecules that mediate intercellular pathways controlling 
cell growth, differentiation, inflammation, survival, and immunity when available at 
a moderate levels (D’Autreaux and Toledano 2007; Foyer and Noctor 2016; Gilroy 
et  al. 2016; Mittler 2017). On the other hand, the excessive generation of ROS 
results in oxidative damage to essential biological molecules such as DNA, RNA, 
membranes (lipid peroxidation), and proteins, which causes the demolition of cel-
lular integrity through amending their functionality. During normal homeostasis, 
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endogenous ROS production mainly takes place in the Ero1-PDI oxidative folding 
system in ER, the electron transport chain in the mitochondrion, and the membrane- 
bound NADPH oxidase (NOX) complex (Sevier and Kaiser 2008). Considering 
PCD can be attained by enhanced ROS accumulation and abiotic conditions like 
salinity stress, genetic programming of cellular metabolism in plants, repressing 
salinity stress-induced PCD, would lead to an equal relative increase in yield under 
saline conditions (Xu et al. 2004; Mittler and Blumwald 2010; Hoang et al. 2015). 
Constitutive overexpression of maize ABP9 (ABRE-binding protein 9) gene in 
transgenic Arabidopsis plants downregulated cellular ROS content induced by 
stress and ABA and diminishes cell death (Zhang et al. 2011). Interestingly, aside 
from the key roles of SOS1 and SOS2 in salinity tolerance (see the recent review by 
Arzani and Ashraf 2016) under salinity stress conditions, they influence the expres-
sion of other genes involving in the ROS scavenging activity. Verslues et al. (2007) 
reported the physical interaction between SOS2 and NDPK2 (H2O2 signaling pro-
tein) with CATs. Expression of a baculovirus anti-apoptotic protein, p35, has been 
observed to suppress PCD induced by H2O2 in insect cells through clearly seques-
tering ROS. It was speculated that the ROS contents can be regulated by either p35 
gene directly or Hsp70 and AtBAG4 genes indirectly. In tobacco, transgenic plants 
expressing p35 (gene from Autographa californica multiple nucleopolyhedrovirus 
(AcMNPV)) enhanced abiotic stress tolerance including salinity, which was associ-
ated with the capacity to scavenge ROS by p35 (Wang et al. 2009). As a final over-
view, Table 5.1 summarizes the reported candidate genes involving in PCD pathway 
and while overexpressed in the transgenic plants to enhance salinity tolerance.

5.6  Concluding Remark

The molecular mechanisms of salinity-induced PCD via autophagy cell death 
(ACD) remain to be elucidated by studying the autophagic vacuolization of the 
cytoplasm and the dynamics of the vacuole in various plant species. Apoptosis and 
anti-apoptosis phenomena occur as a consequence of the successive development of 
genetic alterations in multiple genes and epigenetic changes that regulate activities 
of apoptotic caspases responsible for the execution of various PCD.  Therefore, 
another area of research which illuminates these phenomena is that which explores 
DNA modifications and dynamic histones related to crucial alterations of genome 
expression during the PCD. Hence, studies to elucidate the common and innovation 
features existing between abiotic-induced PCD and pathogen-induced PCD will 
assist in understanding the physicochemical details of apoptotic-like PCD which 
needs for selectively manipulating target cell in each of the two conditions.

Nevertheless, improving salinity tolerance through manipulation of PCD path-
ways in crop plants could be attained by:

 1. Upregulation/overexpression of anti-apoptosis genes and downregulation or sup-
pression of pro-apoptosis genes which are functionally indispensable and struc-
turally conserved throughout the plant and animal kingdoms. For instance, the 
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protein members of the Bcl-2 family comprised both pro-apoptosis and anti- 
apoptosis genes that regulate the release of cytochrome c and other apoptotic 
alterations in the mitochondrion.

 2. The repression of the plant caspase-like enzymes including VPEs, metacaspases, 
and phytaspases also called subtilisin-like proteases (subtilases) are alternative 
candidates for “silencing” or “downregulation” by emerging genetic and epigen-
etic tools.
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Chapter 6
Helicases and Their Importance in Abiotic 
Stresses

Zeba I. Seraj, Sabrina M. Elias, Sudip Biswas, and Narendra Tuteja

Abstract Helicases are a ubiquitous class of ATP-dependent nucleic acid unwind-
ing enzymes crucial for life processes in all living organisms. There are six classes 
of helicases based on their conserved amino acid sequences. All eukaryotic RNA 
helicases belong to the SF1 and SF2 groups. Groups SF3–SF5 are mainly viral and 
bacterial DNA helicases, while SF6 includes the ubiquitous mini-chromosome 
maintenance or MCM group of helicases. SF3–SF6 are also characterized as hexa-
meric ring-forming, whereas SF1 and SF2 groups are usually monomeric. The SF2 
class is the largest group of helicases, including both DNA and RNA helicases with 
the widest range of function in replication, transcription, translation, repair, as well 
as chromatin remodeling. There is no clear sequence-based separation between 
DNA and RNA helicases. SF2 also includes both RNA and DNA helicases that are 
involved in biotic and abiotic stresses. While both DNA and RNA helicases play 
important roles in normal cellular function, the latter are more markedly involved in 
stress alleviation. This functional divergence was also evident in promoter sequence 
comparisons of the 113 A. thaliana helicases. Some DNA helicases like those from 
SF6 (MCM) and SF2 (CHR) are also active under stressed conditions. However, the 
most prominent stress-activated helicases are those with the conserved amino acid 
motifs, DEAD/H. Overexpression of DEAD/H helicases in many crops confers a 
growth advantage in the transgenic plants and has resulted in their protection against 
major abiotic stresses, such as salinity, drought, and oxidative stresses with minimal 
loss in yield potential.
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Abbreviations

BAT 1 HLA-B-associated transcript 1
BRM BRAHMA
BZR1 Brassinazole-resistant 1
CBL Calcineurin B-like
CHR31 Chromatin remodeling31
CHX Cation/H+ antiporter
CIPK CBL-interacting protein kinase
DEAD D-E-A-D (Asp-Glu-Ala-Asp)
DRH Dicer-related RNA helicase
EDA Embryo sac development arrest
eIF Eukaryotic initiation factor
EMBL European Molecular Biology Laboratory
KEA K+/H+ antiporter
KEGG Kyoto encyclopedia of genes and genomes
LOS4 Low osmotic response gene 4
MCM Mini-chromosome
MEE29 Mutant effect embryo 29
MEGA7 Molecular evolutionary genetics analysis version 7
MER Oligonucleotide-mer replacement
MINU Minuscule
NDPK Nucleoside diphosphate kinase
PIF Petite integration fequency
PTGS Posttranscriptional gene silencing
RdDM RNA-directed DNA methylase
REQ Recombinant specific
RH RNA helicase
ROS Reactive oxygen species
SDE Silencing defective
SF1-SF6 Superfamily1-superfamily6
SOS Salt overly sensitive
Swi/snf Switch/sucrose non-fermented DNA helicase
SYD SPAYED (stem cell maintainence in SAM and enhances expression of 

the pluripotency gene WUSCHEL)
ToGR1 Thermotolerant growth required 1
Upf1-like Up-frameshift-1, triggers nonsense-mediated decay

6.1  Introduction

Helicases, comprising both DNA and RNA helicases are universal enzymes perform-
ing basal functions from prokaryotes to eukaryotes. Moreover there is a strong con-
servation of the core enzyme structure in all organisms in both the animal and plant 
kingdoms. Since plants are sessile, some of these helicases have also evolved to per-
form important functions in both biotic and abiotic stresses along with their basic 
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cellular functions (Kim et al. 2008; Xu et al. 2011; Tuteja et al. 2012; Barak et al. 
2014; Liang and Deutscher 2016; Nawaz and Kang 2017; Asensi-Fabado et al. 2017).

In general helicases are motor proteins which catalyze the unwinding of stable 
duplex DNA or RNA molecules by using the energy of ATP hydrolysis. DNA helicases 
therefore play important roles in replication, recombination, repair, and transcription as 
well as in maintenance of chromosome stability (Tuteja 2003). RNA helicases unwind 
local secondary RNA structures, act as RNA chaperones during RNA cellular move-
ment through the nucleus, and help in transcription, ribosome assembly, RNA process-
ing, and translation. RNA helicases may also function in oligomerization or as RNPases 
to displace protein from structured or unstructured RNA (Rajkowitsch et al. 2007). This 
is because RNA molecules are more prone to forming stable nonfunctional secondary 
structures, particularly during stress (Umate and Tuteja 2010).

6.2  Sequence Conservation, Classification and Broad 
Functions

Sequence homologies based on conserved amino acid motifs classify helicases into 
six superfamilies from SF1 to SF6 (Fig. 6.1a). SF1 and SF2 are generally mono-
meric, while SF3–SF6 form hexameric ring-like structures used in DNA replication 
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Fig. 6.1 (a) Classification of helicases. RNA helicase families are shown in black, and DNA heli-
case families are shown in gray and (b) conserved sequence motif organization of SF1 and SF2 
RNA helicases
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(Singleton et  al. 2007; Georgescu et  al. 2017). SF3–SF5 mainly comprise small 
groups of viral and bacterial DNA helicases, while SF6 consists of a larger group of 
DNA helicases from the archaeal mini-chromosome maintenance (MCM) to the 
eukaryotic Mcm2–7 (Abdelhaleem 2004; Sun et al. 2014). The helicase core is con-
served with six motifs of amino acid residues comprising domain 1 and three 
grouped into domain 2 (Fig. 6.1b). The nucleic acid is held together by the folding 
of these two domains which form a cleft that juxtaposes the ATP-binding and RNA- 
binding sites together (Jankowsky 2011). The motifs are named starting at the 
N-terminal end as Q, I, Ia, Ib, II, and III in domain 1 and IV, V, and VI in domain 2 
near the C-terminal end. Motifs, I, Ia, and Ib are also referred to as Walker A and 
motif II as Walker B. The Walker A- and B-domains are present in all SF1 and SF2 
helicases and function in NTP binding and hydrolysis. Motif II or Walker B charac-
teristically consists of the DEAD motif (Asp-Glu-Ala-Asp) in DEAD-box heli-
cases, which is a large subclass of both DNA and RNA helicases implicated to be 
differentially expressed in stress in addition to their normal cellular functions. The 
DEAD motif is responsible for coupling ATPase to nucleic acid unwinding. The 
amino acid Q (responsible for the name of nine amino acid sequence Q motif) or 
Gln is invariant in case of all DEAD-box helicases. Important roles played by the 
other motifs include ATP coupling with hydrolysis by motif III, RNA binding by 
motifs IV and V, and nucleic acid-dependent NTP hydrolysis by motif VI (Tuteja 
et al. 2012; Chen et al. 2013).

The N-terminal and C-terminal flanking regions are poorly conserved and may 
be much larger than the helicase core. The flanking domains serve diverse functions 
by having additional DNA-/RNA-binding domains, protein-binding domains, or 
oligomerization modules (Umate et al. 2010). SF1 and SF2 superfamilies are fur-
ther subdivided into three and ten members, respectively. Among the SF1 subdivi-
sions are the two DNA helicases, UvrD and Pif1-like (petite integration frequency 
named from mitochondrial mutant discovery). The third subclass forms the Upf1 
RNA helicases. UvrD enzymes are involved in replication, Pif1-like in telomere 
regulation, and Upf1 in nonsense-mediated decay (Chen et al. 2013).

6.3  Stress-Responsive Helicases

6.3.1  Differential Regulation of the Helicases

The only reported systematic study of the differential regulation of plant helicases 
under multiple stress conditions has been done by Umate et al. (2010) using the 
total 113 identified helicases from A. thaliana. They documented the expression 
pattern of these 113 helicase DNA and RNA helicase genes in Arabidopsis under 
ten different stress conditions like anoxia, cold (three independent replicates), 
drought, genotoxic, heat (two independent replicates), hypoxia, osmotic, 
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oxidative, salt, and wounding followed by differential expression analysis of the 
log transformed data from an oligonucleotide array on Affymetrix 22K ATH1. A 
few of the reported genes were previously shown to have similar expression pat-
terns by Kim et al. (2008). We could also verify the observed patterns for some of 
these genes from the gene expression atlas database from EMBL. The expression 
pattern was generally found to be random across the different families of DNA and 
RNA helicases, although many more RNA helicases responded to stress. A gene 
ontology enrichment analysis of the upregulated expression pattern revealed RNA 
helicase, zinc ion, and transition metal ion binding in addition to general functions 
like the ATP- dependent helicase activities shared with all other helicases. This 
may reflect a more prominent role of RNA helicase activity in stress adaptation 
compared to DNA helicases, even though some of the latter were also upregulated 
under stress.

Two major clusters of gene expression under multiple stresses were observed in 
the heat map of Umate et al. (2010), where one cluster showed high upregulation 
and the other an equal downregulation. In the cluster where the helicase genes were 
overexpressed, unique GO enrichment was found in DNA helicase activity, DNA 
replication, DNA repair, response to DNA damage, and cellular response to stress 
and stimulus compared to other clusters. Therefore it appears that the DNA heli-
cases are activated to repair any DNA damage caused by multiple stresses.

We tried to correlate the gene expression pattern of the Arabidopsis helicase 
genes with their promoter motifs in order to group them in any functional pattern. 
For this purpose the available upstream 1500 bp flanking regions of 112 helicase 
genes were aligned and clustered using MEGA7. No specific pattern in the pro-
moter sequence-based phylogeny was observed that related with the stress respon-
siveness. But the tree was separated into six groups (Fig. 6.2), where group 1 and 2 
formed a major cluster A and the rest (group 3–6) a major cluster B. Cluster A was 
found to be enriched in DNA metabolic processes, DNA recombination, DNA heli-
case activity, cellular response to stimulus and cluster B in RNA helicase activity, 
nucleus and organelle lumen, and GO terms (Fig. 6.3). Both groups however showed 
common helicase, ATPase, hydrolase, and pyrophosphatase activities. For ease of 
understanding, the functional classification of the helicases has been organized in 
Table 6.1 along with their accession numbers.

Upstream sequence motif search revealed several stress-responsive cis elements 
in the helicase genes corresponding to their function under multiple stresses. A 
major portion of the drought-responsive genes are in groups 5 and 6. Hypoxia, 
wounding, and salt-responsive genes cluster mainly into group 1. Multiple stress 
response was observed in some genes (Table 6.2). These multifunctional genes were 
enriched with motifs like ARE (anaerobic response element), ERE (ethylene 
response element), MBS (drought responsive), and MeJA responsive with motifs 
like TGACG, CGTCA, and TGACG in their upstream regions. Other motifs 
included HSE (heat stress element); light-responsive elements like box 4, GAG, G 
box, ATCT, TCT, and fungal elicitor; and wound-responsive motifs like W box, Box 
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W1, and WUN motif. They also contained TC-rich repeat involved in defense and 
stress responsiveness, P box (gibberellin responsive element), TCA element (sali-
cylic acid responsive), and 5′ UTR pyrimidine-rich stretch which is responsible for 
high-transcription level. ABRE element was also present in the upstream region of 
some of the multi-stress-responsive genes.

Fig. 6.2 Phylogenetic tree based on 1500  bp upstream region of A. thaliana DNA and RNA 
helicases
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6.3.2  SF1 and SF6 Helicases

Many RNA/DNA helicases of the SF2 group and specific DNA helicases in the SF1 
and SF6 groups have been reported to be differentially expressed mainly under abi-
otic stresses but also under biotic stress. The large group of SF2 helicases impli-
cated in stress are discussed separately below. The Pif1-like DNA helicase from the 
SF1 group has been shown to be involved in suppression of telomere formation at 

Fig. 6.3 Heatmap showing differences of enrichment in gene ontology terms in major clusters of 
upstream sequence phylogenetic tree (A = cluster A, B = cluster B, P = biological pathway, F = 
molecular function, and C = cellular component, gradient from red to yellow means high to low 
level of enrichment)
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Table 6.1 List of Arabidopsis helicases based on the phylogeny of their upstream sequences 
clustered according to groups in Fig. 6.2

Group Accession Description
DNA/
RNAa

1 AT1G20750 RAD3-like DNA-binding helicase protein DNA
1 AT4G02060 Mini-chromosome maintenance (MCM2/3/5) family protein DNA
1 AT2G42270 U5 small nuclear ribonucleoprotein helicase DNA
1 AT1G71280 DEA(D/H)-box RNA helicase family protein
1 AT4G18465 RNA helicase family protein
1 AT3G09660 Mini-chromosome maintenance 8 DNA
1 AT3G09720 P-loop containing nucleoside triphosphate hydrolase
1 AT1G03750 Switch 2, chromatin remodeling 9 DNA
1 AT5G20420 Chromatin remodeling 42 DNA
1 AT5G41360 Homolog of xeroderma pigmentosum complementation 

protein
DNA

1 AT4G34910 P-loop containing nucleoside triphosphate hydrolases
1 AT2G01440 DEAD-/DEAH-box RNA helicase family protein
1 AT3G22310 Putative mitochondrial RNA helicase 1
1 AT1G32490 RNA helicase family protein
1 AT3G62310 RNA helicase family protein
1 AT1G48310 Chromatin remodeling factor18 DNA
1 AT3G01540 DEAD-box RNA helicase 1
1 AT3G27730 ATP binding; ATP-dependent helicases; DNA helicases DNA
1 AT5G05130 DNA/RNA helicase protein
1 AT2G16440 Mini-chromosome maintenance (MCM2/3/5) family protein DNA
1 AT1G12770 P-loop containing nucleoside triphosphate hydrolases
1 AT1G72730 DEA(D/H)-box RNA helicase family protein
1 AT2G47330 P-loop containing nucleoside triphosphate hydrolases 

superfamily protein
1 AT4G15850 RNA helicase 1
1 AT5G11170 DEAD-/DEAH-box RNA helicase family protein
1 AT5G41370 Homolog of xeroderma pigmentosum complementation gro DNA
1 AT2G03270 DNA-binding protein, putative DNA
1 AT5G65900 DEA(D/H)-box RNA helicase family protein
1 AT2G33730 P-loop containing nucleoside triphosphate hydrolases
1 AT2G42520 P-loop containing nucleoside triphosphate hydrolases
1 AT3G02060 DEAD-/DEAH-box helicase, putative
1 AT3G16600 SNF2 domain-containing protein/helicase domain con
2 AT1G10930 DNA helicase (RECQl4A) DNA
2 AT1G60930 RECQ helicase L4B DNA
2 AT1G27880 DEAD-/DEAH-box RNA helicase family protein
2 AT1G79950 RAD3-like DNA-binding helicase protein DNA
2 AT5G51280 DEAD-box protein abstract, putative
2 AT2G45810 DEA(D/H)-box RNA helicase family protein

(continued)
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Table 6.1 (continued)

Group Accession Description
DNA/
RNAa

2 AT3G61240 DEA(D/H)-box RNA helicase family protein
2 AT1G48050 Ku80 family protein DNA
2 AT3G06980 DEA(D/H)-box RNA helicase family protein
2 AT4G33370 DEA(D/H)-box RNA helicase family protein
2 AT1G51380 DEA(D/H)-box RNA helicase family protein
2 AT2G01130 DEA(D/H)-box RNA helicase family protein
2 AT4G25120 P-loop containing nucleoside triphosphate DNA
2 AT1G16280 RNA helicase 36
2 AT5G67630 P-loop containing nucleoside triphosphate DNA
3 AT3G13920 Eukaryotic translation initiation factor
3 AT5G60990 DEA(D/H)-box RNA helicase family protein
3 AT2G20980 Mini-chromosome maintenance protein 10 DNA
3 AT5G08620 DEA(D/H)-box RNA helicase family protein
3 AT1G48650 DEA(D/H)-box RNA helicase family protein
3 AT2G02090 SNF2 domain-containing protein/helicase
3 AT4G16630 DEA(D/H)-box RNA helicase family protein
3 AT5G63120 P-loop containing nucleoside triphosphate
3 AT1G06670 Nuclear DEIH-box helicase
3 AT5G22330 P-loop containing nucleoside triphosphate
3 AT4G35740 DEAD-/DEAH-box RNA helicase family protein
3 AT5G19210 P-loop containing nucleoside triphosphate
4 AT4G16680 P-loop containing nucleoside triphosphate
4 AT3G53110 P-loop containing nucleoside triphosphate
4 AT1G08600 P-loop containing nucleoside triphosphate
4 AT1G20960 U5 small nuclear ribonucleoprotein helicase DNA
5 AT1G08840 DNA replication helicase, putative DNA
5 AT1G11100 SNF2 domain-containing protein/helicase
5 AT4G00660 RNA helicase-like 8
5 AT3G05740 RECQ helicase l1 DNA
5 AT1G63250 DEA(D/H)-box RNA helicase family protein
5 AT3G06480 DEAD-box RNA helicase family protein
5 AT2G06990 RNA helicase, ATP-dependent, SK12/DOB1 pr
5 AT2G30800 Helicase in vascular tissue and tapetum
5 AT2G35920 RNA helicase family protein
5 AT5G11200 DEAD-/DEAH-box RNA helicase family protein
5 AT2G13370 Chromatin remodeling 5 DNA
5 AT2G07750 DEA(D/H)-box RNA helicase family protein
5 AT3G54280 DNA binding; ATP binding; nucleic acid bind DNA
5 AT5G05450 P-loop containing nucleoside triphosphate
5 AT5G14610 DEAD-box RNA helicase family protein
5 AT1G35530 DEAD-/DEAH-box RNA helicase family protein

(continued)
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Table 6.1 (continued)

Group Accession Description
DNA/
RNAa

5 AT1G55150 DEA(D/H)-box RNA helicase family protein
5 AT2G14050 Mini-chromosome maintenance 9 DNA
5 AT4G09730 RH39
5 AT3G51690 PIF1 helicase DNA
5 AT1G59990 DEA(D/H)-box RNA helicase family protein
5 AT2G47250 RNA helicase family protein
5 AT2G40700 P-loop containing nucleoside triphosphate
5 AT5G46280 Mini-chromosome maintenance (MCM2/3/5) fam DNA
6 AT1G05490 Chromatin remodeling 31 DNA
6 AT1G61140 SNF2 domain-containing protein/helicase domain-containing 

protein/zin
6 AT2G07690 Mini-chromosome maintenance (MCM2/3/5) family protein DNA
6 AT4G01020 Helicase domain-containing protein/IBR domain-containing 

protein/zinc
6 AT5G63950 Chromatin remodeling 24 DNA
6 AT1G31360 RECQ helicase L2 DNA
6 AT3G18600 P-loop containing nucleoside triphosphate hydrolases 

superfamily protein
6 AT3G16840 P-loop containing nucleoside triphosphate hydrolases 

superfamily protein
6 AT3G46960 RNA helicase, ATP-dependent, SK12/DOB1 protein
6 AT1G16970 KU70 homolog DNA
6 AT1G59760 DExH-box ATP-dependent RNA helicase DExH9b

6 AT3G58510 DEA(D/H)-box RNA helicase family protein
6 AT5G10370 Helicase domain-containing protein/IBR domain-containing 

protein/zinc
6 AT1G48920 Nucleolin like 1 DNA
6 AT1G20920 P-loop containing nucleoside triphosphate hydrolases 

superfamily protein
6 AT5G27680 RECQ helicase SIM DNA
6 AT5G07810 SNF2 domain-containing protein/helicase
6 AT5G08610 P-loop containing nucleoside triphosphate hydrolases 

superfamily protein
6 AT1G31970 DEA(D/H)-box RNA helicase family protein
6 AT3G09620 P-loop containing nucleoside triphosphate
6 AT1G05460 P-loop containing nucleoside triphosphate
6 AT1G79890 RAD3-like DNA-binding helicase protein DNA
6 AT5G63630 P-loop containing nucleoside triphosphate
6 AT5G54910 DEA(D/H)-box RNA helicase family protein
6 AT5G62190 DEAD-box RNA helicase (PRH75)

aDNA helicases clearly identified in the literature have been labeled DNA in the last column. The 
naming of most enzymes showing RNA helicase activity reflects that their major property is prob-
ably RNA unwinding. Enzymes not grouped in either category above may be both RNA/DNA 
helicases
bSource: UniProtKB/Swiss-Prot;Acc:Q9XIF2
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DNA double-strand breaks (Boulé and Zakian 2006). The Arabidopsis homolog of 
Pif1-like DNA helicase, At3g51690, has been shown to be upregulated under 
wounding stress by Umate and Tuteja (2010).

The Upf1 RNA helicases of SF1 are important for nonsense-mediated decay 
(NMD) of transcripts under both control and stress conditions. NMD is a eukaryotic 
quality control mechanism that controls the stability of both normal and aberrant 
transcripts. Plant NMD is downregulated by stress, thereby enhancing the expression 
of defense response genes (Shaul 2015). Loss of function mutations in Upf1 had 
enhanced pathogen tolerance due to the constitutive upregulation of defense 
responses, including high levels of the plant hormone, salicylic acid (SA) (Jeong 
et al. 2011; Riehs-Kearnan et al. 2012). Coupling of splicing regulators such as the 
RNA-binding SR proteins (Ser-Arg) with NMD has been shown. SR proteins are 
important in alternative splicing which is in turn important for adaptation to stress 
conditions (Palusa and Reddy 2010). The eukaryotic prereplicative complex, includ-
ing hetero-hexameric mini-chromosome maintenance proteins (MCM2–7), ensures 
that DNA is replicated only once per cell division cycle. MCM8–10 helicases are 
needed during DNA replication fork assembly (de la Paz Sanchez et  al. 2012). 
Binding of these proteins and subsequent activation by kinases provide the license to 
chromosomal DNA to undergo replication (Tuteja et al. 2011). The actual mecha-
nism of the role of the MCM proteins when plant encounters any stress remains 
unknown. It was shown by Ni et al. (2009) that overexpression of A. thaliana MCM2 
increases lateral root formation in Arabidopsis. Moreover overexpression of MCM6 

Table 6.2 List of multi-stress-responsive helicases in Arabidopsis

Accession Gene description Stress Groupa

AT4G16680 P-loop containing nucleoside 
triphosphate; RNA/DNA helicase

Salt, osmotic, hypoxia, 
anoxia

Group 4

AT1G05490 Chromatin remodeling 31; Salt, osmotic, genotoxic, 
drought, heat, anoxia

Group 5
DNA helicase

AT1G71280 DEA(D/H)-box RNA helicase family 
protein

Salt, osmotic, hypoxia, 
drought, heat, cold

Group 1

AT3G01540 DEAD-box RNA helicase 1 Salt, oxidative, wounding, 
cold

Group 1

AT3G16600 SNF2 domain-containing protein/
helicase domain; DNA helicase

Salt, wounding, hypoxia, 
heat, anoxia

Group 1

AT3G27730 ATP binding; ATP-dependent helicases; 
DNA helicase

Wounding, hypoxia, anoxia Group 1

AT1G05460 P-loop containing nucleoside 
triphosphate; RNA/DNA helicase

Oxidative, drought, heat Group 6

AT2G35920 RNA helicase family protein Oxidative, drought, cold, 
anoxia

Group 5

AT1G60930 RECQ helicase L4B; DNA helicase Salt, hypoxia, heat, anoxia Group 2
AT1G11100 SNF2 domain-containing protein; DNA 

helicase
Salt, hypoxia, heat,  
anoxia

Group 5

aGroup refers to the cluster of the coalesced helicases in Fig. 6.2
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from pea conferred high salt tolerance to tobacco with better growth, photosynthetic 
activity, and minimal reduction in yield, most likely by activating the expression of 
stress-related genes (Dang et al. 2011; Brasil et al. 2017). Contrary to the function of 
MCMs as multimeric proteins, which perform their function by encircling DNA, a 
single subunit of AtMCM3 on the other hand was shown to be able to unwind DNA 
by Rizvi et al. (2016). The authors suggest that this could be a mechanism for DNA 
unwinding and replication under specific conditions, such as biotic or abiotic stress. 
Both stresses are known to activate reactive oxygen species (ROS) which has been 
shown to act as a sensitive signal for many downstream targets (Sewelam et al. 2016).

6.3.3  The SF2 Group of Helicases

6.3.3.1  SF2 DNA Helicases

The SF2 group of helicases is by far the largest and diverse group of helicases con-
sisting of ten subfamilies. Out of these five are predominantly RNA helicases and 
five are DNA helicases. The DNA helicases are called the Swi/Snf, T1R, Rad3/
XPD, RecQ-like, and RecG-like. These DNA helicases are involved in chromosome 
remodeling (Tang et al. 2010) and DNA recombination and damage response (Tuteja 
2003; Tang et al. 2010). Among these DNA helicases, the Swi/Snf (switch/sucrose 
non-fermenting helicases) have been reported to be differentially expressed during 
abiotic stress and are likely downregulated as reported by a number of research 
groups. Recruitment of Swi/Snf to target loci is done by long noncoding RNAs 
(lncRNAs), where the latter are regulated by environmental stress (Tang et al. 2010). 
Enzymes in this group like ISWI and CHD show nucleosome-specific activity and 
are responsible for stable alterations in chromosome assembly after replication. A 
specific DNA helicase, CHD1, interacts with ABI3 (abscisic acid insensitive3 tran-
scription factor) and another protein FUSCA3 during plant embryo development. 
Another protein, BRM, stabilizes the nucleosome at the start of ABI5 transcription 
in the absence of stress. It is evident that mutants in this group of helicases are 
hypersensitive to abscisic acid (ABA). Another protein in this group MINU1 pro-
motes growth arrest in drought and heat stress. Yet another protein of this group 
SYD which maintains stem cells in shoot apices also wards off the fungus Botrytis 
cinerea, since syd mutants are hypersensitive to this fungus (Han et al. 2015).

The RecQ-like (Kwon et al. 2013) and Rad3/XPD (Manova and Gruszka 2015) 
DNA helicases have been shown to be upregulated during DNA replication stress 
and hence indirectly in abiotic and biotic stresses. For instance, plants in their sed-
entary lifestyles are threatened by excessive salinity, drought, extreme low or high 
temperatures, as well as fungal, viral, or bacterial infections. These stresses in turn 
mobilize defenses like activation of cell cycle checks and DNA repair factors, inhibi-
tion of cell growth, and activation of the apoptosis pathway (Deckert et al. 2009).

The subgroups among the RNA helicases of the SF2 family are DEAD-box, 
DEAH/RHA, Ski2-likeDExH, RIG-1-like DExH, and viral DExH (Fairman- 
Williams et al. 2010; Jankowsky 2011; Chen et al. 2013). The DEAD-box family is 
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by far the largest subgroup of helicases with more than hundred members already 
identified (Umate and Tuteja 2010; Umate et al. 2010). This subgroup has mainly 
been associated mostly with abiotic stress but also biotic and will be discussed 
separately below.

A DEAH RNA helicase was identified by a defective root initiation mutant called 
rid 1–1 (root initiation defective). This mutant was previously identified by severe 
defects in hypocotyl dedifferentiation and de novo meristem formation in tissue 
culture under high-temperature conditions. RID1 was identified as encoding a 
DEAH-box RNA helicase implicated in pre-mRNA splicing (Ohtani et al. 2013). 
No other DEAH RNA helicase has been directly related to stress, although the 
mutant prp16/cuv coding for a DEAH RNA helicase differentially facilitates expres-
sion of genes involved in auxin biosynthesis, transport, perception, and signaling, 
thereby collectively influencing auxin-mediated development (Tsugeki et al. 2015).

All the RNA helicases of the SF2 group, except the viral DExH, are called the 
DExD/H as a group. An RNA helicase (AtHELPS) with a conserved DEVH motif 
has been reported to be involved in signaling in K+ starvation due to salt stress. 
AtHELPS regulates the AKT-1-mediated and CBL-/CIPK-regulated K+ uptake 
under limiting concentrations. Under potassium stress, there was an increased influx 
of K+ and enhanced AKT-1, CBL1/9, and CIPK23 activities in the helps mutants. 
Interestingly this RNA helicase was also induced by cold and application of zeatin 
(Xu et al. 2011). The presence of several DExD/H helicases has been identified by 
Umate et al. (2010). Some of these have been found to be linked to P-bodies and 
stress granules (Maldonado-Bonilla 2014) when searched for under KEGG path-
ways in RiceNetDB (http://bis.zju.edu.cn/ricenetdb/genedetails).

Ski2-like RNA helicases are large multi-subunit proteins involved in RNA pro-
cessing. Some evidences also indicate that these proteins can integrate into larger 
protein assemblies (Johnson and Jackson 2013). Overexpression of a rice suv3 (sup-
pressor allele var1 of the subgroup ski2-like) in rice was shown to improve photo-
synthesis and production of antioxidants for amelioration of stress (Tuteja et  al. 
2013). Moreover the transgenic rice overexpressing suv3 was shown to regulate the 
expression of various stress-induced genes (Sahoo et al. 2014).

RIG-1-like (retinoic acid inducible-1-like) RNA helicases, on the other hand act as 
sensors for virus infection for conferring immunity in Eukaryotes (Guo et al. 2013).

6.3.3.2  DEAD-Box Helicases

The DEAD-box helicases form a very large subgroup of mostly RNA helicases in 
the SF2 family. Moreover members of the DEAD-box subfamily of helicases have 
been implicated as playing significant roles in both biotic and abiotic stresses in 
plants with much greater frequency than helicases of other subgroups. Stress-related 
activities of the other helicases have been outlined above. The effect of DEAD-box 
helicases in plant stress has been validated by endogenous study of their activities 
in mutants (Kant et al. 2007; Pascuan et al. 2016), by ectopic over- and underexpres-
sion studies (Table 6.3) (Li et al. 2008; Macovei et al. 2012; Tuteja et al. 2014; Zhu 
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et al. 2015; Rao et al. 2017) as well as microarray and other transcriptional assays 
(Umate et al. 2010). These studies have been done in multiple crops (Tables 6.3 and 
6.4) and provide an overall idea about the importance of DEAD-box helicases in 
adaptation of plants to stressed conditions.

The work with the pea DNA helicase (PDH45) has been most extensive with 
overexpression in tobacco, rice, peanut, sugarcane, and chili where the transgene 
confers salt tolerance to the host plant (Table 6.4). Interestingly, PDH45 is a unique 

Table 6.4 Effects of the ectopic overexpression of the pea DNA/RNA helicase (PDH45) gene

SN Expressed Observation Reference PMID/DOI

01 Tobacco Growth, flowering, and seed set 200 at 
200 mMNaCl (~20 dS/m) stress 
compared to death of WT

Sanan- 
Mishra et al. 
(2005)

PMC544286

02 Rice Better fertility and higher-grain yield 
by 16% compared to WT plants 
continuous stress of 6 dS/m from 
30 days till maturity

Amin et al. 
(2012)

https://doi.
org/10.1007/
s11032-011-9625-3

03 Rice Decrease in the miRNAs expression 
concomitant with lower expression of 
target genes

Macovei and 
Tuteja 
(2012)

PMC3502329

04 Rice No effect of transgene on enzymatic 
activities and functional diversity of 
the rhizosphere soil microbial 
community

Sahoo and 
Tuteja 
(2013)

https://doi.
org/10.4161/psb.24950

05 Peanut Improved root volume, higher 
chlorophyll, and reduced membrane 
damage in PEG dehydration stress

Manjulatha 
et al. (2014)

https://doi.
org/10.1007/
s12033-013-9687-z

06 Sugarcane Higher cell membrane thermostability, 
relative water and chlorophyll content, 
and photosynthetic efficiency under 
water and salt stress

Augustine 
et al. (2015a)

https://doi.
org/10.1007/
s12033-015-9841-x

07 Sugarcane Co-transformed EaDREB2 and 
PDH45 show higher-salinity tolerance 
but lower drought tolerance than 
EaDREB2 alone

Augustine 
et al. (2015b)

Doi:https://doi.
org/10.1007/
s00299-014-1704-6

08 Rice Better regulation of Na+ level, ROS 
production, Ca2+ homeostasis, cell 
viability, and cation transporters 
(SOS1, NHX1) in roots

Nath et al. 
(2016)

https://doi.
org/10.1016/j.
jplph.2015.11.008

09 Chili Alleviation of senescence and the 
multiple stresses, drought, salinity, 
and oxidative

Shivakumara 
et al. (2017)

PMC5459802

10 Tobacco Pyramiding of PDH45 with EPSPS 
renders tolerance to salinity and 
herbicide by enhancing the 
antioxidant machinery

Garg et al. 
(2017)

PMC5364135

11 Rice PDH45 and SUV transgenes showed 
delayed leaf senescence associated 
with changes in telomere length

Macovei 
et al. (2017)

https://doi.
org/10.1007/
s00709-016-1017-4
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member in that it contains DESD and SRT instead of DEAD/Hand SAT domains in 
motifs V and VI, respectively. PDH45 is localized in both nucleus and cytosol and 
exhibits 3–5′ directional unwinding activity in an ATP-dependent manner. Moreover 
it shows both DNA and RNA helicase activities and is highly homologous to the 
eukaryotic initiation factor eIF4A as are most other DEAD-box helicases (Pham 
et al. 2000; Gill et al. 2013). Na+-, Ca2+-, and ROS-specific dyes showed the gradual 
reduction of all three of these molecules with time only in overexpressing IR64 rice 
lines (Nath et  al. 2016). They also hypothesized events after salt stress, using 
 networking of downstream enzymes upregulated by PDH45, where they propose 
the following mechanism. In root of overexpressing PDH45 transgenic rice, upregu-
lation of OsSOS1, i.e., salt overly sensitive (SOS) pathway, may lead to less Na+ 
accumulation via exclusion. Such, low Na+ accumulation results in low ROS (H2O2) 
generation and ultimately cell viability followed by balanced Ca2+homeostasis 
under salinity stress. Further, upregulation of cation transporters such as OsCHX11, 
OsCAX, OsTPC1, and OsCNGC1 collectively contributed to provide tolerance to 
the overexpressing PDH45 transgenic lines. These are all cationic transporters with 
rice accession numbers as CHX11 (Os05g31730), OsCAX (Os02g04630), OsTPC1 
(Os01g48680), and OsCNGC1 (Os06g33600) (Nath et al. 2016).

A more detailed hypothetical network could be formed when we used the 
GeneMANIA web interface (Warde-Farley et al. 2010) after plugging in PDH45 
(AtRH45) and its downstream gene homologs (from Arabidopsis thaliana) from the 
work of Augustine et al. (2015a, b) as well as Nath et al. (2016) (Fig. 6.4). In concert 
with the work of Nath et  al. (2016), we could also show (Fig.  6.4) that PDH45 
(AtRH45) mitigates salinity stress by directly or indirectly influencing four differ-
ent biological pathways: (a) Na+/K+ homeostasis, (b) salt overly sensitive (SOS) 
pathway, (c) Ca+ homeostasis, and (d) ROS-scavenging pathways. A physical inter-
action between RH45 and ELF9 was observed. Moreover ELF9 was co-expressed 
with NHX1. ELF9 is an RNA-binding protein, and elf9 mutants show premature 
transition to flowering under stress (Meyer et al. 2015).

Interestingly, the Na+/K+ homeostasis network showed interaction between nine 
cation/antiporter proteins CHX13–23 with the exception of CHX22, 3 K+/H+ anti-
porters, KEA4–6 and 4 Na+/H+ antiporters, and NHX1, 2, 5, and 6. AtCHX17 has 
been shown to be important for K+ acquisition (Cellier et al. 2004), while KEA5 was 
reported to be activated by K+ deficiency (Shin and Schachtman 2004). The NHX1 
antiporter is observed to physically interact with the calmodulin protein CML18 as 
previously reported by Yamaguchi et al. (2005).

The SOS (salt overly sensitive) pathway proteins were a major part of the net-
work, and SOS1 was shown to be physically interacting with RCD1 (radical-induced 
cell death1). RCD1 has been shown to interact with SOS1, and a large number of 
other transcription factors predicted to be involved in both development- and stress- 
related processes. RCD1 is possibly involved in signaling networks that regulate 
quantitative changes in gene expression in response to ROS (You and Chan 2015). 
A major genetic interaction between SOS2 and NDPK2 (nucleoside diphosphate 
kinase 2) was observed in the constructed network. Expression of Arabidopsis 
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NDPK2 has been shown to increase antioxidant enzyme activities and enhance tol-
erance to multiple environmental stresses in transgenic sweet potato plants (Kim 
et al. 2009).

Among the ROS scavengers, APX3 was observed to physically interact with 
AKR2. Ankyrin repeat-containing protein 2A has been reported to be an essential 
molecular chaperone for peroxisomal membrane-bound ascorbate peroxidase3  in 
Arabidopsis (Shen et al. 2010).

6.3.3.3  Organelle DEAD-Box Helicases

Search for appropriate transit peptides helped Nawaz and Kang (2017) identify 7–12 
chloroplast RNA helicases (RHs) and 4–7 mitochondrial helicases. Among those 
that responded to multiple abiotic stresses, Umate et al. (2010) documented several 
chloroplast-localized DEAD-box RHs (such as RH58, RH47, RH26, RH50, RH41, 
and RH52) and mitochondria-targeted DEAD-box RHs (such as RH33 and RH31). 
Mitochondrial PLT1 (PLETHORA1) and ABO6 (ABA overly sensitive) have been 

Fig. 6.4 Hypothetical networking of PDH45 (AtRH45) during salinity stress in Arabidopsis gen-
erated by GeneMANIA web interface (Warde-Farley et  al. 2010). PDH45 (AtRH45) mitigates 
salinity stress by controlling directly or indirectly through four different biological pathways. (a) 
Na+/K+ homeostasis, (b) salt overly sensitive (SOS) pathway 1, (c) Ca2+ homeostatis, and (d) ROS- 
scavenging pathways
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found to play important roles in the regulation of primary root growth and root meri-
stem activity by modulating ABA and auxin signaling. A chloroplast- targeted RH3 
is reported to be essential for carbon fixation and the maintenance of ABA level in 
Arabidopsis under environmental stresses (Nawaz and Kang 2017; Lee et al. 2013). 
Interestingly, the expression of majority of chloroplast- or mitochondria- targeted 
DEAD-box RHs in rice, maize, and wheat are downregulated under diverse abiotic 
stresses. It would be interesting to observe the targets of RHs which are actually 
upregulated under stressed conditions. Cold treatment has been shown to cause 
upregulation of DEAD-box RHs like the chloroplast OsRH7, AtRH26, and AtRH50 
as well as mitochondrial OsRH17, ZmRH30, and AtRH33. Heat on the other hand 
causes upregulation of AtRH50 from the chloroplast and AtRH31 in the mitochon-
dria (Nawaz and Kang 2017; Umate et al. 2010). Thus it is reasonable to predict that 
RNA helicases targeted to either chloroplasts or mitochondria are crucial for the 
regulation of gene expression and RNA metabolism in these cellular organelles in 
order to minimize the effects of stress on photosynthesis and respiration, 
respectively.

6.4  Conclusions

DNA and RNA helicases mainly function as ATP-dependent nucleic acid unwind-
ing enzymes crucial for cellular function and survival. DNA helicases mainly func-
tion in maintaining genomic stability, including telomere length and function. This 
is in addition to their essential role in the replication and transcription machinery. 
The DNA helicases which are activated under environmental stresses mainly func-
tion to repair DNA and maintain chromosomal configuration. RNA helicases are 
important for transcription, RNA processing, formation of RNP bodies, and trans-
lation. However the RNA helicases also act as chaperones which help during RNA 
transport. They unwind RNA which is more prone to form secondary structures, 
particularly under stressed conditions. Fewer DNA helicases are activated under 
stress, even though their expression levels are high. On the other hand, many more 
RNA helicases, many of which are DEAD-box helicases, are activated even though 
their expression levels are comparatively lower. Organelle-specific helicases are 
mostly DEAD-box RNA helicases and show more pronounced differential regula-
tion under cold and heat stress compared to salt, drought, and osmotic stresses. A 
handful of both DNA and RNA helicases respond to multiple stresses. Ectopic 
expression of RNA helicases, particularly DEAD-box ones, gives a growth advan-
tage to the transgenic plants. This vigor in growth gives them an edge over wild 
type for survival and tolerance. This vigorous growth could be due to maintenance 
of RNA in a physically unwinded state for ease of transcription, particularly under 
stressed conditions.
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Chapter 7
miRNAs: The Game Changer in Producing 
Salinity Stress-Tolerant Crops

Ratanesh Kumar, Sudhir Kumar, and Neeti Sanan-Mishra

Abstract The problem of soil salinity is emerging as the most damaging factor for 
crop growth and productivity. An increased salt concentration causes both osmotic 
and ionic stress to the plants, which inhibits their growth rate and yields. The genetic 
processes that coordinate the plant’s response to salinity have been explained by 
mechanisms that regulate the signaling cascades, cellular homeostasis, osmoticum 
maintenance and metabolic processes. This involves modulation of the gene expres-
sion. The microRNAs (miRNAs) represent an important class of endogenous post-
transcriptional regulators. They play an important role in plant biology by regulating 
every aspect of development, metabolism and environmental responses. This review 
discusses the available information on the salt stress-responsive genes and their role 
in the adaptive response to salt stress. It also discusses the role of miRNAs as poten-
tial regulators in salt stress response. The application of miRNA-based strategies for 
improving plants is also described.

Keywords MicroRNA · Origin · Function · Oryza sativa · Salt stress · Target gene 
· Posttranscriptional regulation · Signaling molecules · Transporters · miRNA 
application · Osmolytes · Hormones
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AREB/ABF ABA-responsive element-binding protein/ABRE-binding factor
AtHK1 Arabidopsis thaliana histidine kinase1
Ca2+ Calcium ion
CAD C-terminal CDPK activation domain
CBC Cap-binding complex
CBL Calcineurin B-like
CDPKs. Ca2+-dependent protein kinases
CIPKs CBL-interacting protein kinases
CKs Cytokinins
CSDs Cu/Zn superoxide dismutases
D bodies Dicing bodies
DAG Diacylglycerol
DCL Dicer-like
GAs Gibberellins
GST Glutathione S-transferase
H2O2 Hydrogen peroxide
HD-ZIP Homeodomain-leucine zipper protein
HEN1 Hua enhancer1
HST Hasty
HYL1 Hyponastic leaves1
IAA Indole acetic acid
IP3 Inositol 1,4,5-trisphosphate
JA Jasmonic acid
MAPK Mitogen-activated protein kinase
miRNAs MicroRNAs
NAC NAM, ATAF1 2, CUC2
NF-YA5 Nuclear factor YA5
NO Nitric oxide
O2

− Superoxide
OsSPL14 Oryza sativa squamosa promoter binding protein-like 14
PI Phosphatidylinositol
PI-4,5-P2 or PIP2 PI-4,5-biphosphate
PI-4-P or PIP PI-4-monophosphate
Pi-PLC Phosphoinositide phospholipase C
Pre-miRNA Precursor miRNAs
Pri-miRNA Primary miRNAs
RISC RNA-induced silencing complex
RLKs Receptor-like kinases
RNA Pol II RNA polymerase II
RNAi RNA interference
ROS Reactive oxygen species
SA Salicylic acid
SE Serrate
SIMK Salt stress-inducible MAPK
siRNAs Short interfering RNAs
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SmD3-bodies Small nuclear RNA-binding protein D3 bodies
SnRK2 Sucrose non-fermenting 1-related protein kinase2
SOD Superoxide dismutase
SOS Salt overly sensitive
TGH Tough
UBC Ubiquitin-conjugating enzyme

7.1  Introduction

Agriculture is an indispensable aspect of our lives and most of the developing coun-
tries are dependent on agriculture for their progress. Crop productivity needs to be 
considerably enhanced to meet the growing demands of an increasing population. 
However decrease in the availability of arable land and global climatic changes are 
posing an inviolable stress on the existing agriculture. To deal with such adverse 
climatic stresses, plants have to adjust their physiology accordingly. This can be 
achieved by induction and/or repression of a large array of genes that governs the 
adaptability/susceptibility response of each plant.

Increasing irrigation networks have accentuated the problem of soil salinization 
and about 20% of irrigated agricultural land is considered to be saline (Flowers and 
Yeo 1995). Imbalance in water cycle accompanied by poor drainage facilities of the 
irrigated land results in salt accumulation when water dries up (Serrano et al. 1999). 
It is predicted that increased salinization of arable land is expected to have devastat-
ing global effects, resulting in 30% land loss within next 25  years (Wang et  al. 
2003). India has 8.6 million ha salt-affected area including 3.4 million ha sodic soils 
(Blumwald and Grover 2006). Salt stress is one of the most serious abiotic stresses 
in crop plants that limits plant’s ability to extract water and also leads to high cel-
lular concentrations of salts within the cells (Hasanuzzaman et  al. 2013). This 
results in reduced osmotic potential, followed by ion toxicity, which in turn disrupts 
the normal functioning of enzymatic and metabolic activities including cell wall 
damage, accumulation of electron-dense proteinaceous particles, plasmolysis, cyto-
plasmic lysis, damage to endoplasmic reticulum and reduction in photosynthesis 
(Garcia et al. 1997; Khan et al. 1997; Pareek et al. 1997; Sivakumar et al. 1998; 
Munns and Tester 2008). These in turn inhibit crop growth and development.

Several blueprints have been applied to cope up with salinity problem in crops. 
The most prominent strategies involve irrigation and soil management, but these are 
restricted to sustainable farm operations. However there is ample scope for crop 
management through conventional crop breeding and molecular biotechnology 
techniques. It is therefore a serious priority to identify the molecular regulators of 
salt  stress response and understand the mechanism behind modifications in gene 
expression to cope up with the adverse effects of high soil salt. Recent advances in 
plant molecular biology have led to the adoption of strategic and systematic research 
toward the identification, functional analysis and analytical studies of genes and 
downstream molecules that control salt tolerance processes (Hasegawa et al. 2000; 
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Yu et al. 2012). With the emergence of high-throughput genomics, plant biologists 
were able to identify a number of genes that are differentially expressed under salin-
ity stress. It was envisaged that the complex gene regulatory networks are coordi-
nated at the transcriptional, posttranscriptional and translation levels in a 
spatiotemporal fashion (Seki et al. 2002; Barrera-Figueroa et al. 2012). With the 
unearthing of the small RNA molecules as critical regulatory components, a new 
depth was added to the regulatory modules. The major stakeholders in this mode of 
regulation are the microRNAs (miRNAs) and short interfering RNAs (siRNAs). 
These molecules bind to their cognate sites on the transcripts to repress their func-
tion; hence, their mode of action is called RNA interference (RNAi) or gene silenc-
ing. This discovery entailed the requirement to revisit the mechanisms underlying 
the response to salt stress. In this review we discuss about the different cellular 
networks that are activated in response to salt stress and the recent insights in the 
role of miRNAs as crucial regulators of this response.

7.2  Genetic Networks in Salt Stress

High salinity results in both hyper-ionic and hyper-osmotic stress that causes poten-
tial injury to the plant species. The injury can be either a reversible inhibition of 
metabolism and growth or an irreversible injury involving death of the cells. 
Response to salt stress is a complex mechanism involving numerous adaptations 
such as osmoregulation and osmotic adjustment, hormonal regulation, activation of 
the antioxidant defense system and ion homeostasis. Several excellent reviews are 
available on the different aspects of salt stress signaling and response mechanisms 
(Flowers et al. 2010; Deinlein et al. 2014; Farooq et al. 2015; Parihar et al. 2015). 
We briefly describe the various genetic components involved in this process.

7.2.1  Signaling Molecules

Salt stress, like any other environmental factor, involves the activation of stress sig-
naling pathways as a first step toward activation of plant’s response machinery. The 
plasma membrane forms the physical barrier between the living cell and its environ-
ment. It also helps to perceive and transmit external information to the genetic mod-
ule. NtC7 is a novel transmembrane protein that functions in response to osmotic 
stress. It resembles the receptor domain of receptor-like kinases (RLKs). 
Experimental evidence corroborates that overexpression of NtC7  in transgenic 
tobacco activates the production of cellular metabolites which confer tolerance to 
osmotic stress (Tamura et al. 2003). Arabidopsis histidine kinase1 (AtHK1) is also 
involved in the process. It senses the salt signal and activates the mitogen activated 
protein kinase (MAPK) pathway that leads to increased osmolyte synthesis and 
accumulation (Maeda et al. 1994).
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MAPKs are known to control the stress responses in plants by activating the 
antioxidative genes and the transcription factors to control expression of a large 
number of genes. SIMK (salt stress-inducible MAPK), a 42-kDa protein, has been 
shown to be activated in response to hyperosmotic stress, but its role in the salt stress 
signaling is not clear (Jonak et al. 1993). The MAPK pathway is also activated in 
response to stress-induced reactive oxygen species (ROS) generation and accumula-
tion. This is best exemplified by the ROS-responsive MAPKKK, MEKK1, MPK4 
and MPK6 (Xing et al. 2008; Jammes et al. 2009).

The ROS such as superoxide (O2
−), hydrogen peroxide (H2O2) and nitric oxide 

(NO) cause extensive damage to the cellular membranes and extensively impact the 
ion homeostasis (Baier et al. 2005). Moreover, increased ROS levels can cause sali-
cylic acid accumulation contributing to cell death and stomatal closure (Khokon 
et al. 2011). The regulation of the ROS levels is one of the key mechanisms for 
increasing the adaptation to adverse environmental conditions in plants (Gill and 
Tuteja 2010). The ROS are scavenged by antioxidant metabolites such as ascorbate, 
glutathione, and tocopherols and by ROS detoxifying enzymes such as superoxide 
dismutase (SOD), ascorbate peroxidase, and catalase. The expression of Triticum 
turgidum MnSOD in Arabidopsis thaliana enhanced tolerance to multiple abiotic 
stresses by promoting proline accumulation and lowering H2O2 content (Kaouthar 
et al. 2016). Recent studies have demonstrated the role for a SUMO conjugating 
enzyme in ROS- and ABA (abscisic acid)-dependent signaling during salt and 
drought tolerance (Karan and Subudhi 2012).

The major constituent of cell membrane are lipids which can be phosphorylated 
at several different positions generating multiple phosphorylated species like phos-
phatidylinositol (PI), PI-4-monophosphate (PI-4-P or PIP) and PI-4, 5-biphosphate 
(PI-4,5-P2 or PIP2) (Gaude et al. 2008; Munnik and Testerink 2009; Peters et al. 
2010; Pokotylo et al. 2014). These act as precursor for generation of intracellular 
secondary messenger molecules like inositol 1,4,5-trisphosphate (IP3) and diacylg-
lycerol (DAG). The perception of drought and salt stress activates specific phos-
phoinositide phospholipase C (Pi-PLC) isoforms (Drøbak and Watkins 2000), 
which cleave PIP2 to produce IP3 and DAG (Hirayama et  al. 1995; Kopka et  al. 
1998; Mikami et al. 1998; DeWald et al. 2001; Hunt et al. 2003; Tuteja and Sopory 
2008; Peters et al. 2010). They act as second messengers to activate protein kinase 
C and trigger calcium ion (Ca2+) release, respectively, thereby activating a down-
stream cascade that results in manipulation of gene expression (Sanders et al. 2002).

The Ca2+ plays a central role in regulating and specifying the cellular responses 
to various environmental stresses (Sanders et al. 2002; White and Broadley 2003; 
Dodd et al. 2010). It represents a convergence point of many disparate signaling 
pathways (Xiong et al. 2006). Each stress stimulus is linked with specific Ca2+ tran-
sients or Ca2+ signatures that differ in amplitude, frequency, oscillation duration and 
spatiotemporal patterns (McAinsh and Hetherington 1998). The concentrations of 
Ca2+ are delicately balanced by loading it in cellular “Ca2+ stores” like vacuoles, 
endoplasmic reticulum, mitochondria and cell wall from where it can be easily 
released whenever required by the cell (Mahajan et al. 2006). High salinity results 
in increased influx of cytosolic Ca2+ in the cytoplasm from the apoplast as well as 
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the intracellular compartments (Knight et al. 1997). This transient increase in cyto-
solic Ca2+ initiates the stress signal transduction leading to activation of salt adapta-
tion responses.

The specificity is further conferred by the presence of Ca2+-binding proteins that 
may differ in cell types and their subcellular localization (Sanders et  al. 1999; 
Knight and Knight 2001; Kudla et al. 2010). There are three main families of Ca2+ 
sensor proteins, viz., calmodulin, the Ca2+-sensor protein calcineurin B-like (CBL) 
and the Ca2+-dependent protein kinases (CDPKs). CBL is an important protein that 
participates in salt stress signal transduction pathway via the CBL-interacting pro-
tein kinases (CIPKs) to control the efflux of Na+. Expression of cbl gene from maize 
and soybean in Arabidopsis enhanced salt tolerance (Li et al. 2012). The CDPKs are 
serine/threonine protein kinases composed of an N-terminal variable domain and a 
C-terminal CDPK activation domain (CAD). The CAD consists of a pseudo- 
substrate segment with up to four Ca2+-binding EF-hand motifs (Rutschmann et al. 
2002; Christodoulou et  al. 2004; Chandran et  al. 2006; Wernimont et  al. 2011). 
These can directly bind Ca2+ and get autophosphorylated (Chaudhuri et al. 1999; 
Rutschmann et al. 2002; Franz et al. 2011) to activate the downstream stress signal 
transduction. It has been reported that CDPKs are involved in salt, cold and drought 
stress signaling (Urao et al. 1994; Tähtiharju et al. 1997). Overexpression of oscdpk7 
resulted in enhanced osmotic stress tolerance in rice (Saijo et al. 2000).

Among the most well worked out downstream events is the activation of the SOS 
(salt overly sensitive) pathway (Knight et al. 1999; Halfter et al. 2000; Zhu 2002; 
Guo et al. 2004; Chinnusamy et al. 2005). Salt stress-induced increase in intercel-
lular Ca2+ is perceived by myristoylated calcium-binding protein, SOS3 (Liu and 
Zhu 1998; Halfter et al. 2000; Liu et al. 2000; Kim et al. 2007; Quan et al. 2007). It 
functions as a primary sensor to sense the Na+-induced increase in Ca2+ levels in the 
cytoplasm. Upon binding with Ca2+, it physically interacts with a calcium- dependent 
serine/threonine protein kinase, SOS2. This enzyme has a carboxyl terminal regula-
tory domain and an amino terminal catalytic domain (Liu and Zhu 1998; Halfter 
et al. 2000; Liu et al. 2000; Hrabak et al. 2003). It activates a transmembrane Na+/
H+ antiporter, SOS1, which helps to remove Na+ from cytoplasm (Shi et al. 2000; 
Qiu et al. 2002, 2003; Quintero et al. 2002; Lin et al. 2009).

7.2.2  Transporters

The ionic homeostasis inside the cell involves interplay of the Na+, K+, H+ and Ca2+ 
ions through the coordinated regulation of their transporters. High soil salinity dis-
turbs this equilibrium resulting in hyper-ionic stress, which causes osmotic imbal-
ance, membrane disorganization, reduction in growth, inhibition of cell division 
and expansion. It also has deleterious effect on the functioning of some enzymes 
(Niu et al. 1995). High Na+ levels also lead to reduction in photosynthesis and pro-
duction of reactive oxygen species (Flowers et  al. 1997; Greenway and Munns 
1980; Yeo 1998).
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Salt stress increases the Na+ influx through non-selective cation channels. This 
results in membrane depolarization that activates the K+ efflux through outward 
rectifying K+ channels. Most cells normally maintain relatively high K+ and low Na+ 
concentrations in the cytosol. This is facilitated by the Na+/K+ symporters that have 
high affinity for Na+ and favor intracellular influx of K+ (Niu et al. 1995; Blumwald 
2000). K+ is an essential co-factor of important enzymes like pyruvate kinase 
(Mahajan and Tuteja 2005). Increase in salt around roots dissipates the membrane 
potential by affecting the Na+/K+ symporters and Na+ competes with K+ for entry 
(Niu et al. 1995; Blumwald 2000). It has been shown that externally supplied Ca2+ 
reduces the toxic effects of NaCl, by facilitating higher K+/Na+ selectivity (Cramer 
et al. 1987; Lauchli and Schubert 1989; Liu and Zhu 1998).

Many other transporters are also activated to counter the salt stress by reducing 
K+ efflux. The plasma membrane Na+/H+ antipoter (SOS1) and the vacuolar Na+/H+ 
exchanger are upregulated in response to osmotic stress-induced ABA signaling 
pathway and work to oppose NaCl-induced membrane depolarization. At the same 
time, the K+–Na+ co-transporter (HKT1) is negatively regulated by SOS pathway so 
that it reduces Na+ influx in cytoplasm. Sucrose non-fermenting 1-related protein 
kinase 2 (SnRK2) is another enzyme that regulates expression of genes involved in 
ion homeostasis and oxidative stress response. Overexpression of the sapk4 in rice 
conferred increased tolerance to salt (Diédhiou et al. 2008).

7.2.3  Osmolytes

A major consequence of salt stress is the loss of intracellular water. To prevent this 
water loss from the cell and to protect the cellular proteins, plants accumulate many 
metabolites that are known as “compatible solutes” or “osmolytes.” These solutes 
do not inhibit the normal metabolic reactions but facilitate osmotic adjustments 
(Yancey et al. 1982; Ford 1984; McCue and Hanson 1990; Delauney and Verma 
1993; Louis and Galinski 1997; Bressan et al. 1998). Frequently observed metabo-
lites with an osmolytic function are sugars, mainly fructose and sucrose; sugar alco-
hols like mannitol, sorbitol, ononitol and pinnitol; and complex sugars like trehalose 
and fructans. In addition, charged metabolites like glycine, glycine betaine, betaine, 
proline and ectoine are also accumulated. Water moves from high water potential to 
low water potential and accumulation of these osmolytes makes the water potential 
low inside the cell and prevents the intracellular water loss.

Mannitol, a sugar alcohol, is the most widely distributed osmolyte and is widely 
used to control osmotic potential in culture media or nutrient media (Lewis and 
Smith 1967). It is a primary photosynthetic product, found in 70 higher plant fami-
lies and many marine algae (Bieleski 1982). Its accumulation, storage, and utiliza-
tion are intricately balanced in response to salt and drought stress. The study of this 
adaptive mechanism under high salt concentration in Celery (Apium graveolens L.) 
revealed that mannitol biosynthesis increases under salt stress (Everard et al. 1994; 
Pharr et  al. 1995) with a concomitant downregulation of the catabolic enzyme, 
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 mannitol dehydrogenase (MTD), that oxidizes mannitol to mannose (Everard et al. 
1994; Stoop and Pharr 1994; Landouar-Arsivaud et al. 2011). Mannitol also acts as 
an antioxidant by quenching ROS that are generated as a consequence of salt and 
drought stress (Smirnoff 1998). Mannitol-1P dehydrogenase is an NADP-dependent 
enzyme that converts fructose to mannitol and mannitol-1-phosphatase that act as 
substrates for the production of mannitol. The E. coli mt1D (mannitol-1- phosphatase) 
when introduced into Arabidopsis, tobacco and wheat plants lead to enhanced seed 
germination and less biomass reduction under salt stress (Tarczynski et al. 1993; 
Karakas et al. 1997; Abebe et al. 2003). Arabidopsis plants, which generally do not 
contain mannitol, when transformed with celery mannose-6P reductase (M6PR) 
gene, accumulated substantial amounts of mannitol (Zhifang and Loescher 2003). 
These transgenic plants were protected against salt-related damage to the chloro-
plasts and as result could maintain photosystem II and carboxylation efficiencies 
under salt stress (Sickler et al. 2007).

Trehalose is a nonreducing disaccharide and has high water retention capabili-
ties. It acts as an osmoprotectant in resurrection plants such as Selaginella lepido-
phylla, which undergo desiccation during drought, salt, heat, or freezing stress 
conditions (Adams et al. 1990; Crowe et al. 1992). It protects biomolecules whose 
conformation is changed due to osmotic stress by water replacement. Introduction 
of E. coli otsA and ScTPS1 (trehalose-6-phosphate synthase from yeast) in 
Arabidopsis, alfalfa, rice and tomato enhanced tolerance to salt stress in plants 
(Holmstrom et al. 1996; Goddijn and Smeekens 1998; Pilon-Smits et al. 1998; Garg 
et al. 2002; Nelson et al. 2004). The co-transformation of otsA (encoding trehalose 
phosphate synthase) and otsB (encoding trehalose phosphate phosphatase) genes in 
rice also increased tolerance to salt (Garg et al. 2002).

Glycine betaine (N, N, N trimethylglycine-betaine) is a nontoxic, electrical neu-
tral amphoteric compound that forms a hydration shell around the protein com-
plexes and enzymes to protect their native conformation under osmotic stress 
(Carillo et al. 2011). It is a major osmolyte synthesized by many plants in response 
to abiotic stresses (Rhodes and Hanson 1993). Accrual of glycine betaine under 
salinity stress improved stomatal conductance and relative leaf water content in 
common beans (Lopez et  al. 2002). It is synthesized from choline by sequential 
action of two enzymes choline dehydrogenase (CDH) and betaine aldehyde dehy-
drogenase (BADH). The E. coli betA and betB genes coding for CDH and BADH 
enzymes, respectively, were introduced in tobacco resulting in increased biomass 
and faster recovery from photoinhibition under salt stress (Holmström et al. 2000). 
It has been found that the co-expression of N-methyl transferase gene in cyanobac-
teria caused accumulation of betaine in significant amounts and conferred salt toler-
ance to a freshwater cyanobacterium sufficient for it to become capable of growth 
in seawater (Waditee et al. 2005). Arabidopsis plants expressing N-methyltransferase 
gene also accumulated betaine to high levels and exhibited improved seed yield 
under stress conditions (Waditee et al. 2005).

Proline is one of the amino acids, which appears most commonly in response to 
stress to maintain cell turgor pressure or osmatic balance. It acts as a metal chela-
tor, an antioxidative defense molecule and signaling agent (Kohl et  al. 1988; 
Saradhi and Mohanty 1993; Smirnoff 1993; Kishor et al. 1995; Peng et al. 1996; 
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Hua et al. 1997; Zhang et al. 1997). Plant leaves synthesize proline from glutamine 
(Rejeb et  al. 2014). The overexpression of P5CS (pyrroline-5-carboxylate syn-
thase) gene from Vigna aconitifolia in tobacco leads to increased levels of proline 
and consequently improved growth under drought stress (Kishor et al. 1995). In 
some crop plants, for instance, wheat, the corresponding accumulation and mobi-
lization of proline was found to increase tolerance toward water deficit stress 
(Nayyar and Walia 2003).

Polyamines (PA) like spermidine, spermine and its diamine precursor putrescine 
are low molecular weight natural organic compounds with aliphatic nitrogen struc-
ture which includes at least two primary amino groups and one or more internal 
amino groups (Edreva 1996; Groppa and Benavides 2008; Gill and Tuteja 2010). 
PAs are positively charged at physiological pH and interact with various other nega-
tively charged organic molecules. This interaction contributes to different important 
growth and developmental processes in plants. Endogenous PAs possess free radical 
scavenging properties and antioxidant activity that confer tolerance to plants against 
different biotic and abiotic stresses (Groppa and Benavides 2008; Gill and Tuteja 
2010; Fariduddin et al. 2013). Exogenous salt application induces the expression of 
polyamine biosynthetic genes such as adc2 (arginine decarboxylase) and spms 
(Spm synthases) and results in increased putrescine and spermine levels (Urano 
et al. 2003). Therefore, genetic manipulation of crop plants with genes encoding 
enzymes of polyamine biosynthetic pathways may provide better stress tolerance to 
crop plants (Bagni and Tassoni 2001; Capell et al. 2004; Liu et al. 2007). The hete-
rogonous overexpression of ornithine decarboxylase, arginine decarboxylase, 
S-adenosyl methionine decarboxylase and spermidine synthase (in rice, tobacco 
and tomato) has shown tolerance against stress conditions (Roy and Wu 2002; Waie 
and Rajam 2003; Liu et al. 2007; Cuevas 2008; Wen et al. 2008; Cheng et al. 2009).

7.2.4  Hormones

Research on the mechanism of salt resilience in plants has indicated that the severe 
impact of stress on seed germination and plant development may be due to decline 
in endogenous phytohormone levels (Zholkevich and Pustovoytova 1993; Jackson 
1997; Debez et al. 2001). Thus, salt stress alters the levels of stress hormones, which 
induce changes in photosynthesis, osmotic adjustment and plant growth. It was 
demonstrated that under stress the levels of abscisic acid (ABA) and jasmonic acid 
(JA) increase, while those of auxin, indole acetic acid (IAA) and salicylic acid (SA) 
decrease (Wang et  al. 2001). The exogenous application of auxins (Khan et  al. 
2010), gibberellins (Afzal et al. 2005), or cytokinins (Gul et al. 2000) can mitigate 
the impact of salinity stress to enhance germination and increase seed yield and 
quality (Egamberdieva 2009), whereas the exogenous use of ABA reduces the accu-
mulation of ethylene and regulates leaf abscission (Gómez-Cadenas et al. 2002). 
Application of 0.5 mM SA in mung bean plants alleviated salinity by increasing N, 
P, K and Ca contents and enhancing antioxidant enzyme activity (Khan et al. 2010).
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Auxins and Cytokinins (CKs) play an important role in regulating various aspects 
of plant development including cell division, apical dominance, leaf senescence, 
nutrient mobilization, photomorphogenic development, shoot differentiation, vas-
cular tissue development, etc. (Mok and Mok 2001; Wang et al. 2001; Davies 2004). 
Sakhabutdinova et al. (2003) reported that salt causes a dynamic decrease in the 
level of IAA in the plant roots. The variation in IAA content under stress conditions 
could be related with development retardation (Ribaut and Pilet 1994; Nilsen and 
Orcutt 1996). CKs assume the role of antagonists of ABA and antagonists/syner-
gists of auxins in stomatal movement (Blackman and Davies 1984), cotyledon 
development and seed germination (Pospíšilová 2003). Investigations of CK recep-
tor mutants in stress-response assays demonstrated that they act as negative control-
lers in ABA signaling and osmotic imbalance responses (Tran et al. 2007; Merchan 
et  al. 2007). Kinetin is involved in breaking the stress-induced dormancy during 
germination of tomato, barley and cotton seeds (Bozcuk 1981). In addition, it was 
observed that CK levels are reduced as an early response to salt stress; however, the 
effects of NaCl on salt-sensitive varieties are not interceded by CKs (Walker and 
Dumbroff 1981). Kinetin also acts as an immediate free radical scavenger 
(Chakrabarti and Mukherji 2003). According to Chakrabarti and Mukherji (2003), a 
foliar spray of IAA and kinetin enhanced activity of various antioxidant enzymes to 
restore metabolic alterations imposed by salinity stress.

Gibberellins (GAs) regulate seed germination, leaf development, stem elongation 
and flowering (Yamaguchi and Kamiya 2000; Olszewski et al. 2002; Magome et al. 
2004). The GA homeostasis and its cross talk with other hormones are crucial to 
regulate the plant growth and development. It has been shown that destabilization of 
DELLA proteins is promoted by the GA and modulated by environmental signals 
(e.g., salt and light) and other plant hormones (e.g., auxin and ethylene). When 
plants are exposed to biotic (McConn et al. 1997) or abiotic stresses (Lehmann et al. 
1995), GA accumulates rapidly. For example, GA3 accumulation enhances growth 
and development in wheat and rice under saline conditions (Parashar and Varma 
1988; Prakash and Prathapasenan 1990; Kumar and Singh 1996). However the 
mechanism by which GA3-priming can prompt salt resistance in plants is still 
unclear (Iqbal and Ashraf 2010). GA application also improves the catabolism of 
ABA (Gonai et al. 2004).

ABA is the major hormone that arbitrates plants to survive unfavorable ecological 
conditions, like salinity (Keskin et al. 2010). Endogenous levels of ABA increase 
proportionally in response to exposure of plants to salt stress, but this increase in 
ABA concentration was attributed to water deficiency rather than osmotic imbal-
ance resulting from salt stress (Zhang et al. 2006). It was observed that acute incre-
ment in endogenous concentration of ABA in rice occurs on exposure to NaCl 
(Kang et al. 2005). The stress responses seem to be coordinated by increase in ABA 
movement in the xylem sap indicating “root-to-shoot” signal transmission (Davies 
et al. 1994; Jia et al. 2002). ABA also resulted in stomatal closure in the leaf (Hwang 
and Lee 2001) and limited leaf expansion (Cabot et al. 2009). The stress hormone 
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ABA also induces genes required to maintain the salt and osmotic balance within 
the cells (Wang et  al. 2001) by upregulating expression of NHX1 (Shi and Zhu 
2002) and vacuolar H+-inorganic pyrophosphatase (Fukuda and Tanaka 2006). 
Keskin et  al. (2010) showed that the MAPK4-like, TIP1 and GLP1 genes were 
induced much faster by ABA application in wheat. These reports indicate that ABA 
assumes crucial role in plant response to salinity.

Ethylene is a gaseous hormone, which serves as a key modulator of plant response 
to ecological factors (Cao et  al. 2007; Abeles et  al. 2012). Under salt stress and 
some other environmental stresses, ethylene synthesis is stimulated (Morgan and 
Drew 1997). It was observed that Arabidopsis thaliana amassed less ACC in its 
leaves and roots under high salt as compared to the halophyte plants Cakile mari-
tima (European searocket) and Thellungiella salsuginea (Ellouzi et  al. 2014). In 
soybean, a study utilizing 2D gel electrophoresis revealed that some components of 
ethylene biosynthesis in the salt-tolerant genotype Lee 68 were more abundant than 
that in the salt-sensitive genotype Jackson (Tyczewska et al. 2017). The application 
of ethylene on rice seedlings increased salt sensitivity, while 1-MCP (an ethylene 
perception blocker) treatment enhanced salinity tolerance. Rice mhz7/osein2, mhz6/
oseil1 and oseil2 exhibited reduced tolerance to salt (Yang et  al. 2015). MHZ6/
OsEIL1 and OsEIL2 could bind to the promoter of OsHKT2 (a Na+ transporter 
gene) and increase its expression resulting in enhanced Na+ uptake (Yang et  al. 
2015). It can therefore be generalized that inherent ethylene synthesis is vital for 
salt acclimation.

7.2.5  Transcription Factors

The abiotic stress-responsive transcription factors play a key role in coordinated 
regulation of gene expression for gearing the plant machinery to respond to stress 
conditions (Golldack et al. 2011). The control of these factors by ABA, methyl jas-
monate, GA and ethylene indicates that they may serve as crucial regulatory nodes 
at the end of distinct signal transduction pathways (Ma et al. 2013) to regulate pri-
mary metabolism of cell, energy supply and allocation and growth and develop-
ment. Various families of transcription factors, viz., AP2/ERF, bHLH, WRKY, 
NAC, etc., have been linked with salinity tolerance (Tripathi et al. 2014). A list of 
various stress-regulated transcription factors is provided in Table 7.1.

The genes involved in the ABA-dependent pathway contain the conserved ABA- 
responsive cis-elements (ABREs) that are recognized by the AREB/ABF (ABA- 
responsive element-binding protein/ABRE-binding factor) family proteins. It was 
shown that AREB1, AREB2 and AREB3 are bZIP-type of transcription factors, and 
they synergistically control the sucrose non-fermenting 1-related protein kinase 2 
(SnRK2) (Yoshida et al. 2010).

The DREB/CBF subfamily of the AP2/ERF transcription factors also plays a 
vital role in managing the adaptations to adverse conditions through ABA-dependent 
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Table 7.1 List of stress-associated transcription factors and their regulatory miRNAs

Transcription factors miRNA

References
Family 
name

Abiotic stresses
Family Role in stressSalt Drought Heat Cold Ions

SBP-like √ √ √ √ √ miR156/157 Upregulated in 
response to 
salinity, drought 
response, 
tolerance to heat 
stress, heat 
stress memory, 
reduced cold 
tolerance, Cd, 
Al, Mn, As 
stress

Wu and Poethig 
(2006), Huang 
et al. (2010), 
Valdés-López 
et al. (2010), 
Xin et al. 
(2010), Zhou 
et al. (2010), 
Ding et al. 
(2011), Kantar 
et al. (2011), 
Lima et al. 
(2011), Eldem 
et al. (2012), 
Ren et al. 
(2012), 
Srivastava et al. 
(2012), Yu et al. 
(2012), Zeng 
et al. (2012), 
Zhou et al. 
(2012a, b), Stief 
et al. (2014), 
Cui et al. 
(2015) and Sun 
et al. (2015)

MYB, TCP √ √ √ miR159 Salt stress 
responses, heat 
stress tolerance, 
ABA 
hypersensitivity, 
osmotic stress 
tolerance

Abe et al. 
(2003), Reyes 
and Chua 
(2007), 
Alonso-Peral 
et al. (2010), 
Xin et al. 
(2010), Frazier 
et al. (2011), 
Barrera- 
Figueroa et al. 
(2012), Chen 
et al. (2012), 
Sun et al. 
(2012), Wang 
et al. (2012), 
Hivrale et al. 
(2016) and Roy 
(2016)

(continued)
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Table 7.1 (continued)

Transcription factors miRNA

References
Family 
name

Abiotic stresses
Family Role in stressSalt Drought Heat Cold Ions

ARF √ √ √ √ miR160 Salinity stress, 
heat tolerance, 
drought 
resistance, Cd, 
Al, Mn stresses

Liu et al. 
(2007), Huang 
et al. (2010), 
Valdés-López 
et al. (2010), 
Xin et al. 
(2010), Lima 
et al. (2011), Lu 
et al. (2011), 
Barrera- 
Figueroa et al. 
(2012), Chen 
et al. (2012), 
May et al. 
(2013), Khan 
et al. (2014), 
Kruszka et al. 
(2014), Kumar 
(2014), Li et al. 
(2014), 
Khaksefidi 
et al. (2015), 
Sun et al. 
(2015), Xie 
et al. (2015) 
and Hivrale 
et al. (2016)

NAC √ √ √ √ miR164 Salt stress 
response, 
drought 
resistance, heat 
tolerance, 
mechanical 
stress, Cd stress

Lu et al. (2005), 
Amor et al. 
(2009), May 
et al. (2013), 
Fang et al. 
(2014), Li et al. 
(2014), Sun 
et al. (2015), 
Hivrale et al. 
(2016) and Qiu 
et al. (2016)

(continued)
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Table 7.1 (continued)

Transcription factors miRNA

References
Family 
name

Abiotic stresses
Family Role in stressSalt Drought Heat Cold Ions

HD-zip √ √ √ √ √ miR166 Salt stress 
response, 
drought 
resistance, heat 
tolerance, 
upregulated 
under cold, Cd, 
Al, As stress 
response

Sunkar and Zhu 
(2004), 
Boualem et al. 
(2008), Liu 
et al. (2008), 
Zhou et al. 
(2008a, b), 
Trindade et al. 
(2010), Xin 
et al. (2010), 
Zhou et al. 
(2010), Ding 
et al. (2011), 
Lima et al. 
(2011), Kantar 
et al. (2011), Yu 
et al. (2012), 
May et al. 
(2013), Kruszka 
et al. (2014) 
and Hivrale 
et al. (2016)

ARF √ √ √ miR167 ABA response, 
hypoxia 
response, heat 
stress response, 
cold stresses 
response

Liu et al. (2008, 
2009), Xin 
et al. (2010), 
Chen et al. 
(2012), Tang 
et al. (2012), 
Gupta et al. 
(2014), Kruszka 
et al. (2014), 
Sailaja et al. 
(2014), Wang 
et al. (2014), 
Khaksefidi 
et al. (2015) 
and Hivrale 
et al. (2016)

(continued)

R. Kumar et al.



157

Table 7.1 (continued)

Transcription factors miRNA

References
Family 
name

Abiotic stresses
Family Role in stressSalt Drought Heat Cold Ions

HAP12–
CCAAT- box 
TF 
complex, 
NF-YA or 
HAP2

√ √ √ √ √ miR169 Upregulated 
under salt stress, 
drought 
tolerance, 
abscisic acid 
response, 
sensitivity to 
nitrogen 
deficiency, heat 
tolerance, 
response to cold 
stress, Cd, Al, 
nanoparticles, 
As

Sunkar and 
Zhu (2004), 
Zhao et al. 
(2007, 2009, 
2011), Li et al. 
(2008), Liu 
et al. (2008), Lu 
et al. (2008), 
Huang et al. 
(2009), Zhang 
et al. (2009, 
2011), Xin 
et al. (2010), 
Lima et al. 
(2011), Wang 
et al. (2011), 
Burklew et al. 
(2012), Chen 
et al. (2012), 
Contreras- 
Cubas et al. 
(2012), 
Srivastava et al. 
(2012), Zeng 
et al. (2012), 
Yin et al. 
(2012), Ding 
et al. (2013), 
Guan et al. 
(2013), Kong 
et al. (2014), 
Cheng et al. 
(2016)

Scarecrow- 
like/ GRAS

√ miR170 Drought 
tolerance

Zhou et al. 
(2010), 
Chauhan and 
Kumar (2016)

(continued)
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Table 7.1 (continued)

Transcription factors miRNA

References
Family 
name

Abiotic stresses
Family Role in stressSalt Drought Heat Cold Ions

√ √ √ √ miR171 Salinity 
tolerance, heat 
tolerance, 
drought 
tolerance, 
response in Cd, 
Hg, Al stress

Xie et al. 
(2007), Lu et al. 
(2008), Chen 
et al. (2012), 
Zhou et al. 
2012a, b), 
Mahale et al. 
(2014), Wang 
et al. (2014), 
Deng et al. 
(2015), Hivrale 
et al. (2016) 
and Esmaeili 
et al. (2017)

AP2, bZIP √ √ √ √ √ miR172 Enhanced water 
deficit and salt 
tolerance, 
responsive to 
heat, resistance 
to cold stress, 
upregulated in 
Hg, response to 
Mn

Liu et al. 
(2008), 
Valdés-López 
et al. (2010), 
Xin et al. 
(2010), Zhou 
et al. (2010, 
2012a, b), May 
et al. (2013), 
Khaksefidi 
et al. (2015) 
and Li et al. 
(2016)

TCP family 
TF21

√ √ √ √ √ miR319 Tolerance to 
salinity and 
drought, 
tolerance to 
chilling 
temperature, 
heat resistance, 
As, Cd, Al and 
Hg stress 
responsive

Schommer 
et al. (2008), 
Tuli et al. 
(2010), Chen 
et al. (2012), 
Liu and Zhang 
(2012), 
Thiebaut et al. 
(2012), Yang 
et al. (2013), 
Zhou et al. 
(2013), Kumar 
(2014) and 
Hivrale et al. 
(2016)

(continued)
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Table 7.1 (continued)

Transcription factors miRNA

References
Family 
name

Abiotic stresses
Family Role in stressSalt Drought Heat Cold Ions

TIR1, 
AFBs, 
MYB 
family

√ √ √ √ √ miR393 Enhanced salt 
tolerance, 
drought 
resistance, heat 
response 
regulation, 
regulated by 
cold stress, 
regulated by Cd, 
Hg and Al 
toxicities

Sunkar and Zhu 
(2004), Xie 
et al. (2007), 
Zhao et al. 
(2007), Liu 
et al. (2008), 
Zhou et al. 
(2008a, b, 
2010) Xin et al. 
(2010), Gao 
et al. (2011a, 
b), Barrera- 
Figueroa et al. 
(2012), Guan 
et al. (2013) 
and Hivrale 
et al. (2016)

GRF, 
WRKY

√ √ √ √ √ miR396 More sensitive 
to salinity and 
alkalinity, 
response to 
arsenic 
treatment, 
downregulated 
in Cd exposure, 
response to high 
temperature, 
drought 
tolerance, 
response to cold 
exposure

Liu et al. 
(2008), Lu et al. 
(2008), Yang 
and Yu (2009), 
Gao et al. 
(2010), Zhou 
et al. (2010), 
Ding et al. 
(2011), 
Giacomelli 
et al. (2012), 
Liu and Zhang 
(2012), Tang 
et al. (2012), 
Hivrale et al. 
(2016) and 
Song et al. 
(2017a, b)

BCP √ √ √ miR408 Enhanced heavy 
metal, 
high- salinity 
stress tolerance, 
aluminum 
resistance, 
enhanced 
drought 
tolerance,

Ezaki et al. 
(2000), Zhang 
et al. (2013) 
and Hajyzadeh 
et al. (2015)

(continued)
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and ABA-independent pathways (Yamaguchi-Shinozaki and Shinozaki 2005, 
2006). Arabidopsis plants overexpressing DREB/CBF or At-bZIP24 exhibited 
enhanced tolerance to drought, salinity and cold stresses (Kasuga et al. 1999; Yang 
et  al. 2009). Moreover CBF1 directed GA biosynthesis and accumulation of the 
DELLA protein, RGA, thus indicating a role for AP2/ERF transcription factors and 
GA-regulated plant growth and development in abiotic stress signaling pathways 
(Achard et al. 2008). At-DREB1A overexpression also conferred salinity tolerance 
in transgenic seedlings by upregulation of other stress-inducible downstream genes 
(Sarkar et al. 2014; Khatib et al. 2011). At-DREB2A, AtB7 and AtBF3 genes also 
modulate salt tolerance by accumulating salt-responsive solutes such as proline and 
glycine betaine (Pruthvi et al. 2014). Furthermore, an AP2-type transcription factor, 
CAP2, alleviated salt-stress tolerance in transgenic chickpea plants (Frugier et al. 2000).

The NAC (NAM, ATAF1 2, CUC2) transcription factor family also plays an 
important role in regulating the developmental networks operating in the plants in 
response to abiotic and biotic stresses (Ma et al. 2013; Hernandez and Sanan-Mishra 
2017). The drought and ABA responses are regulated by the NAC10- and WRKY- 
type transcription factors (Jeong et al. 2010). The ABA-responsive NAC transcrip-

Table 7.1 (continued)

Transcription factors miRNA

References
Family 
name

Abiotic stresses
Family Role in stressSalt Drought Heat Cold Ions

MADS- box √ √ √ √ miR444 Adapt to 
nitrogen-
limiting 
conditions, 
enhanced Pi 
accumulation, 
downregulated 
under salinity, 
dehydration, 
drought and 
cold stress 
responses, 
downregulated 
by Cd stress

Ding et al. 
(2011), Kantar 
et al. (2011), 
Yan et al. 
(2014), Deng 
et al. (2015), 
Ma et al. 
(2015), Gao 
et al. (2016) 
and Song et al. 
(2017a, b)

SBP √ √ √ miR529 Downregulated 
in response to 
drought, 
upregulated in 
cold, 
upregulated in 
response to Hg, 
Cd and Al

Zhou et al. 
(2008a, b, 
2010), 
Khraiwesh 
et al. (2012) 
and Wang et al. 
(2016)

MYB √ miR828 and 
miR858

Oxidative stress, 
response to high 
temperature

Lin et al. (2012) 
and Wang et al. 
(2016)
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tion factor, VND-INTERACTING1 (VNI2), is a repressor of xylem vessel 
development and has a role in leaf maturing and aging (Yang et al. 2011). Similarly 
H2O2-responsive JUNGBRUNNEN1 (JUB1) regulates leaf senescence in response 
to hyperosmotic and salt stress (Wu et  al. 2012). A putative NAC-type chickpea 
transcription factor (CarNAC4) induced salt tolerance by reducing MDA content 
(Yu et al. 2016).

Intriguingly, drought, salt and ABA induce the transcriptional expression of the 
MYB and WRKY transcription factors (Cominelli et al. 2008; Lippold et al. 2009). 
Altered drought sensitivity of At-MYB41 overexpressing line of Arabidopsis was 
related to lipid metabolism, cell wall expansion and cuticle synthesis indicating its 
role in drought tolerance and survival (Cominelli et al. 2008). At-MYB41 was like-
wise related to primary carbon metabolism demonstrating an accord between cuti-
cle deposition, plant resistance against desiccation and in addition cellular carbon 
and lipid metabolism (Cominelli et al. 2008; Lippold et al. 2009). The salt- responsive 
R2R3 type of MYB, Os-MPS (MULTIPASS), targets genes associated with biosyn-
thesis of plant hormones and cell wall development (Schmidt et al. 2013). Similarly 
At-WRKY63 loss of function resulted in drought hypersensitivity and reduction in 
guard cell closure (Ren et al. 2010). ABA- and salt-responsive At-WRKY33 and 
Th-WRKY4 induce genes involved in the detoxification of ROS such as glutathione 
S-transferase (GST) U11, peroxidases and lipoxygenase LOX1 (Jiang and Deyholos 
2009; Zheng et al. 2013).

7.3  miRNA Origin and Function

The silencing of transcription factors and other cellular transcripts by the small 
RNAs added an interesting angle to the cellular regulatory networks. Within this 
class, the miRNAs have emerged as important regulatory molecules. They comprise 
a class of endogenously expressed 20–24 nucleotide long, noncoding RNAs, which 
play crucial roles as regulators of gene expression in plants, animals and some 
viruses (Bartel 2004; Pfeffer et  al. 2004; Filipowicz et  al. 2008; He et  al. 2008; 
Siomi and Siomi 2010). They can silence gene expression at the posttranscriptional 
level through degradation of mRNA transcripts or translational arrest or at the tran-
scriptional level by chromatin methylation (Vaucheret 2006; Sanan-Mishra et  al. 
2009; Sharma et al. 2017; Djami-Tchatchou et al. 2017). The miRNAs are involved 
in regulating almost all biological and metabolic processes such as growth of cells, 
meristem maintenance, cell differentiation, organ development, signaling pathways, 
disease resistance and response to environmental stress (Jones-Rhoades et al. 2006; 
Bushati and Cohen 2007; Willmann and Poethig 2007; Zhang et al. 2007; Leung 
and Sharp 2010; Sharma et al. 2017).

The first miRNA, lin-4, was discovered in the soil nematode Caenorhabditis 
elegans as a regulator of a heterochronic gene (Lee et al. 1993; Pasquinelli et al. 
2000; Reinhart et al. 2002). In plants, the first report of miRNA was concurrent with 
the finding of the second miRNA, let-7, in C. elegans (Pasquinelli et  al. 2000; 
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Lagos-Quintana et al. 2001; Lau et al. 2001). In the consecutive years, the pathway 
of miRNA biogenesis and their mode of action were elucidated in Arabidopsis 
thaliana (Llave et al. 2002; Park et al. 2002; Reinhart et al. 2002). Since then there 
has been an exponential increase in the identification of miRNAs as well as in 
understanding the importance of their involvement in biological processes 
(Aukerman and Sakai 2003; Carrington and Ambros 2003; Brodersen et al. 2008; 
Meyers et al. 2008). Research focus has now shifted to get newer wisdom in the role 
of miRNAs in plant gene regulatory functions (Chuck et  al. 2009; Zhang et  al. 
2013).

The miRNAs are produced endogenously from miRNA genes, in a highly coordi-
nated multistep process that is restricted within the nucleus (Bartel 2004; Zhang 
et al. 2007). Most of the plant miRNA genes are primarily situated at the intergenic 
regions. These are transcribed by the DNA-dependent RNA polymerase II (RNA 
Pol II) into large transcripts called primary (pri) miRNAs (Faller and Guo 2008). 
The processing of pri-miRNAs to hair-pin-structured precursor (pre) miRNAs and 
further to functionally mature miRNAs is performed by a protein complex contain-
ing RNase III endonuclease, Dicer-like (DCL) (Bartel 2004; Jung et  al. 2009; 
Voinnet 2009). This sequential reaction is carried out in the dicing bodies (D bodies) 
or small nuclear RNA-binding protein D3 bodies (SmD3-bodies) (Han et al. 2004; 
Kurihara and Watanabe 2004; Fang and Spector 2007; Fujioka et al. 2007). DCL1 
interacts with different proteins like SE, HYL1, TGH and CPL1 that were detected 
in subnuclear foci by bimolecular fluorescence complementation (Fang and Spector 
2007; Song et al. 2007; Manavella et al. 2012; Ren et al. 2012). The function of the 
proteins forming the core complex is described below:

DICER-LIKE 1 (DCL1) is part of a large gene family of RNase III-like endoribo-
nucleases which are involved in processing of both the pri- and pre-miRNA in 
Arabidopsis (Margis et  al. 2006). DCL protein contains PAZ (PIWI/AGO1/
ZWILLE) domain, a DExHbox RNA helicase, two RNAse III domains and at 
least one dsRNA-binding domain.

SERRATE (SE) is a C2H2-zinc finger protein which controls leaf development, 
meristem activity and inflorescence architecture. It physically interacts with 
HYL1 and DCL1, to form the protein complex essential for pri-miRNA process-
ing in plants (Yang et al. 2006). It was shown that SE is involved in increasing 
the accuracy of pri-miRNA processing by DCL1 (Kurihara et al. 2006; Dong 
et al. 2008; Manavella et al. 2012; Ren et al. 2012).

HYPONASTIC LEAVES1 (HYL1) is the plant homolog of R2D2 (Han et  al. 
2004). It is a nuclear dsRNA-binding protein that interacts with DCL1 to mediate 
the first step of pri-miRNA processing (Kurihara et al. 2006). The hyl1 knockout 
mutants show pleiotropic developmental defects with increased amounts of 
unprocessed pri-miRNA molecules indicating that HYL1 is required for miRNA 
accumulation (Han et al. 2004; Vazquez et al. 2004). It was shown that HYL1 
displays hypersensitivity to abscisic acid and hyposensitivity to cytokinin and 
auxin. These studies served to establish a link between phytohormones and miR-
NAs in Arabidopsis (Lu and Fedoroff 2000; Vazquez et al. 2004).
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TOUGH (TGH) is an RNA-binding protein, having a G-patch and SWAP domain. 
It is an evolutionarily conserved protein among eukaryotes that directly interacts 
with DCL1. It increases DCL1 activity in pri-miRNA processing (Ren et  al. 
2012).

CAP-BINDING COMPLEX (CBC) is a nuclear cap-binding, heterodimeric ribo-
protein complex that comprises of two subunits, CBP20 and CBP80. Null 
mutants of cbp80/abh1 and cbp20 displayed lesser accumulation of mature miR-
NAs and exhibited hypersensitivity to abscisic acid (Hugouvieux et  al. 2001; 
Kim et al. 2008). This shows that CBC is probably involved in miRNA matura-
tion pathway, but the exact mechanism of its action is not known. It is postulated 
to stabilize the pri-miRNA molecules by binding to their m7G cap (Ren and Yu 
2012).

HUA ENHANCER1 (HEN1) is a methyl transferase that methylates the 3′ termi-
nal sugar residue of nucleotides on each strand of the miRNA:miRNA* duplex 
to prevent their uridylation and subsequent degradation (Yu et al. 2005). It has 
two dsRNA-binding domains and a nuclear localization signal (Boutet et  al. 
2003). It was observed that miRNAs fail to accumulate or only accumulate at a 
lower level in hen1 mutants, thereby suggesting its role in stabilization and pro-
tection of miRNAs from degradation (Li et al. 2005).

HASTY (HST) is a plant homolog of exportin-5 that transports miRNA:miRNA* 
duplex from the nucleus into the cytoplasm through the nuclear pore in an ATP- 
dependent manner (Park et al. 2005). The hst mutants show reduction in accumu-
lation of partial miRNAs in cytoplasm, which suggests that miRNAs may be also 
transported by other mechanisms (Voinnet 2009).

The mature miRNAs are loaded in a large ribonucleoprotein complex called 
RISC (RNA Induced Silencing complex) to target mRNAs for silencing (Chen et al. 
2005). The slicer component of the RISC is the evolutionary conserved protein, 
ARGONAUTE (AGO) (Wu et al. 2009). It is required for amassing of miRNAs and 
for slicing the target mRNAs. AGO family members are defined by the presence of 
a PAZ domain and a PIWI domain. The PAZ domain may interface with DCL and 
its interacting proteins to align miRNA on its targets, while the PIWI domain con-
tains the RNase H endonuclease activity required for target cleavage (Cerutti et al. 
2000; Song et al. 2004). The miRNA function is affected by mutations in AGO fam-
ily proteins. This causes phenotypic abnormalities like disorder of axillary shoot 
meristem and leaf development (Bohmert et al. 1998; Vaucheret et al. 2004; Kidner 
and Martienssen 2005).

Plant mRNAs bind to their targets with near-perfect complementarity (Bartel 
2004; Pillai et al. 2004; Aleman et al. 2007). The miRNA-mediated regulation pre-
dominantly operates through transcript cleavage though translational repression has 
also been observed (Aukerman and Sakai 2003; Chen 2004; Bari et  al. 2006; 
Gandikota et al. 2007). It was shown that SQUINT (SQN), the orthologue of immu-
nophilin cyclophilin 40 (Cyp40) in Arabidopsis, is required for miRNA-mediated 
repression by promoting AGO1 activity (Smith et  al. 2009). Some proteins like 
AGO1, AGO10, the microtubule-severing enzyme KATANIN, the decapping com-

7 miRNAs: The Game Changer in Producing Salinity Stress-Tolerant Crops



164

ponent VARICOSE (VCS)/Ge-1, 3-hydroxy-3-methylglutaryl CoA reductase 
(HMG1), sterol C-8 isomerase HYDRA1 (Brodersen et al. 2012) and SUO (Yang 
et al. 2012) are shown to be required for miRNA-mediated translational repression. 
In addition, miRNA and AGO1 are associated with polysomes (Lanet et al. 2009). 
These observations suggested that translational repression is distinct from slicing 
and is more widespread in plants than previously thought. However, the mechanism 
underlying miRNA-mediated translational repression still remains largely unknown 
in plants.

It was hypothesized that regulation of target mRNA by cleavage was important 
in regulating developmental processes, which require permanent determination of 
cell fates. In contrast to on-off switching of cleavage, the mode of translational 
repression enables fine-tuning of targets and might be important in reversible modu-
lation of the negative regulators of stress responses. By repressing translation of 
negative regulators, it is guaranteed that expression of the regulators will reappear 
when the stress disappears and ensures reducing the fitness loss due to prolonged 
stress response activation (Voinnet 2009). This idea was supported by miRNAs con-
trolling phosphate starvation (Sunkar and Zhu 2004) and basal defense against bac-
terial infection (Navarro et al. 2006).

7.4  Salt Stress-Associated miRNAs

To endure the presence of salinity in their sessile way of life, plants have evolved a 
significant level of formative versatility, including adaptations, i.e., exclusion of 
ions through molecular networks. A number of genes and their products in plants 
are influenced because of salinity (Zhu 2002) and the miRNAs have been shown to 
play an important role in this process (Sunkar and Zhu 2004; Fujii et  al. 2005; 
Phillips et al. 2007; Ruiz-Ferrer and Voinnet 2009; Pérez-Quintero et al. 2010; Zhou 
et al. 2010; Meng et al. 2011; Yu et al. 2012; Zheng et al. 2012; Mittal et al. 2016; 
Sharma et al. 2017). Since most of the miRNAs are conserved across plant species, 
it is likely that they may regulate similar targets in all the plants. The targets for the 
conserved miRNAs include several transcription factors (TFs) like MYB, NAC1 
and homeodomain-leucine zipper protein (HD-ZIP) involved in plant development 
and organ formation (Jones-Rhoades and Bartel 2004). Many of these proteins have 
been reported as stress-responsive factors in plants (Fang and Grzymala-Busse 
2006; Xu et al. 2008). In addition, the miRNAs target transcripts of proteins involved 
in diverse metabolic pathways or physiological processes of plants such as NADP- 
dependent malic enzyme and cytochrome oxidase, which are known to be involved 
in the salt stress responses (Cheng and Long 2007; Yan et al. 2005).

The first direct evidence for the involvement of miRNAs in plant stress responses 
came from the work of Jones-Rhoades and Bartel (2004) in Arabidopsis, where they 
identified several novel miRNAs, including miR395 to be upregulated upon sulfate 
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starvation. miR395 targets a low-affinity sulfate transporter, AST68 and three ATP 
sulfurylases (APS1, APS3, and APS4) involved in sulfate assimilation. This was 
followed by the identification of phosphate deficiency-induced expression of 
miR399 with a corresponding decrease in the target ubiquitin-conjugating enzyme 
(UBC) in Arabidopsis (Fujii et al. 2005; Aung et al. 2006; Bari et al. 2006). The 
identification of miR398, which targets two Cu/Zn superoxide dismutases (CSDs), 
linked miRNAs to the ROS pathway (Sunkar et al. 2006). Till date 217 miRNAs 
have been reported in salinity stress in different plant species including Arabidopsis, 
Glycine max, Glycine soja, Gossypium hirsutum, Medicago truncatula, Nicotiana 
tabacum, Oryza sativa, Panicum virgatum, Phaseolus vulgaris, Populus euphratica, 
Saccharum officinarum, Triticum aestivum and Zea mays.

Various miRNAs are differentially regulated under salt stress conditions in dif-
ferent tissues. The miR156, miR158, miR159, miR165, miR167, miR168, miR169, 
miR171, miR319, miR393, miR394, miR396 and miR397 were upregulated, while 
the miR398 was downregulated under salt stress (Liu et al. 2008). In common bean 
miRS1 and miR159.2 were upregulated under salinity stress (Arenas-Huertero et al. 
2009). Similarly salt stress induced miR530a, miR1445, miR1446a-e, miR1447 and 
miR171l-n expression and downregulated miR482.2 and miR1450 in P. trichocarpa 
(Lu et  al. 2008). In our lab about 23 new miRNA sequences were cloned from 
salt stressed basmati rice variety (Sanan-Mishra et al. 2009). In artichoke, expres-
sion level of miR159 and miR319 increased after salt treatment (De Paola et  al. 
2012). High-throughput sequencing and bioinformatics analysis identified ten miR-
NAs in rice inflorescences that were involved in the response to salt stress (Barrera- 
Figueroa et al. 2012).

The comparative analysis of salt-tolerant and salt-sensitive maize roots showed 
that miR156, miR164, miR167 and miR396 families were downregulated, although 
miR162, miR168, miR395, and miR474 families were upregulated in salinity. The 
analysis suggested gene networks that manage and cope up with abiotic stresses 
(Ding and Zhu 2009). The comparative and integrated analysis of miRNAs and their 
targets were used to obtain a global picture of the regulatory networks operative in 
salt-susceptible and salt-tolerant rice varieties (Goswami et al. 2017). It was seen 
that salt stress induced the expression of a large number of miRNAs in the salt- 
tolerant rice while repressed the expression of several miRNAs in salt-sensitive rice. 
The upregulation of the miRNAs seemed to play an important role in enhancing the 
tolerance of the plants to salt stress. By comparing the data within the genetically 
similar backgrounds using the Gly-transgenics in which salt tolerance was artifi-
cially engineered, the changes in the regulatory networks are apparent (Tripathi 
et al. 2017). It also indicates that manipulating one pathway alone may not be suf-
ficient to completely alter the physiology of the plants (Goswami et al. 2017). The 
detailed expression profile of Osa-miR820 was compared across various tissues of 
two indica rice cultivars exhibiting a contrasting response to salt stress (Sharma 
et al. 2015a). Recently, it was shown to be downregulated under arsenic stress in 
two contrasting arsenic-responsive rice cultivars (Sharma et al. 2015b).
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Moreover contrasting behavior of conserved miRNAs was observed in different 
plant species. For example, the salt-induced deregulation of miR167 is known in 
Arabidopsis but not in rice (Sunkar and Zhu 2004; Lv et al. 2010). Using NGS tech-
nology and bioinformatics tools, around 130 conserved miRNAs belonging to 95 
miRNA families were found to be differentially expressed under various stress (Li 
et al. 2011).

Analysis of individual family members showed that Tas-miR169g and Tas- 
miR169n demonstrated improved expression under salt response. This downregu-
lated the expression of its target transcript nuclear factor Y subunit A (NF-YA), a 
transcription factor that was previously shown to be downregulated in drought- 
affected wheat leaves (Stephenson et al. 2007). The authors reported a cis-acting 
ABA-responsive element (ABRE) in the upstream region of Tas-miR169n, which 
suggested that its expression may be ABA regulated (Zhou et al. 2010). Ath-miR398 
was downregulated under salt stress leading to upregulation of CSD1 and CSD2, 
which probably helps in maintaining cellular oxygen metabolism (Jagadeeswaran 
et al. 2009). Likewise the putative targets for salt stress deregulated artichoke miR-
NAs, Cca-miR397 and Cca-miR399, are homologous to members of laccase gene 
family (De Paola et al. 2012). It has been reported that the expression level of lac-
case genes is enhanced by high concentrations of NaCl in tomato, maize and 
Arabidopsis roots (Cai et al. 2006; Liang et al. 2006; Wei et al. 2000).

Several other studies unraveled the overlapping regulation of miRNAs by stress 
and hormonal signaling as exemplified by the induction of miR159 by the stress 
hormone ABA under drought condition (Reyes and Chua 2007). Recently, it was 
shown that expression of Osa-miR393 was downregulated under salt stress and its 
overexpression in rice negatively regulated the salt-alkali stress tolerance of the 
plant (Gao et al. 2011a, b). Moreover levels of this miRNA are altered in response 
to many heavy metals like aluminum (Lima et al. 2011), arsenite (Liu et al. 2012; 
Yu et al. 2012), cadmium (Huang et al. 2009; Ding et al. 2011), etc.

In rice, expression profiling analysis employing stem-loop reverse transcription 
quantitative PCR was used to identify the expression patterns of 41 miRNAs in 
response to drought, salt, cold, or ABA treatments (Shen et al. 2010). In another 
study comparison of the expression profiles between drought-tolerant N22 and 
drought-sensitive PB1 identified miRNAs with variety-specific expression patterns 
during phase transition (miR164, miR396, miR812 and miR1881) as well as drought 
stress (Kansal et  al. 2015). Many of these miRNAs are also deregulated by salt 
stress, indicating an evolution of a regulatory mechanism in regulating rice inflores-
cence development under stress.

Crucial role for miRNAs in maintaining the target gene expression under stress 
is also indicated by overexpression studies. The drought and salinity stress-induced 
miR393 targets an auxin transporter gene (OsaUX1) and a rice tiller inhibitor gene 
(OsTIR1). Transgenic rice plants overexpressing miR393 showed an increase in til-
lers and early flowering, together with decreased tolerance to salt and hypersensi-
tiveness to auxin (Xia et  al. 2012). Under salt  stressed condition, expression of 
Osa-miR396c also decreased in ABA-dependent manner and overexpression of the 
miRNA resulted in reduced salt stress tolerance (Gao et al. 2011a, b).
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7.5  Application of miRNAs in Crop Improvement

miRNAs are indispensable for the sustenance of proper growth and development. 
They act in a precise manner to rapidly coordinate the gene expression by elevation 
or reduction in the expression of specific genes. They also regulate key signaling 
components by directly or indirectly influencing the cellular machinery to respond 
to the incoming stress. miRNA-based gene manipulation strategies are being exten-
sively applied in functional genomics to achieve various qualitative or quantitative 
effects. If the candidate miRNA is a positive regulator for a negative or undesirable 
trait, then the strategy includes miRNA overexpression for knocking out the tar-
geted pathway. This may be achieved by overexpressing the natural precursor 
sequence or by engineering an existing pre-miRNA sequence to generate artificial 
miRNAs (amiRs). On the contrary, if miRNA controls a favorable trait, then the 
approach involves generating cleavage-resistant miRNA target transcripts or 
employing artificial target mimics to bypass the miRNA regulation.

Studies on miRNAs have identified specific molecules that can be easily manipu-
lated to regulate the plant phenotypes. It is well known that sulfur is indispensable 
for the growth and development of plants. Its limitation or starvation induces the 
expression of miR395 to bring down the levels of ATP sulfurylases and sulfate 
transporter. Temporal and spatial expression of miR395 can be modulated to regu-
late the sulfate metabolism pathway so that plants can survive in low sulfur- 
containing soils. Another excellent example is that of miR398, which is 
downregulated under stress such as drought, salt and bacterial infection, resulting in 
upregulation of its target genes CSD1 and CSD2 (Jagadeeswaran et  al. 2009). 
Superoxide dismutases sequester reactive oxygen species and protect plant from 
damage.

There are some excellent studies on the manipulation of miRNAs to meet the 
agriculture demands. The expression of miR399f is induced by salt and ABA treat-
ment (Jia et al. 2009). Transgenic Arabidopsis overexpressing miR399f displayed 
tolerance to salt stress and ABA treatment, but were hypersensitive to drought (Baek 
et al. 2016). Similarly drought stress downregulates miR169 to upregulate its target 
nuclear factor YA5 (NF-YA5). Transgenic plants overexpressing NF-YA5 showed 
enhanced drought tolerance, while plants overexpressing miR169a were more sen-
sitive to drought stress (Li et al. 2008). Similar observation was found in the case of 
soybean, where overproduction of GmNFYA3 gene, a newly identified target gene 
for miR169a, leads to improved drought tolerance (Ni et al. 2013), though the salin-
ity tolerance was reduced (Ni et al. 2013).

The role of miRNA-mediated regulation was also observed in the case of biotic 
stress. miR393 negatively regulates a F-box auxin receptor, TIR1, which was 
reported to promote resistance against Pseudomonas syringae. Overexpression of 
miR393 in Arabidopsis showed increased resistance but with some developmental 
abnormalities (Navarro et al. 2006). Fungal resistance against Magnaporthe oryzae 
was demonstrated due to overexpression of Osa-miR7696 (Campo et al. 2013).
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The functional knowledge of the miRNAs under manipulation is a prerequisite to 
these strategies as it may affect plant morphology. This was observed in the case of 
cold stress-downregulated miR319. Its targets OsPCF5, OsPCF6, OsPCF7, OsPCF8 
and OsTCP21 were upregulated under stress (Sunkar and Zhu 2004; Liu et al. 2008; 
Lv et  al. 2010). The overexpression of Osa-miR319 led to increased cold stress 
tolerance, but the plants had developmental defects. To avoid this effect, two RNAi 
lines for OsPCF5 and OsTCP21 were generated which showed better cold tolerance 
than wild-type controls. Another study identified miR396 and its targets GRF 
(growth-regulating factor) to be involved in the cell division and differentiation dur-
ing leaf development in Arabidopsis (Wang et al. 2001; Jones-Rhoades and Bartel 
2004). Due to repression of the expression of GRF genes, transgenic plant shows 
narrow-leaf phenotypes because of reduction in cell number and it became the cause 
for lower stomatal density. However this made the transgenic plants more tolerant 
to drought (Liu et al. 2009). Overexpression of miR396 in tobacco also confirmed 
that miR396 plays important roles not only in leaf development but also in drought 
tolerance of plants (Yang and Yu 2009).

The basic molecular mechanism of miRNAs can be employed to enhance the 
agriculture traits. Improving grain yield is a major concern for agriculture scientists 
and this area needs to exploit the miRNA technology. Several miRNAs have been 
reported to be involved in regulating grain yield in crop plants. miR397 is one such 
molecule which increases grain yield by downregulating the OsLAC gene. It was 
recently shown that plants overexpressing Os-miR393 showed high tillering and 
early flowering (Jiao et al. 2010), but these plants were more susceptible to drought 
as well as salt stress (Xia et al. 2012). Later it was demonstrated that overexpression 
of Os-miR397 enhanced brassinosteroid signaling which in turn increased grain 
yield (Zhang et al. 2013). OsSPL14 (squamosa promoter binding protein-like 14), a 
master regulator of plant architecture, is targeted by Os-miR156. Thus, miR156 
overexpression increases the leaf and tiller initiation rates (Xie et  al. 2012). In 
another case miR444a was shown to interact with OsMADS57, OsTB1(TEO- 
SINTEBRANCHED1) and D14 (Dwarf14), which regulated tillering in rice thereby 
directly affecting the grain yields (Guo et al. 2013).

The miR156 is an excellent candidate for increasing plant biomass and altering 
their  lignin content (Schwab et  al. 2005; Fu et  al. 2012; Rubinelli et  al. 2013). 
Overexpression of the maize Corngrass1 (Cg1) miRNA that belongs to the miR156 
family caused prolonged vegetative phase and delayed flowering (Chuck et  al. 
2011) resulting in increased biomass. The transgenic plants also showed up to 250% 
more starch and improved digestibility indicating their use in biofuel production. It 
was shown that miR156 regulates SPL transcription factor which promotes tran-
scription of miR172 (Wu et al. 2009), to target Apetala 2 (AP2) gene, a crucial regu-
lator of flower development (Mehrpooyan et al. 2012; Liu et al. 2013). Thus relative 
expression levels of miR156 and miR172 can be regulated to control juvenile-to- 
adult phase transitions to obtain plants of a specific developmental stage as per the 
requirement of the biofuel industry (Galli et al. 2014; Jeong et al. 2013; Wei et al. 
2009; Zeng et al. 2012).
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Likewise miR164 which targets NAC and MYB transcription factors (Johnson 
et al. 2014) to regulate plant development and metabolic processes and also response 
to drought and salt stress (Wei et al. 2009) can be manipulated for obtaining plants 
with enhanced tolerance to stress and high yield feedstock for biofuel purposes. 
Parthenocarpy or seedlessness is a highly desirable agronomic trait that can be 
achieved by manipulating phytohormone (specially auxins and gibberellins) by 
controlling activities of miRNAs or their targets.

7.6  Concluding Remarks

Salinity stress severely affects plant growth development and research during the 
last few decades has unraveled several aspects of the molecular mechanisms con-
trolling the salt stress tolerance. Many traits related to salt stress response have been 
identified and have been effectively employed for engineering stress tolerance in 
model plants. The discovery of miRNAs as potent regulators of gene expression 
added a new dimension to the regulatory modules. This also provided novel gene 
manipulation tools for successfully improving crop yield under salt  stress 
conditions.

It is thus envisaged that the basic knowledge on molecular genetic resources 
including mutation analysis, gene discovery and genome-wide association studies 
along with the understanding of the miRNA-mediated regulation of genetic net-
works will provide acceptable alternatives to classical plant breeding and transgenic 
methods for improving plant responses to salt stress. Understanding the regulation 
of genetic reprogramming will enable us to understand the link between changes in 
morphology and salt stress tolerance. It is imminent that research on miRNAs will 
showcase them as the game changer in producing salinity stress-tolerant crops.
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Chapter 8
Genomic Roadmaps for Augmenting 
Salinity Stress Tolerance in Crop Plants

P. Suprasanna, S. A. Ghuge, V. Y. Patade, S. J. Mirajkar, and G. C. Nikalje

Abstract Serious antagonistic impacts of saline environment on plant growth, 
development, and yield are well established. In this regard, researchers and breeders 
have been utilizing many conventional as well as modern approaches to aid the pro-
cess of developing salt-tolerant crops. Biotechnological tools have made the task of 
engineering salinity tolerance in plants easier. Currently, two major annexes are 
effectively employed to develop salt-tolerant crops, first, investigation of genetic 
variation via marker-assisted selection (MAS) and second the transgenic technology. 
Sustenance of plants under dynamically growth-limiting saline environment depends 
on alterations and/or switching between multiple biochemical pathways involved in 
response. A number of key regulatory genes have been successfully identified and 
characterized in this context which can be explored to serve the purpose of alleviation 
in salt-tolerant nature of plants. Several genomics-abetted approaches have been 
reported aiming toward improvement in growth and yield of crops under saline envi-
ronment. Present chapter focuses on genomic roadmaps for augmentation of crop salt 
tolerance by various methods including MAS, transgenic breeding, manipulations in 
small non-coding RNAs, and genome editing. These approaches utilize key players 
involved in salinity-mediated plant defense mechanisms, such as ion transporters, 
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osmolytes, antioxidants, transcription factors, signaling proteins, and microRNA. 
The chapter attempts to summarize the effective targets and exploration of these key 
entities to raise salt-tolerant plants through various genomics-related tools.

Keywords Marker assisted selection · Ion transporters · Osmolytes · Antioxidants 
· Transcription factors · microRNA · Transgenics

Abbreviations

AFLP Amplified fragment length polymorphisms
AOX Alternate oxidase
APX Ascorbate peroxidase
AtNHX1 Na+/H+ antiporter
CaM calmodulin
CAT Catalase
CBL Calcineurin B-like proteins
CDPKs Calcium-dependent protein kinases
CML CaM-related proteins
GPX Glutathione peroxidase
ILs Introgression lines
MAS Marker-assisted selection
MQTL Meta-QTL
mt1D Mannitol-1-phosphate dehydrogenase
P5CS delta1-pyrroline-5-carboxylate synthetase
QTL Quantitative trait loci
RAPD Random amplified polymorphic DNA
RFLP Restriction fragment length polymorphisms
RNAi RNA interference
SNPs Single nucleotide polymorphisms
SOD Superoxide dismutase
SOS Salt overly sensitive
SSR Simple sequence repeats
STMS Sequence-tagged microsatellite site
TFs Transcription factors
TPSP Trehalose-6-phosphate synthase/phosphatase

8.1  Introduction

Among the abiotic stresses, salinity stress is one of the most important environmen-
tal factors which considerably affect plant growth and productivity. Salinity affects 
about one third of the world’s irrigated land (Munns and Tester 2008), and it 
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negatively influences water and nutrient homeostasis within living tissues. The del-
eterious effects on agricultural crops primarily include growth reduction and yield 
loss. In this context, both the conventional and modern crop improvement approaches 
are employed to facilitate development of novel genetic resources for use in direct 
or indirect breeding for improving salinity tolerance in crop plants. Currently, a 
wide range of mutational, biotechnological, and genomics-assisted tools are avail-
able which are more or less focused on gene discovery and boosting up the process 
of novel gene introduction or modification (Nongpiur et al. 2016).

Apparently, two main approaches are used to improve and impart salinity toler-
ance in crop plants. The first is through exploring natural genetic variation, either 
through selection under stress conditions or through quantitative trait loci (QTL) 
followed by marker-assisted selection (MAS). The other one is through transgenic 
technology by modifying the expression of endogenous genes or introducing novel 
genes (of plant or non-plant origin) to impart stress tolerance. Crop improvement 
via conventional breeding approaches has yielded limited success due to complexity 
of the trait since the process is time and labor intensive and requires well-character-
ized germplasm. In this regard, genetic engineering methods have become useful to 
develop transgenic crops tolerant to abiotic stresses (Yamaguchi and Blumwald 
2005). The primary step before proceeding to make transgenics is the identification 
of functional and regulator genes serving to control different metabolic pathways, 
including ion homeostasis, antioxidant defense system, osmolyte synthesis, and 
other signaling pathways.

Salt stress increases ion toxicity and also affects uptake and movement of other 
essential nutrients such as potassium in the cell. This may occur either in a mono-
phasic or biphasic manner depending on the duration and extent of exposure to 
saline conditions. A short exposure usually leads to osmotic or oxidative stress 
which would be followed by ionic stress upon long- term exposure (Munns and 
Tester 2008). To sustain under such dynamic growth- limiting situations, plants need 
to incur switching between multiple biochemical pathways that are much more 
complex when combined with other biotic and abiotic stresses. A general view of 
plant responses to salinity stress is presented in Fig. 8.1.

Significant progress has been made in the identification of genes involved in 
plant salt-stress responses (Hanin et  al. 2016). Till date, a number of key genes 
involved in salinity tolerance have been isolated, characterized, and validated by 
using different transgenic methods. The candidate genes for salt tolerance are 
 categorized into genes with functional and regulatory role (Shinozaki et al. 2003). 
The first group includes those involved in osmolyte biosynthesis, ion transporters, 
water channels, antioxidant systems, sugars, polyamines, heat shock proteins, and 
late embryogenesis abundant proteins. The second group are involved in the regula-
tion of transcriptional and posttranscriptional machinery besides genes of signaling 
pathways. Some of these are transcription factors (TFs), protein kinases and phos-
phatases. In addition, there are several other strategies for attaining abiotic stress 
tolerance which are being tested for salt tolerance such as, using the stress-inducible 
promoters to avoid the pleiotropic effects (Checker et al. 2012), employing the pro-

8 Genomic Roadmaps for Augmenting Salinity Stress Tolerance in Crop Plants
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tein post-translational modifications such as ubiquitination (Lyzenga and Stone 
2012; Guo et al. 2008) and the use of halophyte gene resources.

Several state-of-the-art genomics-assisted approaches (Fig. 8.2), such as trans-
genic overexpression, RNAi, microRNA, genome editing, and genome-wide asso-
ciation studies, are being used for improving salt tolerance in crop plants (Mickelbart 
et al. 2015; Nongpiur et al. 2016). Overexpression of these genes has been shown as 
a successful strategy to improve plant tolerance to different abiotic stresses includ-
ing salinity (Türkan and Demiral 2009; Cominelli et al. 2013; Hanin et al. 2016). In 

Salinity stress
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Signal sensing
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Fig. 8.1 Mechanistic view of plant responses to salinity stress
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this article, we present an overview of the different genomics-based molecular 
genetic approaches (marker-assisted selection and transgenic breeding) that have 
contributed to improve the salt tolerance in crop plants.

8.2  Marker-Assisted Selection for Enhancement of Crop 
Salinity Stress Tolerance

Despite of availability of broad genetic resources, the slow progress in the genetic 
improvement for salt tolerance through conventional breeding is attributed to the 
complex nature of the trait accompanied with the high environmental influence and 
requirement of huge experimental fields (Flowers and Yeo 1997; Munns 2002; 
Thomson et al. 2010; Munns and Tester 2008). Further, phenotypic screening for 

Fig. 8.2 Genomics-based roadmaps for improving plant salt tolerance
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salinity tolerance in the large sample population has remained a big challenge 
through the laborious conventional techniques (Mantri et al. 2014).

Marker-assisted selection (MAS) is a new precision breeding tool that allows the 
indirect and accurate selection for a desired trait from breeding population based on 
tightly linked molecular markers, viz., restriction fragment length polymorphisms 
(RFLP), amplified fragment length polymorphisms (AFLP), random amplified 
polymorphic DNA (RAPD), simple sequence repeats (SSR) or microsatellites, 
sequence-tagged microsatellite site (STMS), single nucleotide polymorphisms 
(SNPs), etc. It enables rapid and accurate screening for complex and polygenic 
traits which are difficult to score phenotypically through mapping or tagging of the 
trait linked quantitative trait loci (QTL). The successful applications of molecular 
marker-assisted breeding have proved its enhanced efficiency and accuracy in 
improved biotic and abiotic stress tolerance in rice and several other important crops 
(Singh et al. 2012; Ellur et al. 2016; Babu et al. 2017a, b). MAS offers advantage 
over the other genetic improvement tools as having relaxed biosafety regulations at 
development, field testing, commercial release, and import/export of the developed 
improved genotypes as well as their wider public acceptance.

Among field crops, rice being an important global staple food crop, considerable 
progress has been made for molecular breeding for improvement in tolerance to 
abiotic stresses such as salinity stress (Table 8.1). Through rigorous research on 
molecular breeding programs, the molecular marker maps for important agricultural 
crops have been constructed with varying density among the species. For develop-
ment of molecular breeding tools, sources for abiotic stress tolerance have been 
identified through rigorous screening of genotypes in various crops. Ravikiran et al. 
(2017) identified two rice genotypes, CST 7–1 and Arvattelu as source for seedling- 
stage salinity tolerance, based on screening of 192 diverse genotypes under salinity 
stress (EC ∼ 12 dS m−1) using morphophysiological markers. Screening of the gen-
otypes with SSR markers associated with Saltol region on chromosome 1 revealed 
RM 493 and RM 10793 as good candidates for marker-assisted selection of seedling- 
stage salinity tolerance. Linh et al. (2012) reported improved salt tolerance in high- 
yielding Bac Thom 7 rice cultivar through introgression of the Saltol QTL from 
donor parent FL478. The microsatellite markers, viz., RM493 and RM3412b tightly 
linked to the Saltol QTL, were used for foreground selection. The selected back-
cross lines displayed salt tolerance with agronomic performance similar to that of 
the original Bac Thom 7. The marker-assisted selection enabled rapid and efficient 
background (for the recurrent parent genome) and foreground (for target locus 
Saltol) selections in early generations with minimum linkage drag.

Another study by Babu et al. (2017a) reported use of marker-assisted backcross-
ing to transfer seedling-stage salt-stress tolerance by transferring a QTL, Saltol, into 
an elite salinity-sensitive rice cultivar Pusa Basmati 1121. RM 3412 STMS marker 
linked tightly to the QTL was used for indirect foreground selection. Back cross 
(BC) lines homozygous for the QTL were advanced to develop four improved near 
isogenic lines (NILs) of PB1121 with the salt tolerance. The field evaluation con-
firmed effect of QTL integration into the improved NILs in terms of greater salt 
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Table 8.1 Successful examples of breeding for salinity stress tolerance through marker-assisted 
selection

Sr. 
No.

Crop 
species

Type of DNA 
marker

Donor 
source QTL/Allele

Mapping 
population

Tolerance 
achieved References

1 Rice SSR FL478 qSaltol Back cross Improved salt 
tolerance in 
high- yielding 
cultivar bac 
Thom 7

Linh et al. 
(2012)

2 Rice SSR FL478 qSaltol Back cross Improved salt 
tolerance in 
BRRI dhan49

Hoque 
et al. 
(2015)

3 Soybean SSR Tolerant 
wild 
accession 
JWS156–1

Ncl Back cross Improved salt 
tolerance in 
salt- sensitive 
soybean 
cultivar 
Jackson  
(PI 548657)

Do et al. 
(2016)

4 Rice Sequence- 
tagged 
microsatellite 
site (STMS)

FL478 qSaltol NIL Salt tolerance 
in sensitive 
Pusa Basmati 
1121

Babu et al. 
(2017a)

5 Rice SNP Hasawi qSESI12.1 
and 
qSESF12.1

RIL Seedling- 
stage salt 
tolerance in 
RIL with 
IR29

Bizimana 
et al. 
(2017)

6 Rice SNP DJ15 qST1.2 and 
qST6

RIL/NIL Seedling salt 
tolerance 
enhanced in 
sensitive 
japonica rice 
variety 
Koshihikari

Quan et al. 
(2018)

tolerance at seedling stage and similar or better performance for other agronomic 
traits than the recurrent parent.

Recently, De Leon et al. (2017) utilized SSR and SNP markers to characterize 
introgression lines (ILs) of a high salinity-tolerant donor line Pokkali in an elite 
highly salt-sensitive rice cultivar Bengal and to further identify QTLs for traits con-
tributing to salinity stress tolerance. As expected, because of abundance, more num-
ber of QTLs were detected using SNP markers than the SSR. The study emphasized 
marker-assisted breeding through introgression of salt injury score (SIS) QTLs, in 
addition to other major QTLs Saltol or qSKC1, for improved salinity tolerance. The 
identified tolerant ILs can be used as donor breeding lines for selective transfer of 
salinity tolerance without any linkage drag of undesirable traits from Pokkali to 
other recipient-sensitive varieties as well as for mapping and further positional clon-
ing of the genes responsible for the trait.
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Babu et  al. (2017b) identified seedling-stage salt-tolerant indica landraces 
(Badami, Shah Pasand and Pechi Badam), Oryza rufipogon accessions (NKSWR2 
and NKSWR17) and one each of Basmati rice (second Basmati) and japonica cul-
tivars (Tompha Khau) based on phenotypic screening under hydroponics. The salt 
tolerance level was similar to that of high salt-tolerant genotypes Pokkali and 
FL478. Molecular diversity study of the diverse rice genotypes using polymorphic 
SSR markers linked with Saltol QTL revealed weak linkage disequilibrium-LD, 
suggesting its low usefulness in MAS, if the target foreground markers chosen are 
wide apart. LD mapping identified markers (RM10927, RM10871) linked with 
QTLs associated with salt tolerance traits. The study also identified Saltol marker, 
RM27, positioned on chromosome 10, associated with root Na/K ratio.

Efforts are also being made to identify novels QTLs for salinity tolerance from 
different sources in rice and other crops. The enhanced salt tolerance can be achieved 
through pyramiding of different novel QTLs in one genetic background through 
MAS. Bizimana et al. (2017) used Hasawi rice genotype, which conferred seedling- 
stage salinity tolerance due to novel QTLs other than Saltol, as a source to develop 
300 recombinant inbred lines with high-yielding salt-sensitive cultivar-IR29. 
Further for identification of QTLs linked to salinity tolerance, a genetic linkage map 
was constructed using 194 polymorphic SNP markers. The study reported identifi-
cation of 20 new QTLs on different chromosomes for salt tolerance through com-
posite interval mapping.

In addition to rice, efforts are also being made for analysis of QTLs for breeding 
salt tolerance in other crops. In cotton, Zhao et al. (2016) identified salt-tolerant and 
salt-sensitive upland cotton cultivars through screening based on seedling emer-
gence rates in response to 0.3% salt-NaCl. Seventy-four SSR markers were used to 
scan the genomes of these diverse cultivars, and eight markers associated with salt 
tolerance were identified through association analysis for further application in 
marker-assisted breeding. Similarly, Kere et  al. (2017) screened salt-sensitive- 
11439S and salt-tolerant-11411S inbred parental lines with SSR markers to identify 
the QTLs for application in MAS for breeding salinity tolerance in cucumber. The 
analysis confirmed significant association of SSR markers with salt tolerance traits 
such as survival rate, relative leaf numbers, and percent green leaves, and salinity 
tolerance was evaluated by visual scoring. Recently, Luo et al. (2017) made efforts 
to map the critical QTLs contributing to salt tolerance in field-grown mature maize 
plants using a permanent doubled-haploid (DH) population and high-density SNP 
markers. Major QTLs responsible for salt tolerance and two candidate genes involv-
ing in ion homeostasis were mapped on chromosome 1. The mapped QTLs can be 
used in breeding salt-tolerant maize varieties through MAS.

Physiological and molecular studies on tolerance to various abiotic (ionic and/or 
osmotic stresses), viz., salinity, drought, etc., have revealed stress-specific as well as 
shared stress adaptation mechanisms, highlighting the complexity of stress response 
and adaptation in plants. In view of this, meta-QTL (MQTL) for tolerance to abiotic 
stresses including drought, salinity, and water logging through meta-analysis in bar-
ley has been recently projected (Zhang et  al. 2017). The study conducted meta- 
analysis to detect and map the major QTL for drought, salinity, and water logging 

P. Suprasanna et al.



197

tolerance from different mapping populations on the barley physical map. Fine- 
mapped QTL for the stress tolerance were validated on MQTLs for further success-
ful MAS in barley breeding.

8.3  Transgenic Breeding: Functional Genes Conferring 
Salinity Tolerance

8.3.1  Ion Transporters

In general, plants cannot withstand high salt concentration although the plant spe-
cies differ in their mode of responses to the external salt exposure. Several distinct 
responses are generated in the plants to avoid high-salinity-induced harmful effects. 
One of the most distinguishing responses is avoiding salinity stress by compartmen-
tation and the exclusion of detrimental ions like Na+ and Cl− from tissues that are 
very sensitive like the mesophyll and their relocation into the apoplast or vacuole 
(Sperling et al. 2014). Confinement of harmful ions within a root or apoplastic zone 
and maintainance of high K+/Na+ ratio are the major tolerance strategies for salt 
tolerance (Shabala and Cuin 2008).

Ion transporters are key players in maintaining ion homeostasis and in salt detox-
ification processes (Serrano et al. 1999; Hasegawa 2013). Various salts are present 
in soil out of which sodium chloride (NaCl) is the most significant. The Na+/H+ 
antiporter predominantly transports Na+ ion from cytoplasm to the vacuole. 
Therefore, overexpression of genes that are involved in Na+ transport was studied to 
a great extent with considerable success. Vacuolar Na+/H+ antiporter (AtNHX1) 
from the Arabidopsis was among the first and most studied gene. In Arabidopsis salt 
tolerance was conferred by overexpressing vacuolar Na+/H+ antiporter (Apse et al. 
1999). Following with this initial success, many events were reported where trans-
genic plants exhibited higher potential for vacuolar sequestration of Na+ that subse-
quently avoid its harmful buildup into the cytoplasm. For example, overexpression 
of AtNHX1 and other NHX proteins from various hosts in many other plant species 
like tomato, B. napus, wheat, and cotton has been shown to increase salt tolerance 
(Zhang and Blumwald 2001; Zhang et al. 2001; Xue et al. 2004; He et al. 2005; 
Munns and Tester 2008). Vacuolar-type H+-ATPase and the vacuolar pyrophospha-
tase are the two types of H+ pumps that are present in vacuolar membrane (Dietz 
et al. 2001; Otoch et al. 2001; Wang et al. 2001). Overexpression of genes from 
wheat (Triticum aestivum) TaNHX1 and H+-pyrophosphatase (TVP1) resulted in 
improved salinity stress tolerance in Arabidopsis (Brini et  al. 2007a). Similarly 
improved tolerance to salt stress was found in tobacco (Gouiaa et  al. 2012) and 
tomato (Gouiaa and Khoudi 2015) by overexpression of Na(+)/H(+) antiporter 
H(+)- pyrophosphatase. On the other hand, the HKT gene family has a major role in 
preventing Na+ ion toxicity in shoots by root-to-shoot partitioning of Na+. The sig-
nificant role of HKTs in Na+ transport in plants makes them promising candidates to 
enhance salinity tolerance. The identification of the wheat HKT1 (TaHKT2;1) gene 
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(Schachtman and Schroeder 1994; Rubio et al. 1995) has steered the study of many 
HKT genes from several other crops (Horie et al. 2009). Moller et al. (2009) shown 
that targeted overexpression of AtHKT1;1 in the stele enhances salt tolerance in A. 
thaliana. Lately, Do et  al. (2016) showed a close syndicate between the higher 
expression of the Ncl gene (homologous to the Na+/H+ antiporter gene family) in the 
root, the lesser buildup of Na+, K+, and Cl− in the shoot under salt stress. 
Overexpression of Ncl into a Japanese soybean cultivar Kariyutaka resulted in 
enhanced salt tolerance (Do et al. 2016).

Growing evidence was found on the role of salt overly sensitive (SOS) stress sig-
naling pathway in ion homeostasis and salinity tolerance (Sanders 2000; Hasegawa 
et  al. 2000). Most of the SOS signaling pathway was reported to be involved in 
exportation of Na+ out of the cell. The SOS signaling pathway includes three main 
proteins, namely, SOS1, SOS2, and SOS3. Plasma membrane-localized Na+/H+ anti-
porter (SOS1) is also known as NHX7 (Qiu et  al. 2002). SOS2 (serine/threonine 
kinase) activated by salt stress elicited Ca+ signals, while SOS3 protein is a myris-
toylated Ca+ binding protein (Liu et al. 2000; Ishitani et al. 2000). Arabidopsis plants 
overexpressing genes for SOS1, SOS3, AtNHX1  +  SOS3, SOS2  +  SOS3, or 
SOS1 + SOS2 + SOS3 resulted in improved tolerance to salt stress (Yang et al. 2009). 
Similarly, Kumar et al. (2009) have shown that salinity stress tolerance in Brassica 
is correlated with transcript abundance of the genes related in SOS pathway.

8.3.2  Osmolytes

Osmolytes are small organic compounds having a protective role. Osmolytes are 
important for two functional roles: osmotic adjustment at high concentrations; and 
it plays unknown protective role at lower concentrations. Under salt-stress condi-
tions, plant cell accumulates various osmolytes along with Na+ exclusion from the 
cytoplasm, to counter the osmotic pressure of harmful ions in vacuoles. Osmolytes 
like proline, glycine betaine, and sucrose accumulating upon salt stress in many 
plant species including halophytes are well studied and characterized (Flowers et al. 
1977). Table 8.2 presents some of the successful examples of transgenic plants 
developed using different osmolyte genes.

Hu et al. (2015) found experimental evidences for the accumulation of sugars 
and amino acids. Particularly, sucrose and trehalose sugar and amino acids like 
proline, valine, glutamate, asparagine, glutamine, phenylalanine, and lysine accu-
mulated under salt-stress conditions. Also, sugars like sucrose and pinitol are accu-
mulated more in leaves, while starch accumulated in roots under salinity stress 
conditions. It has been found that these sugars (pinitol and sucrose) and starch can 
also increase in nodules under salt stress (Bertrand et  al. 2015). Similarly, 
Boriboonkaset et al. (2013) found enrichment of soluble starch and soluble sugar in 
flag leaf of Pokkali genotype (salt tolerant) of rice which may have alternative role 
in osmotic adjustment in salt defense mechanism. In tomato plants, jasmonic acid 
and nitric oxide when applied exogenously, either individually or in combination, 
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Table 8.2 Example of functional genes used in the improvement of salt-stress tolerance of crop 
plants

Possible role Gene(s) Donor
Transgenic 
plant References

Proline biosynthesis P5CS Arabidopsis Tobacco Kishor et al. (1995)

Proline biosynthesis P5CS Vigna 
aconitifolia

Tobacco Hong et al. (2000)

Proline biosynthesis P5CS Moth bean Rice Su and Wu (2004)

Proline biosynthesis P5CS Phaseolus 
vulgaris

Arabidopsis Chen et al. (2013)

Proline biosynthesis P5CSF129A Sorghum 
bicolor

Sorghum Reddy et al. (2015)

Glycine betaine 
Biosynthesis

codA E. coli Rice Sakamoto et al. (1998)

Mannitol biosynthesis mt1D E. coli Tobacco Tarczynski et al. (1992)

Mannitol biosynthesis mt1 E. coli Wheat Abebe et al. (2003)

Vacuolar sequestration 
of Na + and K+

TNHX1 and H(+)- Triticum Arabidopsis Brini et al. (2007a)

PPase TVP1 Triticum 
aestivum

Tobacco Gouiaa et al. (2012)

Vacuolar sequestration 
of Na + and K +?

Na+/H+ antiporter Arabidopsis Tomato Zhang and Blumwald 
(2001)AtNHX1

Brassica 
napus

Zhang et al. (2001)

Wheat Xue et al. (2004)

Cotton He et al. (2005)

Vacuolar H + −pyrophosphatase Cotton Pasapula et al. (2011)

Membrane-bound 
proton pump

(AVP1) AtNHX + AVP1 Arabidopsis Barley Schilling et al. (2013)

Cotton Shen et al. (2014)

Tomato Gouiaa and Khoudi 
(2015)

Homologous to NHX 
gene family

Ncl Glycine max Soybean Do et al. (2016)

Enhanced salinity 
tolerance

AtNHX1 and SOS Arabidopsis Arabidopsis Yang et al. (2009)

Tolerance against salt 
and chilling stress

Glutathione 
S- transferase(GST)

Tobacco Tobacco Roxas et al. (1997)

Glutathione peroxidase 
(GPX)

ROS-scavenging Ascorbate peroxidase 
(AtAPX)

Arabidopsis Tobacco Badawi et al. (2004)

Higher activity of SOD Cytosolic copper/zinc 
superoxide dismutase 
(CuZnSOD)

Avicennia 
marina

Rice Prashanth et al. (2008)

SOD and APX Cu/Zn sod (cytsod) Spinacia 
oleracea

Toabcco Faize et al. (2011)

Activity Cytosolic apx1 (cytapx) Pisum 
sativum

Osmoprotection Late embryogenesis 
abundant protein 
(HVA7)

Hordeum 
vulgare

Rice Xu et al. (1996)

(continued)
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helped to boost the proline, flavonoid, and glycine betaine synthesis under NaCl salt 
treatments (Ahmad et al. 2018).

Engineering plants by overexpressing the osmolytes was considered as one of 
the ways to enhance salt tolerance in plants. In Arabidopsis, knockout of the P5CS1, 
a key gene in proline biosynthesis, which encodes a delta1-pyrroline-5-carboxylate 
synthetase (P5CS), impairs proline synthesis resulting in salt hypersensitivity 
(Székely et al. 2008). P5CS transformed in tobacco and rice has shown increased 
proline production, linked with increased salt-stress tolerance (Kishor et al. 1995; 
Su and Wu 2004). Also, transgenic rice expressing the moth bean P5CS gene showed 
enhanced tolerance to higher dose of NaCl (Su and Wu 2004). Recently, mutated 
P5CS (P5CSF129A) gene was overexpressed in Sorghum and found that transgenic 
plants accumulated more proline and showed salt-stress tolerance. Moreover over-
production of proline through transfer of a P5CSF129A gene conferred protection 
of photosynthetic and antioxidant enzyme activities (Reddy et al. 2015). Glycine 
betaine is yet another important osmolyte that helps to balance the osmotic potential 
of intracellular ions under salinity. Under high salinity, glycine betaine accumula-
tion increased in lamina leaves and bladder hairs of Atriplex gmelini (Tsutsumi et al. 
2015). Overexpressing choline oxidase in rice plant showed increased levels of gly-
cine betaine and improved tolerance to salt and cold stress (Sakamoto et al. 1998). 
It was found that transgenic Arabidopsis and tobacco plants transformed with bacte-
rial mtlD gene which encodes for mannitol-1-phosphate dehydrogenase conferred 

Possible role Gene(s) Donor
Transgenic 
plant References

Ononitol production imt1 M. 
crystallinum

Tobacco Sheveleva et al. (1997)

Spermine and 
spermidine 
decarboxylase

S-adenosyl methionine Tritordeum Rice Roy and Wu (2002)

(SAMDC) production

Salt and osmotic Dehydrin (DHN-5) Triticum Arabidopsis Brini et al. (2007b)

Stress tolerance

In ABA biosynthesis 
and xanthophyll cycle; 
enhanced salt tolerance

Zeaxanthin epoxidase 
(AtZEP)

Arabidopsis Arabidopsis Park et al. (2008)

Increased proline Osmotin Tobacco Tomato Goel et al. (2010)

C-tocopherol 
production; Enhanced 
salt tolerance

γ-Tocopherol methyl 
transferase (γ -TMT)

Arabidopsis Brassica 
juncea

Yusuf et al. (2010)

Maintaining 
chlorophyll in salt 
stress

Xyloglucan endotrans- 
glucosylase/hydrolase 
(CaXTH3)

Hot pepper Tomato Choi et al. (2011)

Increase in germination, 
chlorophyll and osmotic 
constituents like sugars

Dehydration- responsive 
RD22

Vitis vinifera Tobacco Jamoussi et al. (2014)

Table 8.2 (continued)
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salt tolerance and thereby maintained normal growth and development under high 
salt-stress growth conditions (Binzel et  al. 1998; Thomas et  al. 1995). Ectopic 
expression of bacterial gene mannitol-1-phosphate dehydrogenase (mt1D), an 
enzyme involved in mannitol biosynthesis, in tobacco successfully enhanced salt 
tolerance (Tarczynski et al. 1992). Genes for trehalose biosynthesis have also been 
employed in improving salt tolerance by developing transgenic plants for overpro-
duction of trehalose (Penna 2003; Turan et al. 2012). Garg et al. (2002) demon-
strated tolerance to salt and drought stress in rice by using tissue-specific or 
stress-inducible expression of a bifunctional trehalose-6-phosphate synthase/phos-
phatase (TPSP) fusion gene (comprising the E. coli trehalose biosynthetic genes). 
Li et  al. (2011) reported that transgenic plants overexpressing rice trehalose-6- 
phosphate synthase (OsTPS1) showed improved salinity tolerance without much 
alteration in plant phenotype. It is also suggested that stress-inducible solute accu-
mulation by using stress-specific or stress-inducible promoters may be better to 
achieve salt- specific expression of genes for osmotic adjustment.

8.3.3  Antioxidants and Protective Proteins

Abiotic stress causes the accumulation of reactive oxygen species (ROS) that can 
damage sensitive plant tissues during high salt stress by disturbing cell wall, enzymes, 
and membrane functions. Antioxidant enzymes and nonenzymatic compounds play 
a crucial role in detoxifying salinity stress-induced ROS.  Salt-stress tolerance is 
positively correlated with antioxidant enzyme activity and with the accumulation of 
nonenzymatic antioxidant compounds (Gupta et  al. 2005). Antioxidants include 
superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase (GPX), ascor-
bate peroxidase (APX), glutathione reductase (GR), etc. Hence, overexpressing 
ROS-scavenging enzymes is shown to induce salinity tolerance in plants (Roxas 
et  al. 1997; Badawi et  al. 2004; Miller et  al. 2008). Overexpression of ascorbate 
peroxidase (APX) in tobacco chloroplasts enhances the tolerance to salinity and 
drought stress (Badawi et al. 2004). The alternate oxidase (AOX) pathway plays a 
role under stress conditions. Smith et  al. (2009) constitutively overexpressed an 
AOX1a gene in Arabidopsis plants and demonstrated superior salt tolerance than 
wild-type plants suggesting that genes of the AOX pathway can be useful to improve 
tolerance to stressful environmental conditions including salinity.

Other proteins like polyamines, osmotin, and LEA proteins mitigate salt stress 
by protecting macromolecules like nucleic acids, proteins, and carbohydrates from 
damages caused by ion toxicity and by drought conditions. Polyamines play a critical 
role in salinity and other abiotic stress tolerance by increasing level of polyamines 
which shows positive correlation of increased level of polyamines with stress toler-
ance in plants (Yang et al. 2007; Groppa and Benavides 2008; Gupta et al. 2013). 
Overproduction of spermidine and spermine in rice enhances salt tolerance (Roy 
and Wu 2002). Xu et al. (1996) found that HVA7, a LEA from barley, when trans-
ferred to rice, confers tolerance to drought and salinity stress. Dehydrins, another 
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LEA protein, were shown to enhance plant tolerance to various stresses (Hanin et al. 
2011). Brini et al. (2007b) found positive correlation between wheat dehydrin DHN-
5 and salt tolerance. The study showed that the expression of the wheat dehydrin 
DHN-5 in Arabidopsis led to an increase in tolerance to salt and osmotic stresses. 
Some of the transgenics where functional genes overexpressed to impart salt toler-
ance in different plant species have been shown in Table 8.2.

8.4  Transgenic Breeding: Regulatory Genes Controlling 
Salinity Stress Responses

8.4.1  Transcription Factors

Plant response to salt stress is a complex process and involves a vast array of genes 
working in different or overlapping regulatory pathways. As stress response is com-
plex process and regulated by multi-genes, it is very challenging to achieve success 
in improving plant stress tolerance with the single functional gene approach (Mittler 
and Blumwald 2010; Varshney et al. 2011). Thus, instead of manipulating single 
functional gene, engineering regulatory genes or master regulators can be potential 
strategy for controlling stress responses. Transcription factors (TFs) and signaling 
proteins are master regulators of many genes involved in stress responses; hence, 
they are possible candidates for genetic engineering to obtain salinity-tolerant crops 
(Table 8.3). Transcription factors from various families like AP2/ERF, NAC, MYB, 
MYC, DREB, Cys2/His2 zinc finger, bZIP, and WRKY have been reported to be 
involved salt- stress tolerance (Golldack et al. 2011, 2014).

NAC TF family found to be involved in abiotic stress responses along with other 
important functions in plants (Nakashima et al. 2012). Hu et al. (2008) reported that 
overexpression of SNAC1 and SNAC2 genes from NAC TF family helps the survival 
of transgenic Oryza sativa plants under high-salinity conditions. Similarly, overex-
pression of TF gene OsNAC04 leads to drought and salinity stress tolerance in O. 
sativa (Zheng et al. 2009). The AP2/ERF another family of plant-specific TFs which 
is known to play key role against various abiotic stresses (Mizoi et al. 2012). The 
transgenic plants for gene GmDREB2 from soybean showed enhanced salinity and 
drought tolerance (Chen et al. 2007). Overexpression Oryza sativa MYB2 (TF from 
MYB family) exhibited salt tolerance by variation in expression levels of various 
stress responsive genes (Yang et al. 2012).

Several groups reported a key role of WRKY TFs in responses to various abiotic 
stresses including salinity stress (Banerjee and Roychoudhury 2015). Li et al. (2013) 
reported ZmWRKY33 (WRKY TF family) enhanced tolerance to salinity stress in 
Arabidopsis while overexpressing GmWRKY54 exhibited salt tolerance, probably 
through the regulation of another TF DREB2A and STZ/Zat10 (Zhou et  al. 2008). 
bZIP is also another family of TFs having an important role in response to various 
abiotic stresses including salinity stress (Jakoby et al. 2002). Wang et al. (2010) dem-
onstrated that overexpression of ThbZIP1 gene of Tamarix hispida from TF bZIP 
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Table 8.3 Examples of regulatory genes leading to improvement of salt-stress tolerance of crop 
plants

Enhanced tolerance
Gene(s)- (TF 
family) Donor

Transgenic 
plant References

Enhanced drought and 
salinity tolerance

OsDREB2A - (AP2/
ERFBP)

Oryza sativa Rice Mallikarjuna 
et al. (2011)

Enhanced salinity 
tolerance

StDREB1 - AP2/
ERFBP

Solanum 
tuberosum

Potato Bouaziz et al. 
(2013)

Enhanced salinity 
tolerance

GmERF7-(AP2/
ERFBP)

Glycine max Tobacco Zhai et al. 
(2013)

Enhanced drought and 
salinity tolerance

TaERF3 -(AP2/
ERFBP)

Triticum 
aestivum

Wheat Rong et al. 
(2014)

Enhanced drought and 
salinity tolerance

EaDREB2 -(AP2/
ERFBP)

Erianthus 
arundinaceus

Sugarcane Augustine et al. 
(2015)

Enhanced drought and 
salinity tolerance

SsDREB - (AP2/
ERFBP)

Suaeda salsa Tobacco Zhang et al. 
(2015)

Enhanced drought and 
salinity tolerance

TaPIMP1-(MYB) Triticum 
aestivum

Tobacco Liu et al. (2011)

Enhanced drought, cold, 
salinity tolerance

OsMYB2-(MYB) Oryza sativa Rice Yang et al. 
(2012)

Enhanced drought, cold, 
salinity tolerance

MdSIMYB1-(MYB) Malus × 
domestica

Apple Wang et al. 
(2014)

Enhanced NaCl, ABA, 
mannitol tolerance

SbMYB2-(MYB) Scutellaria 
baicalensis

Tobacco Qi et al. (2015)
SbMYB7-(MYB)

Enhanced salinity 
tolerance

OsMYB91-(MYB) Oryza sativa Rice Zhu et al. (2015)

Enhanced drought, cold, 
salinity tolerance

SlAREB1 -(bZIP) Solanum 
lycopersicum

Tomato Orellana et al. 
(2010)

Enhanced drought, cold, 
salinity tolerance

ThbZIP1-(bZIP) Tamarix 
hispida

Tobacco Wang et al. 
(2010)

Enhanced salinity 
tolerance

LrbZIP -(bZIP) Nelumbo 
nucifera

Tobacco Cheng et al. 
(2013)

Enhanced salinity and 
drought tolerance

OsbZIP71-(bZIP) Oryza sativa Rice Liu C. et al. 
(2014)

Enhanced salinity 
tolerance

GhWRKY39-
(WRKY)

Gossypium 
hirsutum

Tobacco Shi et al. (2014)

Enhanced salinity and 
drought tolerance

TaWRKY10-
(WRKY)

Triticum 
aestivum

Tobacco Wang et al. 
(2013)

Enhanced salinity and 
drought tolerance

ZmWRKY58-
(WRKY)

Zea may Rice Cai et al. (2014)

Enhanced salinity and 
drought tolerance

MtWRKY76-
(WRKY)

Medicago 
truncatula

Medicago 
truncatula

Liu et al. (2016)

Enhanced salinity and 
drought tolerance

OsNAC04-(NAC) Oryza sativa Rice Zheng et al. 
(2009)

Enhanced salinity and 
drought tolerance

OsNAP -(NAC) Oryza sativa Rice Chen et al. 
(2014)

Enhanced salinity and 
drought tolerance

ONAC022 -(NAC) Oryza sativa Rice Hong et al. 
(2016)

(continued)
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contributes to salinity tolerance by enhancing the activity of antioxidant enzymes such 
as peroxidase and superoxide dismutase and by accumulating compatible osmolytes 
like soluble sugars and soluble proteins. SlAREB1 and SlAREB2 are two members of 
bZIP TF in Solanum lycopersicum. Transgenic tomato overexpressing SlAREB1 
plants showed improved salinity and drought tolerance (Orellana et al. 2010).

8.4.2  Signaling Proteins

In addition to TFs, genetic engineering of signaling proteins has also become one of 
the feasible approaches. Some of the examples of transgenics where regulatory 
genes are overexpressed to impart salt tolerance are presented in Table 8.3. Several 
studies have reported that abiotic stresses (cold, high salt, and drought) trigger rapid 
increase in plant cells calcium (Ca2+) levels (Sanders et al. 2002). Calcium signaling 
is often coupled with protein phosphorylation and dephosphorylation mediated by 

Enhanced tolerance
Gene(s)- (TF 
family) Donor

Transgenic 
plant References

Enhanced salinity 
tolerance

ShCML44 Rice Rice Xu et al. (2013)

Enhanced salinity, cold, 
and drought tolerance

ShCML44 Wild tomato Tomato Munir et al. 
(2016)

Enhanced salinity, cold, 
and drought tolerance

OsCDPK7(CDPK) Oryza sativa Rice Saijo et al. 
(2000)

Enhanced salinity and 
drought tolerance

OsCPK4(CDPK) Oryza sativa Rice Campo et al. 
(2014)

Enhanced salinity 
tolerance

CalcineurinA 
subunit

Mouse Rice Ma et al. (2005)

Enhanced salinity 
tolerance

ZmMKK4 Zea mays Arabidopsis Kong et al. 
(2011)

Enhanced salinity and 
drought tolerance

GhMPK2 Gossypium 
hirsutum

Tobacco Zhang et al. 
(2011)

Enhanced salinity, cold, 
and drought tolerance

OsMAPK5 Rice Rice Xiong et al. 
(2003)

Enhanced salinity 
tolerance

OsMKK6 Rice Rice Kumar and 
Sinha (2013)

Enhanced salinity and 
drought tolerance

MKK5 Arabidopsis Arabidopsis Xing et al. 
(2015)

Enhanced salinity 
tolerance

PtMAPKK4 Populus 
trichocarpa

Tobacco Yang et al. 
(2017)

Enhanced salinity and 
drought tolerance

OsSIK1 Rice Rice Ouyang et al. 
(2010)

Enhanced salinity 
tolerance

PtSnRK2 Poplar Arabidopsis Song et al. 
(2016)

Modified after Wang et al. (2016)

Table 8.3 (continued)
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protein kinases and phosphatases, respectively. Changes in cellular Ca2+ level are 
being mediated by different Ca2+ binding proteins like calmodulin (CaM) and CaM- 
related proteins (CML), calcium-dependent protein kinases (CDPKs), and calcineu-
rin B-like proteins (CBL) (Bouché et al. 2005). CDPK is one of the best studied 
protein kinases in the Ca2+ signaling pathway. Another family of protein kinases that 
function in stress tolerance is mitogen-activated protein kinases (MAPKs) (Zhang 
and Klessig 2001).

Overexpression of ShCML44, cold-responsive calmodulin-like gene in tomato, 
showed enhanced tolerance to salinity stress with higher germination rate and better 
growth of seedling (Munir et al. 2016). Similarly, transgenic rice overexpressing 
OsMSR2, a novel calmodulin-like gene, enhanced salinity tolerance with altered 
expression pattern of genes related to stress (Xu et al. 2013). Transgenic rice plant 
expressing calcineurin A subunit from mouse exhibited a higher level of salinity 
stress tolerance; also it has been observed that Na+ content is higher in roots of 
untransformed wild-type plants than that of transgenic roots (Ma et al. 2005).

The OsCPK4 gene is a member of calcium-dependent protein kinases in rice. 
Recently Campo et al. (2014) showed that transgenic rice plants overexpressing of 
OsCPK4 significantly enhances salt and drought tolerance. Mitogen-activated pro-
tein kinase (MAPK) cascades also play crucial regulatory roles in various stress 
responses other than plant development processes. Zhang et  al. (2011) reported 
ectopic expression of cotton GhMPK2 in Nicotiana tabacum and found elevated 
levels of proline and induced expression of several genes related to stress, and as a 
result transgenic Nicotiana tabacum exhibited enhanced drought and salt tolerance. 
Similarly, overexpression MAPK from rice (OsMAPK5) exhibited increased kinase 
activity along with increased tolerance for salinity and other abiotic stresses like 
drought and cold (Xiong and Yang 2003). Overexpression of mitogen-activated pro-
tein kinase kinase 5 (MKK5) in Arabidopsis wild-type plants improved their toler-
ance level against various salt treatments (Xing et  al. 2015). In another study 
overexpression of mitogen-activated protein kinase kinase 4 from Populus tricho-
carpa (PtMAPKK4) shows improved salt tolerance in tobacco. Specifically, under 
salt-stress condition, PtMAPKK4 overexpressing lines showed improved germina-
tion and growth and development (Yang et al. 2017). However, some MAPKs can 
also have contrary effects particularly in case of rice; overexpression of OsMAPK33 
caused increased sensitivity to salinity and drought stress compared to wild-type 
plants (Lee et al. 2011). Receptor-like kinases (RLKs), another type of kinase, also 
have an important role in stress responses. Overexpressing OsSIK1 (OsSIK1-ox), 
one of the putative RLKs, showed greater tolerance to salt stress as compared to 
control plants, gene-silenced plants by RNA interference (RNAi), knockout mutants 
sik1 in rice (Ouyang et al. 2010). Sucrose non-fermenting 1 (SNF1)-related protein 
kinases (SnRKs) is one type of well-characterized protein kinase involved in stress 
responses (Halford and Hey 2009). In one study PtSnRK2.5 and PtSnRK2.7genes 
(SnRKs from Poplar) heterologously overexpressed in Arabidopsis and found that 
overexpression of PtSnRK2 leads to enhanced tolerance level for salt stress.
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8.4.3  Manipulating the miRNAs

In the past decade, miRNAs have become major players in the regulation of plant 
response to environmental abiotic stresses (Zhang 2015, Shriram et al. 2016). There 
has been great interest in exploring regulatory roles of microRNAs against different 
stresses including salt for their exploitation in genetic engineering for higher stress 
tolerance, biomass, and yield (Zhang  and Wang 2016, Patel et al. 2018). Transgenic 
plants overexpressing miR319 showed significantly higher plant tolerance to 
drought and salinity stress in creeping bentgrass (Agrostis stolonifera) (Zhou et al. 
2013). In another study, expression of miR408 was shown to improve higher toler-
ance to salinity, cold, and oxidative stress in Arabidopsis seedlings (Ma et al. 2015). 
A rice microRNA osa- miR393 was overexpressed in Arabidopsis plant resulting in 
enhanced salt tolerance (Gao et al. 2011a; b). In several other studies, novel microR-
NAs have been identified suggesting that these well-characterized candidates could 
become targets for plant genetic engineering investigations as successful in silico 
predictions could result in finding the target genes involved in pathways of signal-
ing, ion homeostasis besides sustained plant growth under salt stress.

8.5  Halophyte Genes for Improving Salt-Stress Tolerance 
of Crops

In plants, gene expression and regulation decides the fate of plants from growth and 
development to stress tolerance. Modification/ manipulation in the regulation of 
these entities can dramatically change the fate of plant’s life. In this sense, stress 
tolerance of plants can be improved by manipulating particular genes. In terms of 
stress tolerance, it is proved that the tolerant and sensitive plants possess same set of 
genes, but their efficient regulation or subtle changes in gene sequence can make 
one plant sensitive and other plant tolerant to the same environmental condition. 
This phenomenon is also true for salt-sensitive glycophytes and salt-tolerant halo-
phytic plants. The halophytes are naturally tolerant to high salinity. Their genetic 
analysis revealed that differences in promoter activities and gene duplication in 
halophytes as compared to their glycophytic relative is responsible for their high 
salt tolerance (Nikalje et al. 2017). For example, the NHX8 showed stress-induced 
expression in Arabidopsis while in Thellungiella, it showed constitutive expression. 
However Arabidopsis possess a single copy of CBL10, while T. parvula contain 
three copies; such changes make Thellungiella more salt tolerant. In addition, the 
efficient post- translational modifications are highly efficient in halophytes (Bose 
et al. 2015), and the halophytic gene sequences are more complex with presence of 
extra transposons and intergenic sequences (Rui et al. 2007). Therefore, for genetic 
improvement of crops, it may be important to choose genes from halophytic origin. 
Overexpression of NHX1 gene of Aeluropus littoralis in soybean resulted in less 
sodium accumulation in aerial parts than underground parts, increased potassium 
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ion content under salt stress and increased salt tolerance up to 150 mM NaCl (Liu 
et al. 2014). Shabala and Potossin (2014) opined that retention of potassium ions 
under salt stress is a key factor for salt tolerance in plants and specialty of halo-
phytes. Further, Bose et al. (2015) have confirmed this by showing that maintenance 
of negative water potential because of high H+ ATPase activity is important for 
halotropism. Similarly different halophytic antiporters were overexpressed in rice, 
and the transgenic plants showed high salt tolerance. PtNHA1 and PtNHX from 
Puccinellia tenuiflora were transformed into rice, and the resulting transgenic rice 
showed improved tolerance to NaCl and NaHCO3. Transgenic rice harboring 
AgNHX1 from Atriplex gmelinii increased vacuolar antiporter activity by almost 
eightfold and improved its tolerance up to 300 mM NaCl (Ohta et al. 2002).

8.6  New Research on the Salt Pan

Genome editing tools have opened up new avenues for specific and targeted modi-
fications in the crop plants (de Wiel et al. 2017). The method enables the introduc-
tion of targeted precise genomic changes using customized nucleases (Jain 2015). 
Genes associated with salt tolerance such as those involved in signaling, ion homeo-
stasis, osmolyte synthesis, and transporters can be the suitable candidates for edit-
ing based manipulation. The plasma membrane ATPase plays a critical role in the 
regulation of ion homeostasis under salt stress and hence has been used as the target 
gene in a recent study. Osakabe et al. (2016) induced mutation of an abiotic stress 
tolerance gene encoding OPEN STOMATA 2 (OST2) (AHA1) – a major plasma 
membrane H + -ATPase via the precise site modification by using truncated gRNAs 
(tru-gRNAs) in the CRISPR-Cas9 system (Table 8.3).

High-throughput screening methods have advanced our knowledge about the 
genomes and phenomes. Plant stress biology research depends on robust screening 
methods for contrasting salt-stress-responsive phenotypes at different levels of tissue, 
organ, and whole-plant level. This branch of research, plant phenomics, is now being 
applied to facilitate efficient and reliable evaluation of stress (and salt) tolerant lines. 
Several such platforms for phenotyping are now available. Some of these include the 
High Resolution Plant Phenomics Centre (http://www.plantphenomics.org.au/
HRPPC), Plant AccelatorTM (http://www.plantaccelerator.org.au/), Jülich Plant 
Phenotyping Centre- JPPC (http://www.fz-juelich.de/ibg/ibg-2/EN/_organisation/
JPPC/JPPC_node.html) and Deep Plant Phenomics (Ubbens and Stavness 2017). 
Campbell et al. (2015) have developed a novel approach to analyze the dynamic plant 
responses to salt stress and studied the genetic basis of salt stress associated, geneti-
cally determined changes using a longitudinal genome-wide association model. This 
study highlights the use of image-based phenomics platforms combined with 
genome-wide association studies (GWAS) for dissecting the plant stress responses 
and should enable to establish liaison between expressed phenotypes with related 
genomic regions and environmental conditions. Further research into plant genetic 
manipulation via precise genetic tools will benefit from efficient phenotyping screens 
and high-throughput analysis tools.
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8.7  Conclusions

Increasing salinity severely affects crop productivity and is becoming threat to 
world agriculture. The development of several genomics-assisted approaches 
including genetically modified plants has been advocated to circumvent this prob-
lem. Toward this goal, several stress-responsive genes have been identified and suc-
cessfully introduced into other crops to create transgenic crops with enhanced stress 
tolerance. The most impressive results were obtained when manipulating transcrip-
tion and signaling factors, as they control a broad range of downstream events, 
which results in superior tolerance to multiple stresses. However, challenges still lie 
ahead before successfully improving crop yield under saline conditions as most 
methods have been limited by the problem of yield penalty. Salinity tolerance 
involves a complex of responses at molecular, cellular, metabolic, physiological, 
and whole-plant levels. The marker-assisted selection as the molecular breeding 
method has begun to deliver its expected benefits in commercial breeding programs 
for salinity stress tolerance. For this, in addition to the key loci identified for salt 
tolerance traits majorly in rice, emphasis should also be given on identification and 
validation of other new loci in rice and other crops and their pyramiding in elite 
genetic background for enhanced salt tolerance through molecular marker-assisted 
breeding. Generation of salinity-tolerant transgenic varieties should necessarily 
involve gene stacking where multiple genes need to be overexpressed using advanced 
genetic engineering tools. Furthermore, the critical step is the field trials required to 
evaluate the transgenic plants, especially focusing on their growth and tolerance in 
the whole life period. New and novel information is generated through omics meth-
ods such as metabolomics and proteomics, and it is expected to develop more under-
standing of the salt-stress responses. It is also equally important that further 
understanding how plants perceive stress signals (salt sensors, osmosensors), trans-
mit, and trigger a cascade of genetic mechanisms is necessary to develop crop plants 
that can tolerate extreme environments. With the current renewed interest in stress 
genomics, fast-forward approaches of phenomics, allele mining, and stress-metabo-
lite profiling, it is expected to gain thorough understanding of salt- adaptive diversity 
for use in crop breeding for salt tolerance. Continued research should be aimed at 
development of salt-tolerant crop germplasm to expand the utilization of saline soils 
for enhancing agricultural productivity and environmental sustainability.
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Chapter 9
Advances in Genetics and Breeding of Salt 
Tolerance in Soybean

Huatao Chen, Heng Ye, Tuyen D. Do, Jianfeng Zhou, Babu Valliyodan, 
Grover J. Shannon, Pengyin Chen, Xin Chen, and Henry T. Nguyen

Abstract Salt stress is one of the major abiotic factors affecting crop growth and 
production. In general, soybean is sensitive to salt stress. The success of soybean 
improvement for salt tolerance depends on discovery and utilization of genetic vari-
ation in the germplasm. In this chapter, advance in salt-tolerant research and breed-
ing was summarized by highlighting the genetic diversity, quantitative trait loci 
(QTL), identification of the major locus (Glyma03g32900), and improvement of 
soybean varieties in salt tolerance. The ion exclusion and tissue tolerance mecha-
nisms regulated by this major locus are discussed. In addition, genomic resources 
and high-throughput phenotyping platforms that can facilitate a better understand-
ing of phenotype-genotype association and formulate genomic-assisted breeding 
strategies are prospected.

Keywords Soybean · QTL · QTN · Next-generation sequencing · Marker-assisted 
selection · Single nucleotide polymorphism
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Abbreviations

CAX Cation exchanger
GWAS Genome-wide association studies
MAS Marker-assisted selection
NGS Next-generation sequencing (NGS)
NHX Na+/H+ antiporter
QTL Quantitative trait loci
QTN Quantitative trait nucleotides
SNP Single nucleotide polymorphism

9.1  Introduction

Food security is under serious concern because of the increasing world population 
(Rosegrant and Cline 2003; Stocking 2003; Schmidhuber and Tubiello 2007; Brown 
and Funk 2008). Demand for crop production increase up to 100–110% was pre-
dicted from 2005 to 2050 (Tilman et al. 2011). Salt stress is one of the major abiotic 
factors affecting crop growth and production. The saline and sodic soils were esti-
mated as 397 and 434 million ha worldwide, respectively (FAO 2000). It was 
reported that 19.5% of irrigated land and 2.1% of dry land were affected by salt 
stress. These salt-affected lands produced about 20% of the world’s food consump-
tion (Pimentel et al. 2004). Therefore, improving crop salt tolerance for these lands 
is a practical way to boost crop yield to meet the increasing food demand.

Soybean [Glycine max (L.) Merr.] is the primary crop source for protein and oil. 
In 2015, 320 million metric tons of soybean were produced, which provide 61% of 
the oilseed and 71% of protein meal consumption in the world (www.soystats.com). 
Soybean is regarded as a salt-sensitive crop (Munns and Tester 2008). Soybean 
yields are negatively affected by the soil salinity with a concentration exceeding 
5 dS/m (Ashraf 1994; Phang et al. 2008). Seed yields could be reduced 50% when 
the electrical conductivity of the saturation extract of soil was 9 millimhos/cm (Abel 
and MacKenzie 1964). Papiernik et al. (2005) reported that increasing salt stress led 
to 40% yield reduction in soybean. Toxicity will happen when Na+ and Cl− and ions 
are absorbed and accumulated at high concentrations in soybean plants, and plant 
death happens with increasing salt concentration in the soil (Pathan et  al. 2007; 
Phang et al. 2008). Therefore, improving the salt tolerance in soybean is needed to 
ensure food security for the world. The success of such improvement depends 
largely on discovery and utilization of genetic variation present in the germplasm 
and characterization of salt-tolerant genes and mechanisms.
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9.1.1  Salt Stress Inhibits Normal Growth and Development 
of Soybean

The germination of soybean seeds can be delayed in low salt condition, and the 
germination rates are significantly decreased in a high salt concentration condition 
(Abel and MacKenzie 1964). Abel (1969) found the effect of salt on seed germina-
tion was more prominent in salt-sensitive genotypes than salt-tolerant ones. 
However, other reports showed no significant correlation between germination and 
seedling stages in soybean (Essa 2002). Recent research showed that soybeans are 
more sensitive to salt stress at the seedling stage compared to the germination stage 
(Hosseini et al. 2002; Phang et al. 2008). Therefore, salt tolerance at germination 
and seedling stages could be regulated by different mechanisms.

The growth of soybean plant is inhibited by salt stress. Salt-tolerant soybean 
varieties demonstrated less injury than salt-sensitive varieties (Fig. 9.1). The salt 
injury phenotypes include leaf scorching, reduction of plant size, biomass, number 
of internodes, number of branches, number of pods, weight per plant, and weight of 
100 seeds (Abel and MacKenzie 1964; Chang et al. 1994). The quality of soybean 
seeds is also affected by salt stress, as the oil and protein content of seeds can be 
affected under salt stress (Abel and MacKenzie 1964; Chang et al. 1994; Wan et al. 
2002). Chlorophyll content of soybean leaves significantly declined under salt stress 
(Hamayun et al. 2015). The gibberellins content (GAs) and free sialic acid (free SA) 
of soybean plants were also reduced under salt stress (Hamayun et al. 2015). In the 
contrast, the abscisic acid (ABA) content and jasmonic acid (JA) content were 
increased by salt stress (Hamayun et al. 2015).

Intensive work has been conducted to investigate salt tolerance at the seedling 
stage. But little has been focused on the salt tolerance during germination. Therefore, 
future efforts are needed to address the salt tolerance during seed germination.

Rhizobium colonization of inoculated soybean root surfaces was not affected by 
salt treatment, but the subsequent nodule formation and development were signifi-
cantly affected by salt stress (Singleton and Bohlool 1984). Total shoot N content 

Fig. 9.1 Phenotyping of different soybean accessions under salt-stress condition
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was declined under salt stress, and the decrease in concentration of N in shoots was 
also observed after salt treatment. The decrease in N content in shoots was corre-
lated by the sharp reduction in nodule number and dry weight. Nodule number and 
weight were reduced by approximately 50% at a low NaCl concentration condition 
and by more than 90% at a high NaCl concentration condition. The weakening of 
the soybean root system by salt stress could be a reason for the reduction in nodule 
formation and development, but other mechanisms may exist and need to be inves-
tigated. The special ion toxicities are different between soybean cultivars and wild 
soybean accessions under salt stress. The ion Cl− is the main resource of ion toxicity 
of soybean cultivars suffered under NaCl stress, and wild soybean accessions were 
tolerant to Cl− toxicity. The salt tolerance was regulated mainly by withholding of 
Cl− in roots and stems to decrease its accumulation in leaves of soybean cultivars. 
The salt tolerance was mainly determined by the success of Na+ in roots and stems 
to decrease its concentration in leaves in wild soybean accession (Luo et al. 2005b).

9.2  Salt Tolerance in Plants

Salt tolerance in plants involves complex physiological traits, metabolic pathways, 
and molecular networks (Gupta and Huang 2014). Salinity affects growth by impos-
ing both osmotic and ionic stress. The presence of high concentrations of salt lowers 
soil water potential, thus making it harder for roots to uptake water. The ionic stress 
is associated with the gradual accumulation of salts in plant tissues over time 
(Munns and Tester 2008). Exploring salt-tolerant mechanisms in plants will allow 
the development of integrative approaches to facilitate breeding for salt-tolerant 
crop varieties.

Current knowledge points to three major mechanisms of salt tolerance in plants, 
including ion exclusion in roots, osmotic tolerance, and tissue tolerance (Roy et al. 
2014). So far, the information of the mechanism of osmotic tolerance is still limited. 
Progress has been made in ion exclusion and tissue tolerance mechanisms in plants. 
Some specific molecular pathways have been identified to regulate salt tolerance in 
plants through maintaining ion homeostasis.

9.2.1  Maintaining Ion Homeostasis to Tolerate Salt Stress 
in Plants

Maintaining ion homeostasis by ion uptake and compartmentalization is an essen-
tial process for growth during salt stress (Niu et  al. 1995; Serrano et  al. 1999; 
Hasegawa 2013). The major form of salt present in the soil is NaCl; thus, the main 
focus of research is the study of the transport mechanism of Na+ and Cl− ions and 
Na+ compartmentalization.

H. Chen et al.
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9.2.1.1  Ion Exclusion

When plants grow in typical NaCl-dominated saline environments, high Na+ will be 
accumulated in the cytosol, which causes high Na+/K+ ratios. The high Na+/K+ ratios 
will disrupt enzymatic functions that are normally activated by K+ in cells (Bhandal 
and Malik 1988; Munns et al. 2006; Tester and Davenport 2003). Therefore, it is 
very important for cells to maintain a low concentration of cytosolic Na+ or to main-
tain a relatively low Na+/K+ ratio in the cytosol to resist salt stress (Maathuis and 
Amtmann 1999). Therefore, ion exclusion is one strategy for plants to resist salt 
stress by preventing these ions from entering the stem and leaf tissues. High-affinity 
K+ transporters (HKTs) play an important role in maintaining a low Na+/K+ ratio in 
plants (Gierth and Mäser 2007; Hauser and Horie 2010). The first plant HKT was 
identified as TaHKT1 from wheat, and it works as either a high-affinity Na+–K+ 
symporter or a low-affinity Na+ transporter depending on the external Na+–K+ con-
centrations (Gassmann et al. 1996; Rubio et al. 1995). The HKT gene family can 
unload Na+ from xylem to roots to prevent excessive Na+ transported to aboveg-
round tissues (Berthomieu et al. 2003; Mäser et al. 2002; Møller et al. 2009; Ren 
et al. 2005; Rus et al. 2004; Sunarpi et al. 2005). These genes usually show cell- 
type- specific expression, and manipulation of the expression of these genes in the 
target tissues could be an approach to modify salt tolerance.

9.2.1.2  Tissue Tolerance

Three major mechanisms contributing to tissue tolerance have been identified, 
including accumulation of sodium in the vacuole, synthesis of compatible solutes, 
and production of enzymes catalyzing detoxification of reactive oxygen species. 
ABA and reactive oxygen species (ROS) signaling pathways were found to be 
involved in tissue tolerance to salt stress (Ren et al. 2012). The tissue tolerance was 
found to be enhanced by increasing cyclic electron flow, which promotes Na+ 
sequestration into vacuoles in soybean (He et al. 2015). A salt-tolerant soybean line 
(S111-9) was found to accumulate Na+ in the vacuole, while sensitive line (Melrose) 
plants accumulated Na+ in the chloroplast under salt stress (He et al. 2015). This 
salt-tolerant line showed higher expression of genes associated with Na+ transport 
into the vacuole of cells compared with the sensitive line (He et al. 2015). Therefore, 
manipulation of Na+ accumulation in vacuoles could be another strategy to improve 
the performance of soybean under salt stress.

9.2.2  SOS Signaling Pathway Conferring Salt Tolerance

Salt overly sensitive (SOS) signaling pathway has been identified to maintain ion 
homeostasis through the mediation of cellular signaling (Zhu et al. 1998; Zhu 2000, 
2002; Wu et al. 1996). The SOS signaling pathway was identified based on isolation 
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and characterization of Arabidopsis mutants showing root growth hypersensitivity 
after salt treatment (Zhu et al. 1998). The SOS signaling pathway consists of three 
major members: SOS1, SOS2, and SOS3. SOS1, encoding a Na+/H+ antiporter, is 
crucial in modulating Na+ efflux at the cellular level (Qiu et  al. 2002; Shi et  al. 
2002). Previous reports showed that SOS1 is required for Na+ tolerance in plants 
under salt stress and plays important role in regulating Na+ compartmentalization in 
the vacuole and controlling Na+ loading to the xylem (Shi et  al. 2002; Oh et  al. 
2010). SOS1 was thought to be the target of the phospholipase D signaling pathway 
in ion sensing and dynamic equilibrium adjustment under salt stress (Yu et al. 2010). 
However, overexpression of SOS1 gene in either A. thaliana or T. salsuginea did not 
lead to a significant improvement in Na+ tolerance (Shi et al. 2003). These findings 
suggest that tissue-specific expression of SOS1, such as stelar cells to unload Na 
from xylem, is needed to improve salt tolerance in plants.

SOS2 encodes a serine/threonine kinase and can be activated by salt-stress- 
elicited Ca+ signals. SOS2 was also shown to interact with ABI2 and nucleoside 
diphosphate kinase 2, suggesting SOS cross talks with both ABA and ROS signal-
ing pathways (Ohta et al. 2003; Verslues et al. 2007). Furthermore, SOS2 was also 
found to regulate the activity of the transporters, including Na+/H+ exchanger, which 
are located in tonoplast in plants(Cheng et al. 2004; Qiu et al. 2004; Batelli et al. 
2007; Huertas et al. 2012).

SOS3 encodes a myristoylated Ca+ binding protein. The SOS3 protein contains 
an N-terminus myristoylation site, which plays a critical role in salt tolerance in 
Arabidopsis (Ishitani et al. 2000). SOS3 protein was identified as a primary calcium 
sensor to perceive the increase in cytosolic Ca2+ triggered by excess Na+ in cyto-
plasm and it subsequently activate SOS2 to regulate the activity of ion transporters 
(Liu and Zhu 1998; Halfter et al. 2000; Liu et al. 2000; Hrabak et al. 2003). The 
positive roles of SOS3 were identified in the promotion of lateral root growth in 
Arabidopsis under mild salt stress (Zhao et al. 2011).

Overall, SOS signaling pathway is not purely a linear system from an unknown 
Na+ sensor through SOS3 and SOS2 to mediate the Na+/H+ antiporter activity of 
SOS1 (Ji et al. 2013). Its additional functions have also been identified as a node 
point of cross talk with other signaling pathways (Katiyar-Agarwal et  al. 2006; 
Jaspers et al. 2010). Manipulation of the genes in the SOS signaling pathway could 
be another approach to improve salt tolerance in soybean.

9.3  Natural Genetic Variation, QTLs/QTNs Mapped, 
and Genes Cloned for Salt Tolerance in Soybean

Stress-tolerant plants have evolved their stress adaptation mechanisms under natural 
selection. Exotic and wild relatives growing under wild conditions tend to have bet-
ter stress-tolerant characteristics, including salt-tolerant traits (Mickelbart et  al. 
2015). Incorporation of these salt-tolerant resource into cultivars by transferring the 
underlying natural variations is essential to improve the performance of cultivars 
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under salt stress. These key natural variations can be identified through quantitative 
trait locus (QTL) mapping and genome-wide association studies (GWAS). With the 
assistance of genomic strategies, these natural variations can be identified and expe-
ditiously incorporated into the cultivars by marker-assisted selection (MAS) and 
genomic selection. Further characterization of genes underlying the stress tolerance 
traits will elucidate specific biological mechanisms of stress tolerance, which will 
be consequently translated to crop breeding.

9.3.1  Genetic Diversity of Salt Tolerance in Soybean

A large amount of work has been done to investigate salt tolerance in soybean. 
Based on the responses of soybean plants to salt stress, several phenotyping indices 
were developed to evaluate salt-tolerant levels of soybean plants (Table 9.2). The 
most commonly used indices are based on visual rating, including leaf scorch score, 
salt-tolerant rating, and survival rate. With these phenotyping indices, rich genetic 
variations of salt tolerance were observed in soybean, and salt-tolerant soybean 
lines were identified over the years (Table 9.1). Initially, ten salt-tolerant soybean 
cultivars were identified, and the tolerant cultivars can significantly inhibit the accu-
mulation of Cl− in leaf tissue than the sensitive cultivars (Parker et al. 1983). These 
tolerant cultivars also showed clear yield advantage of the sensitive cultivars by 
40% (Parker et  al. 1983). Later on, 19 soybean cultivars were identified as Cl− 
excluders from 60 lines (Yang and Blanchar 1993). Recent screening for salt toler-
ance identified 150 salt-tolerant germplasm lines, such as Lee, Lee 68, and S-100 
(www.ars-grin.gov/npgs/searchgrin.html). Genetic variation in salt tolerance was 
also observed in wild soybean. Recently, five wild soybean accessions were identi-
fied to be tolerant to salt stress, including BB52, N23232, JWS156-1, PI 483463, 

Table 9.1 Major salt-tolerant soybean lines

Accession name Sub-species References

S-100 Glycine max Lee et al. (2004)
Lee Glycine max Lee et al. (2004)
Lee 68 Glycine max Chen et al. (2008)
Lee 74 Glycine max Lee et al. (2004)
Fengzitianandou Glycine max Zhang et al. (2014)
Baiqiu 1 Glycine max Zhang et al. (2014)
FT-Abyara Glycine max Xu et al. (2016)
Jindou 6 Glycine max Xu et al. (2016)
Tiefeng 8 Glycine max Guan et al. (2014)
Fiskeby III Glycine max Do et al. (2018)
JWS156–1 Glycine soja Hamwieh and Xu (2008)
PI483463 Glycine soja Lee et al. (2009) and Ha et al. (2013)
W05 Glycine soja Qi et al. (2014)
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and W05 (Luo et al. 2005b; Chen et al. 2013; Hamwieh and Xu 2008; Lee et al. 
2009; Ha et al. 2013; Qi et al. 2014). In a more recent study, a total of 123 soybean 
accessions (117 cultivated soybean accessions and 6 wild soybean accessions) were 
identified as tolerant to salt stress using hydroponic culture in the greenhouse (Do 
et al. 2016). Several new soybean accessions were identified to excellent salt toler-
ance from 600 soybean accessions, and these lines include a Brazilian soybean cul-
tivar FT-Abyara, a Chinese soybean cultivar Jindou 6, and a Japanese wild soybean 
accession JWS156–1 (Xu et al. 2016). The existing genetic diversity in salt toler-
ance in soybean offers genetic resources to breed salt-tolerant varieties.

9.3.2  Genetic Studies of Salt Tolerance in Soybean

The heredity of salt tolerance in soybean was previously analyzed as a quality trait 
using classical genetics approach, and the gene symbols Ncl and ncl were proposed 
as the dominant for tolerance and the recessive for sensitive, respectively (Abel 
1969). Inheritance test in F2, F3, and BC1F1 populations pointed that Cl− accumula-
tion in the upper part of soybean was controlled by a single locus (Ncl) (Abel 1969). 
Shao et al. (1994) and Guan et al. (2014) further confirmed the result of a single 
locus controlling salt tolerance in cultivated soybean. The inheritance of salt toler-
ance in wild soybean was studied using the accession PI483463. The F2 population 
from a cross of PI483463 (wild tolerant) × S-100 (cultivated tolerant) segregated 
into a tolerant to sensitive ratio of 15:1, indicating the wild accession may have 
additional locus/loci for salt tolerance. Recent study in a recombinant inbred line 
(RIL) population pointed out that salt tolerance in soybean was controlled by major 
gene(s) mixed with minor polygenes and salt tolerance in soybean should be consid-
ered as a quantitative trait (Chen et al. 2011b).

9.3.3  QTL Mapping for Salt Tolerance During Seedling Stage 
in Soybean

QTL mapping for salt tolerance has been focused mainly on the seedling stage in 
soybean (Table 9.2). The first QTL mapping was performed in an F2:5 population 
derived from the cross of S-100 (salt tolerant) and Tokyo (salt sensitive), and two 
QTL were mapped on linkage groups L and N (Lee et al. 2004). The QTL on link-
age group N (Chr.3) showed the major effect in salt tolerance with a phenotypic 
contribution of up to 60% (Lee et  al. 2004). QTL mapping in a RIL population 
derived from the cross between Kefeng No. 1 and Nannong1138-2 identified eight 
QTLs associated with salt tolerance and confirmed the QTL on linkage group N 
(Chr.3) as a major one (Chen et al. 2008). The same major QTL on linkage group N 
(Chr.3) was confirmed in an F2 population derived from a cross between the Jackson 
(sensitive cultivar) and JWS156-1(tolerant wild) (Hamwieh and Xu 2008). Later on, 
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this major QTL was confirmed for its effect in salt tolerance at the near-isogenic 
backgrounds (Hamwieh et al. 2011). The genomic region of this major QTL was 
further narrowed to 209 kb flanked by markers QS08064 and Barcsoyssr_3_1301 
on Chr.3 (Guan et al. 2014).

Overall, the major salt tolerance QTL is located on linkage group N (Chr.3), and 
other important QTLs conferring salt tolerance were also identified on linkage 
groups G (Chr.18), K (Chr.9), and M (Chr.7) in soybean (Table 9.2). The donor lines 
and associated DNA markers for these QTLs can be used in genomic-assisted 
breeding to incorporate the target genomic regions into the breeding lines (Table 9.2). 
Further work on the effect of these QTLs is still needed to fully understand their 
value in breeding practice. Recently, a QTL mapping study was performed in a 
cross of William 82 × Fiskeby III (Do et al. 2018). In this study, two QTLs were 
mapped with one overlapped with the previously reported one on Chr.3 and a new 
one with a relatively minor effect (R2 = 11.5%) on Chr.13. Both of the tolerance 
donor alleles at the two loci were derived from the salt-tolerant cultivar Fiskeby III, 
which could explain the supreme salt-tolerant performance of this tolerant cultivar.

9.3.4  QTL Mapping Associated with Salt Tolerance 
During Germination Stage in Soybean

Seed germination is highly sensitive to salt and severely inhibited as salinity 
increases (Fredj et al. 2013). The tolerance mechanisms at the germination stage 
evolved divergently compared with that at the seedling stage in soybean (Pathan 
et al. 2007; Phang et al. 2008). Relatively less research has been done for salt toler-
ance at the germination stage. Eleven QTLs were detected to be associated with salt 
tolerance during germination stage using a soybean RIL population, and each of 
them explained 4.49–25.94% of phenotypic variations (Kan et al. 2016). In another 
study, a total of 83 QTL-by-environment interactions and 1 epistatic QTL were 
detected using epistatic association mapping implemented with an empirical Bayes 
algorithm (Zhang et  al. 2014). So far, the QTL information for salt tolerance in 
soybean germination stage is still limited. Therefore, more work needs to be carried 
out to focus on salt tolerance at germination stage in soybean, as salt tolerance dur-
ing seed germination stage is a critical determinant of uniform stand establishment 
under salt stress.

9.3.5  Positional Cloning of the Major Salt-Tolerant QTL 
Located on Chr.3

The major salt-tolerant QTL located on Chr.3 (linkage group N) was identified by 
several research groups using different soybean mapping populations. A research 
group from Hong Kong, China, by association mapping assisted by whole-genome 
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resequencing technique (Qi et  al. 2014), first cloned this QTL. Glyma03g32900, 
encoding an ion transporter, was identified as the underlying gene for this QTL and 
named as GmCHX1 (Qi et al. 2014). The function of this gene in salt tolerance was 
confirmed using the transgenic hairy root assay and B2Y cells overexpression. 
GmCHX1 was identified to exclude Na+ from aboveground tissues, as lower Na+ and 
the Na+/K+ ratio were observed in the soybean lines with the wild-type alleles and 
GmCHX1 transgenic tobacco lines, suggesting that GmCHX1 is involved in ion 
homeostasis under salt stress (Qi et  al. 2014). Haplotype analysis showed that 
GmCHX1 is highly conserved in the tolerant alleles than that in the sensitive alleles, 
suggesting the tolerant allele was subjected to selection (Qi et al. 2014). In the same 
year, the other research group in Beijing, China, also cloned this major QTL through 
map-based cloning (Guan et al. 2014). The QTL underlying gene was cloned as the 
same gene of Glyma03g32900 on Chr.3 and named as GmSALT3 (Guan et al. 2014). 
In addition to the work done by the first group, Guan et al. (2014) identified that 
GmSALT3 was preferentially expressed in the stelar cells around xylem. Therefore, 
the mechanism of ion homeostasis regulated by this gene was hypothesized to 
unload Na+ from xylem to achieve Na+ exclusion in aboveground tissues (Fig. 9.2). 
Later on, this group found that GmSALT3 can also exclude Cl− from aboveground 
tissues, suggesting that this gene could be a cotransporter for Na+ and Cl− (Liu et al. 
2016). More recently, the same gene was map-based cloned and named as Ncl by a 
Japanese group (Do et  al. 2016). The ability of cotransporting Na+ and Cl− was 
confirmed in their studies (Do et al. 2016).

Overall, three research groups cloned the major QTL on Chr.3 as the same gene 
encoding an ion transporter. The salt-tolerant mechanisms regulated by this gene 

Fig. 9.2 Working model of salt tolerance regulated by glyma03g32900 in soybean. The figure was 
modified from Fig. 9.1 in Roy et al. (2014)
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can be deduced as improvement tissue tolerance by compartmentalization Na+ and 
Cl− into vacuoles in the root cells and be unloading these ions from xylem back to 
roots (Fig. 9.2). However, more experiments are needed to confirm this working 
model.

9.3.6  GWAS for Salt Tolerance in Soybean

Benefited from the advance of high-density SNP array genotyping platform and 
next-generation sequencing (NGS) techniques, GWAS was broadly used to detect 
the associated SNPs for many agronomy and stress-resistant traits in soybean 
(Mamidi et al. 2011; Hao et al. 2012; Hwang et al. 2014; Wen et al. 2014, 2015; 
Zhang et  al. 2015). Recently, GWAS was successfully performed to identify the 
SNP associated with salt tolerance in soybean. Eight SNPs were detected to be 
associated with salt-tolerant phenotypes at the germination stage in soybean (Kan 
et  al. 2015). Nine candidate genes were pointed based on the positions of these 
associated SNPs (Kan et al. 2015). The whole-genome resequencing (WGRS) data 
of the 106 soybean lines were also used to detect the SNPs associated with salt toler-
ance at the seedling stage, and a significant SNP within the previously cloned salt- 
tolerant gene Glyma03g32900 was identified, explaining 63% of the phenotypic 
variation (Patil et al. 2016). More recently, a GWAS was performed to detect SNPs 
associated with salt tolerance in a diverse set of 283 soybean lines using SoySNP50K 
BeadChip database (Zeng et al. 2017). As a result, 45 SNPs representing 9 genomic 
regions on 9 chromosomes were identified to be significantly associated with two 
salt-tolerant indices. Seven out of the nine QTLs were detected for the first time 
(Zeng et al. 2017). These SNPs associated with salt tolerance can be used to develop 
DNA markers for marker-assisted selection.

9.3.7  Candidate Genes Contributing to Salt-Tolerant Traits 
in Soybean

Maintaining ion homeostasis is an essential process to maintain normal growth 
under salt stress (Niu et al. 1995; Serrano et al. 1999; Hasegawa 2013). Genes from 
several exchanger families were analyzed conferring K+, Na+, and Cl− transporta-
tion. These gene families include cation exchanger (CAX), (high-affinity K+) HKT, 
(Na+/H+ antiporter) NHX, and (chloride channel) CLC types. These types of genes 
were identified to regulate the uptake and compartmentalization of ions (K+, Na+, 
and Cl−) and supposed to be involved in maintaining ion homeostasis (Niu et al. 
1995; Serrano et al. 1999; Hasegawa 2013). According to previous reports, several 
of these ion transport genes were identified conferring salt tolerance in soybean by 
regulating ion homeostasis under salt stress (Table 9.3).
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9.4  Advance in Breeding for Salt Tolerance in Soybean

9.4.1  Breeding Pedigree and Narrow Genetic Base for Salt 
Tolerance in Soybean

The genetic base for salt tolerance in soybean is narrow in the USA. Hundreds of 
current elite cultivars can be traced back to a small number of ancestral lines (Gizlice 
et al. 1994; Sneller 1994). Only 35 ancestral lines were found to contribute more 
than 95% of all alleles and 5 ancestral lines account for more than 55% genetic 
background in the publicly released varieties in USA (Gizlice et al. 1994). Research 
has been conducted to understand the breeding pedigree of the major salt-tolerant 
gene on Chr.3 in the US soybean varieties. Lee et al. (2004) screened for the major 
salt-tolerant gene on Chr.3 using two tightly linked DNA markers (Sat_091 and 
Satt237) in 27 soybean cultivars with pedigrees from the US soybean ancestors 
S-100 (tolerant) or Tokyo (sensitive). In general, lines with S-100 allele at this locus 
are tolerant to salt stress, while lines with Tokyo allele are sensitive (Lee et  al. 
2004). Interestingly, three salt-tolerant lines (Hill, Dyer, and Forrest) have different 
alleles as the tolerant ancestor (S-100), and one salt-sensitive line (Davis) has a dif-
ferent allele as the sensitive ancestor (Tokyo) (Lee et al. 2004). Another salt-tolerant 
cultivar (FT-Abyara) was found to be not related to S-100, suggesting the existence 
of other donor sources of this major tolerance gene other than S-100 (Hamwieh 
et al. 2011). Recently, haplotype analysis for this major locus using whole-genome 
resequencing data of 93 US ancestral lines showed that salt-tolerant alleles can be 
traced back to Lee and S-100 and the sensitive alleles can be traced back to Williams 
82, Tokyo, Davis, and Arksoy (Patil et  al. 2016). Therefore, the pedigree of this 
major locus was deduced based on above three reports (Fig.  9.3). This pedigree 
further confirmed the narrow genetic base in US soybean germplasm.

Table 9.3 Genomic location and function annotation about the candidate genes compared to the 
major gene (GmSALT3, GmCHX1, Ncl) conferring salt tolerance in soybean

Gene name Chromosome Function Reference

GmSALT3, 
GmCHX1, Ncl

3 Natural variation; regulating 
the accumulation of Na+, K+, 
and Cl−

Guan et al. (2014), Qi et al. 
(2014), Do et al. (2016), and 
Liu et al. (2016)

GmHKT1 1 Affected K+ and Na+ 
transport

Chen et al. (2011a)

GmHKT1;4 6 Regulation Na+/K+ ratio Chen et al. (2014)
GmNHX1 20 Sodium/hydrogen exchanger Sun et al. (2006) and Li et al. 

(2006)
GmCLC1 5 Chloride channel Li et al. (2006) and Wei et al. 

(2016)
GmCAX1 Not match Membrane cation/proton 

antiporter
Luo et al. (2005a)
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Similar narrow genetic base for salt tolerance in soybean was also discovered in 
the rest of the world. The donor sources were all traced back to the cloned major 
gene on Chr.3. In China, efforts were conducted to understand the domestication of 
this gene for salt tolerance. The tolerant alleles of this gene were found to be raised 
and accumulated at the river valley regions known for saline stress in the central part 
of China (Guan et al. 2014). The significant lower genetic diversity of the tolerant 

Fig. 9.3 Pedigree tracing of salt-tolerant and salt-sensitive soybean lines. Green represents salt- 
tolerant line with tolerant alleles at the major salt-tolerant gene on Chr.3; yellow represents salt- 
sensitive lines with the sensitive alleles at the locus

H. Chen et al.



231

alleles compared with the sensitive alleles suggested that the tolerant alleles could 
be raised from more recent mutations and supposed to be gain-function mutations. 
The accumulation of the tolerant alleles at the regions of saline stress suggested the 
intensive artificial selection during soybean domestication. Currently, the genetic 
resource for salt tolerance in soybean is still limited to this major gene on Chr.3. 
Therefore, enriching the current gene pool of soybean is urgent to sustain the breed-
ing success for salt tolerance by the introduction of new genetic resources (new 
alleles and new loci).

9.4.2  Markers and MAS for Salt Tolerance in Soybean

Marker-assisted selection (MAS) is a powerful genomic tool in breeding by target-
ing the desired genomic region during the crossing and selection. MAS has been 
applied in breeding for salt-tolerant soybean varieties, and high selection efficiency 
has been approved up to 94.2% (Guan et  al. 2014). Strong correlations between 
SNP markers associated with salt-tolerant gene and salt-tolerant phenotypes were 
detected in different germplasm populations (Patil et al. 2016). These SNP markers 
showed a high selection rate of more than 91%. The major salt-tolerant gene on 
Chr.3 was incorporated into a salt-sensitive line (Jackson) by MAS using three 
DNA markers associated with the gene, and the introgression line (BC4F2) showed 
significantly improve salt tolerance (Do et  al. 2016). These results demonstrated 
that salt-tolerant soybean varieties can be developed through introgression of major 
salt-tolerant genes using MAS method.

9.5  Future Perspectives

The mechanism regulated by the major salt-tolerant gene on Chr.3 has been discov-
ered and utilized in the soybean breeding; however, the current genetic resources are 
also limited to this major gene. Hence, the next step is to explore the new loci in 
different soybean germplasm. Several new QTLs for salt tolerance are being 
detected other than the major one on Chr.3 (Table 9.2). Validation of the effects of 
these QTLs on salt tolerance and other agronomic traits is needed. Introduction of 
these newly detected QTL into elite soybean germplasm is necessary to develop 
new salt-tolerant varieties and enrich the genetic resources in salt tolerance for sus-
tainable breeding. New important salt-tolerant genes in soybean need to be charac-
terized. The mechanisms for salt tolerance are different between germination and 
seedling stages (Pathan et al. 2007; Phang et al. 2008). Considering the importance 
of salt tolerance during seed germination, further research is also needed to address 
this issue.

Currently, the phenotyping of salt tolerance is still relying on visual scoring. This 
requires experience, and the results may vary from person to person. The visual 
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scoring systems usually rate 1–5 or 1–10 scales, which may not fully capture the 
variation in tolerance performance of different genotypes. High-throughput pheno-
typing technology with the development of an image-based data analysis system 
provides a new powerful tool. High-throughput phenotyping platforms that monitor 
canopy architecture and stress response are useful to advance our knowledge of salt 
tolerance (Fig.  9.4). It enables quantitative, nondestructive assessment of the 
responses of soybean to salinity during the seedling stage under salt-stress condi-
tion. Canopy spectral reflectance data can be measured with remote sensing, imag-
ing, and digital processing in a high-throughput and cost-effective manner. Some 
stress-related traits, such as plant height, canopy size, canopy temperature, chloro-
phyll content, photosynthesis rate, and transpiration rate, can be estimated by 
 analysis canopy spectral reflectance data. Certain wavelengths in the canopy reflec-
tance data, such as the near-infrared wavelengths (730–1305 nm), was found to be 
highly correlated with agronomic traits, which offers a new source of variation to 
represent those original agronomic traits including stress tolerance.

Fig. 9.4 Imaging system was used to evaluate the performances of different soybean accessions 
under salt-stress and control conditions. (a, b) Plant height estimated by imaging system and cor-
relation analysis with real measurement data. (c) Plant size of soybean accessions measured by 
imaging system under salt-stress (NaCl) and control conditions
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Concurrently, next-generation sequencing technologies will facilitate faster 
understanding of the genetic architecture and characterization of salt-tolerant genes, 
leading to improved marker-assisted selection methods. Finally, the targeted genome 
editing by CRISPR/Cas9 system (Jacobs et al. 2015; Sun et al. 2015) can enable 
modification of these alleles to maximize the performance of soybean under stress 
conditions. The development of pan genomes and resequencing information of vari-
ous legume crops can strengthen the comparative legume genomics for discovery 
and characterization of key genes and gene families involved in stress tolerance. 
Integration of these genomic resources and technologies into the next-generation 
breeding strategies will accelerate the genetic improvement of yield under stress 
conditions for crops, including soybean.
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Chapter 10
Proteomics Perspectives in Post-Genomic 
Era for Producing Salinity Stress-Tolerant 
Crops

Pannaga Krishnamurthy, Lin Qingsong, and Prakash P. Kumar

Abstract Plant growth and productivity are affected by both biotic and abiotic 
stress factors. Among the abiotic stresses, salt stress is the most prevalent and del-
eterious environmental factor which limits crop yield globally. Combined with the 
increasing population and food demands, this poses a great challenge to humanity. 
Currently, salinity affects more than 20% of the irrigated land. This is estimated to 
increase drastically in the near future due to the excessive irrigation practices. These 
factors have necessitated the researchers to understand the salt tolerance mecha-
nisms in plants in order to use various approaches to generate salt-tolerant crops. 
Due to their sessile nature, plants cannot evade the stressful environment, and there-
fore, some species have evolved various adaptive strategies to grow and reproduce 
under unfavorable environments. Salt stress imparts both osmotic and ionic stress to 
the plants, affecting their metabolism and ion homeostasis, thereby leading to 
reduced growth and productivity and death in some cases. Salt tolerance is a com-
plex phenomenon involving changes in the biochemical, molecular, and physiologi-
cal processes of the plant. These changes consisting of a readjustment in the genomic 
and proteomic complement of the plants are imperative in unraveling the tolerance 
mechanisms. Recent advances in the omics research have shed more light on a 
range of promising candidate genes and proteins that render salt tolerance to plants. 
In this chapter, we describe the general effects of salt stress, the tolerance mecha-
nisms of plants, and how recent advances in the field of proteomics can be utilized 
to enhance salt tolerance of crop plants.
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Abbreviations

1DE One-dimensional gel electrophoresis
2DE Two-dimensional gel electrophoresis
ABA Abscisic acid
APX Ascorbate peroxidase
bHLH Basic helix-loop-helix
CAT Catalase
CCOMT CoA O-methyltransferase
CNGCs Cyclic nucleotide-gated channels
DHAR Dehydroascorbate reductase
DIGE Difference gel electrophoresis
EC Electric conductivity
GPX Glutathione peroxidase
HKT1 High-affinity potassium transporter
ICAT Isotope-coded affinity tags
iTRAQ Isobaric tags for relative and absolute quantitation
JA Jasmonic acid
LRR Leucine-rich repeat
MAPK Mitogen-activated protein kinase
MDAR Monodehydroascorbate reductase
MRM Multiple reaction monitoring
MS Mass spectrometry
MudPIT Multidimensional protein identification technology
NaCl Sodium chloride
NHX Sodium/hydrogen exchanger
NSCC Nonselective cation channels
PIP Plasma membrane intrinsic proteins
POD Peroxidases
PTMs Posttranslational modifications
ROS Reactive oxygen species
SA Salicylic acid
SAM S-adenosyl methionine
SILAC Stable isotope labeling by amino acids in cell culture
SOD Superoxide dismutase
SOS1 Salt overly sensitive1
SRM Selective reaction monitoring
SUMO Small ubiquitin-like modifiers
SWATH MS Sequential window acquisition of all theoretical mass spectra
TIP Tonoplast intrinsic proteins
VDAC Voltage-dependent anion channel
VPPase Vacuolar pyrophosphatase
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10.1  Salt Tolerance in Plants

Salinity is one of the most deleterious environmental stress factors affecting agricul-
tural productivity worldwide. More than 6% of land area is affected by salinity, 
mainly due to the increasing irrigation in addition to inundation by seawater 
(Flowers and Yeo 1995; Tester and Davenport 2003). When irrigated water evapo-
rates, it leaves behind the dissolved salts, and continual irrigation of a given field 
progressively leads to accumulation of excessive quantities of salts such as sodium 
chloride and sodium sulfate. The soil is considered to be saline when the electric 
conductivity (EC) of the soil solution reaches 4 dS m−1 (equivalent to 40 mM NaCl), 
which generates an osmotic pressure of ~ 0.2 MPa (Munns and Tester 2008) (dS m−1 
= deci Siemens per meter; for reference, EC of most fresh drinking water will be 
less than 0.1 dS m−1, and EC of seawater is around 54 dS m−1). Sodium and chloride, 
the two major components of saline soils, impart both osmotic and ionic stress to the 
plants. In the initial stage, plants experience an osmotic stress due to the decreased 
osmotic potential in the soil which is reversible (Munns and Tester 2008). With the 
increasing Na+ and Cl−, ionic stress is imposed to the plants leading to impairment 
of metabolic processes and photosynthetic efficiency in the second phase (Deinlein 
et al. 2014; Flowers and Yeo 1995). As a consequence, plant growth and develop-
ment are negatively affected leading to plant death in some cases.

Plants exhibit variable tolerance to salt depending on species and climatic and 
soil conditions (Tang et  al. 2015). Genetic variability exists in salt tolerance of 
plants, and the degree of tolerance varies with species as well as within the varieties 
of species. Based on the ability of the plants to grow in saline environments, they are 
classified as glycophytes and halophytes. Glycophytes include most crop plants that 
cannot grow in the presence of high salt concentrations (100–200 mM) (Acosta- 
Motos et al. 2017). Among the crop plants, barley (Hordeum vulgare) is shown to 
be more tolerant compared to rice (Oryza sativa) and wheat (Triticum aestivum) 
(Gupta and Huang 2014; Munns and Tester 2008), whereas halophytes such as the 
mangrove plants can survive and complete their life cycle in high salt concentra-
tions (300–500 mM) as they have developed better adaptive mechanisms to grow in 
saline conditions (Flowers and Colmer 2015; Parida and Das 2005).

Some of the adaptive strategies exhibited by plants to cope with salinity are (a) 
salt exclusion at the roots, (b) compartmentalization of salt, (c) accumulation of 
osmolytes, and (d) salt secretion. Since roots are in direct contact with the saline 
soil, they need to provide the first line of defense. Roots of both glycophytes and 
halophytes exclude unwanted salt at the roots with the aid of apoplastic barriers 
(suberin lamellae and Casparian bands) in the endodermis and exodermis (Fig. 10.1). 
The salt tolerance of plants has been related to the extent of barrier deposition in the 
roots (Ma and Peterson 2003; Parida and Jha 2010; Peterson 1988; Ranathunge 
et al. 2003; Reinhardt and Rost 1995; Scholander 1968; Schreiber and Franke 2011; 
Schreiber et al. 1999; Krishnamurthy et al. 2011, 2014a; Kim et al. 2016). However, 
the salt that manages to enter the roots and leaves of such tolerant plants is still toxic 
to them because the enzymes involved in metabolic processes are sensitive to salt 
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Fig. 10.1 Adaptations of mangroves to salinity. (a) Some ultrafiltrator mangrove species such as 
Bruguiera cylindrica filter ~99% of salt from the seawater at their roots. This is facilitated by 
deposition of two sets of complete rings of suberized hydrophobic barriers at the root, namely, the 
endodermis and multilayered exodermis. The largely apoplastic pathway of movement for water 
and dissolved ions gets routed through the cell membranes (symplastic route) by the exodermis 
and endodermis layers. (b) However, due to the formation of incomplete suberized cell walls (bro-
ken ring) of the endodermis toward tips of the roots, salt-secreting mangrove species such as 
Avicennia officinalis can only filter ~95% of salt from the seawater. (c) To compensate for the 
inefficient ultrafiltration, the latter species secrete excess salt at the leaf surface. (d) The secreted 
salt solution can dry up leaving behind salt crystals on the leaves. (e) Salt secretion is carried out 
via specialized salt glands (inset) present largely on the adaxial surface of the leaves
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both in glycophytes and halophytes (Parida and Das 2005; Parida and Jha 2010; Zhu 
2003). Sodium/hydrogen exchangers (NHXs) are involved in compartmentalizing 
the excess cytosolic Na+ into the vacuoles using the hydrogen gradient generated by 
two electrogenic H+ pumps, the vacuolar type H+-ATPase (V-ATPase) and vacuolar 
pyrophosphatase (VPPase) (Apse et al. 1999; Parida and Das 2005; Parida and Jha 
2010). Some plants also exhibit compartmentalization of toxic NaCl into the older 
leaves which are eventually shed, protecting the young leaves (Cheeseman 1988). 
To maintain the ionic balance in the vacuoles, the cytoplasm accumulates compati-
ble solutes (osmolytes) which are neutral, low-molecular mass compounds and do 
not interfere with the general metabolic processes (Hasegawa et al. 2000; Parida and 
Das 2005; Parida and Jha 2010). The major compatible solutes found in plants are 
proline, glycine betaine, polyols (mannitol, pinitol, inositol, etc.), and sugars (glu-
cose, fructose, sucrose) (Parida and Das 2005; Parida and Jha 2010; Tsuzuki et al. 
2011). Osmolytes also function as chaperones and as scavengers of stress-induced 
oxygen radicals in many plants (Bohnert et al. 1995; Parida and Das 2005; Parida 
and Jha 2010). While all these three strategies can be found in most of the plant spe-
cies, salt secretion is predominantly an adaptation of halophytes and more so in 
mangrove plants (Fig.  10.1). The excess salt from the photosynthetic tissue is 
actively secreted through microscopic foliar salt glands/salt hairs (bladders) 
(Bohnert et al. 1995; Parida and Jha 2010; Flowers and Colmer 2015). These struc-
tures are commonly found in halophytes such as Frankenia, Cressa, Spartina, 
Aeluropus, Atriplex, Chloris, Statice, Plumbago, Tamarix, Limonium, Armeria, 
Glaux, and Reamuria, as well as in mangrove species such as Avicennia, Aegiceras, 
Aegialitis, and Acanthus (Hasanuzzaman et al. 2013; Popp 1995). In order to be able 
to generate salt-tolerant crop plants, it is critical to understand the salt tolerance 
mechanisms in both glycophytes and halophytes. Several decades of salinity 
research have shed light on most of these processes, although the underlying mecha-
nisms of many are still not understood completely and pose a great challenge to the 
researchers.

10.2  Importance of Proteomic Research

Recent advances in plant omics research have led to the opening up of new oppor-
tunities and perspectives for improving crop productivity under various abiotic 
stresses. Salt tolerance is a complex process brought about by the interplay of mul-
tiple genes, which involves many physiological, biochemical, and molecular pro-
cesses (Flowers 2004; Munns and Tester 2008). With the aid of transcriptomics and 
microarray technology, researchers have profiled the global gene expression pat-
terns in various plant species such as Arabidopsis, rice, maize, Medicago, 
Mesembryanthemum, Thellungiella, and Avicennia that have helped to identify and 
characterize a number of salt-responsive genes, many of which have been used for 
developing salt-tolerant crops (Jiang and Deyholos 2006; Mishra and Tanna 2017; 
Qing et al. 2009; Rabbani et al. 2003; Seki et al. 2002; Szittya et al. 2008; Taji et al. 
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2004; Walia et al. 2007; Wang et al. 2003; Krishnamurthy et al. 2017). Despite the 
advantages of transcriptomic approach, functional gene expression profiles can only 
be achieved by proteomic analysis. It has been established that the changes in gene 
expression levels need not necessarily correspond with the changes at protein level 
(Gygi et al. 1999; Kosava et al. 2011). This is due to the fact that posttranscriptional 
and posttranslational regulations occur in cells. Further, because of the combined 
effects of specific temporal and spatial expression patterns of genes, studies that 
focus on transcriptomics alone are not sufficient to elucidate the overall mechanism 
of stress remediation in plants. Some transcripts might not be translated into pro-
teins in selected tissues/cells. Therefore, if we only rely on transcriptomics, such 
posttranscriptional regulation will be missed. In addition, genes and their regulatory 
elements may have complex 3D relationships involving long-range chromatin inter-
actions which have emerged as a new level of complexity (Sanyal et  al. 2012). 
Moreover, posttranslational modifications such as phosphorylation, glycosylation, 
ubiquitination, SUMOylation, carbonylation, and protein-protein interactions are 
important for many biological processes (Kosava et  al. 2011; Wu et  al. 2016). 
Proteins are also dynamic in cells which get targeted for proteolysis in addition to 
the modifications. Hence quantitative analysis of gene expression at protein level is 
necessary for understanding the mechanism of salt tolerance (Sobhanian et  al. 
2011). Investigation of changes in plant proteome is highly important since pro-
teins, unlike transcripts, are direct players of plant stress response which play key 
roles in growth and development of a plant as well as in response to various stress 
conditions. Proteomics, which helps to analyze the profiles and functions of pro-
teins on a large scale, is considered one of the next-generation research tools in life 
sciences along with genomics and transcriptomics (Eldakak et  al. 2013; Zhuang 
et al. 2014). Since the genome sequences of several plant species have been deci-
phered and made publicly available, researchers are focusing to link the genomic, 
transcriptomic, and metabolomic profiles to the expression and biological functions 
of proteins. Combined omics studies are being proven to be valuable to address 
these limitations and provide additional perspectives on the molecular regulatory 
mechanisms (Gupta and Huang 2014; Zhuang et al. 2014).Thus, in the post genome 
era, proteomics has emerged as an important complementary tool to other omics 
approaches such as transcriptomics and metabolomics.

10.3  Advances in Plant Proteomic Tools

In the recent past, there have been rapid developments and advances in protein 
quantitative methods. Expression profiling of proteins is the core of proteomics 
approaches (Parker et al. 2006), and several techniques have been developed for the 
differential analysis of protein expression. Major steps critical for any proteomic 
approach include sample (tissue/cell or organelle) preparation, protein extraction, 
purification and fractionation, labeling and modification, analysis by mass spec-
trometry (MS), identification of proteins, analysis of data, and validation (Hakeem 
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et al. 2013; Jorrin-Novo et al. 2009) (Fig. 10.2). Protein extraction protocols widely 
used for plant materials include tissue homogenization in buffers or inorganic sol-
vents (phenol, TCA-acetone). Sample preparation is a major challenge in achieving 
good proteomic data, and developing efficient extraction procedures has therefore 
gained importance (Rossignol et al. 2006). Gel-based or gel-free techniques are the 
two most common protein fractionation techniques used. One-dimensional gel elec-
trophoresis (1-DE) and two-dimensional gel electrophoresis (2-DE) are the pre-
dominantly used gel-based techniques, although 2-DE is the most preferred in 
combination with MS. With the development of “difference gel electrophoresis” 

Fig. 10.2 Proteomic workflow. Schematic representation of the general workflow of proteomic 
analysis. The protein extracted and purified from the plant material is fractionated using gel-based 
and gel-free techniques. The fractionated peptides are identified using various mass spectrometry 
analyses. Refer to the text for the abbreviations for the various techniques listed
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(2D-DIGE), quantitative proteomics can be carried out with a relatively small 
amount of protein (0.025–0.050  mg) (Dunkley et  al. 2006). Gel-free technique 
includes shotgun liquid chromatography coupled with tandem mass spectrometry 
(LC-MS/MS) and is popular lately because we can identify more number of pro-
teins from a complex sample using this approach compared to gel-based techniques. 
In addition, the gel-free multidimensional protein identification technology 
(MudPIT) is used for the detection of hydrophobic proteins (Gorg et al. 2009). The 
recent development in second-generation proteomic technologies for quantitative 
proteomics such as isotope-coded affinity tags (ICAT) (Shiio and Aebersold 2006), 
stable isotope labeling by amino acids in cell culture (SILAC) (Palmblad et  al. 
2008), and isobaric tags for relative and absolute quantitation (iTRAQ) (Gan et al. 
2007) has led to the identification of several salt-responsive proteins from various 
plant species. Some of the salt tolerance-related proteomic studies are listed in 
Table  10.1 along with the species involved and the technique used. Despite the 
availability of the advanced gel-free quantitative proteomic approaches, 2-DE even 
today is preferred as the detergents and buffers used in this technique are quite effi-
cient in solubilization of more hydrophobic proteins compared to other techniques 
(Hu et al. 2015). More recently, multiple reaction monitoring (MRM, also known as 
selective reaction monitoring – SRM) technique has been used in mass spectrome-
try to selectively quantify compounds within complex mixtures. Using MRM, salt- 
responsive proteins from Brassica napus were quantified (Luo et al. 2015). This 
technique is an alternative to antibody-based immunodetection assays owing to its 
high sensitivity and selectivity in quantitation of low-abundance proteins from a 
complex mixture. Sequential window acquisition of all theoretical mass spectra 
(SWATH MS) has been lately used as an alternative method to the traditional mass 
spectrometry-based proteomics techniques such as shotgun and MRM methods. 
This method allows a complete and permanent recording of all fragment ions of the 
detectable peptide precursors in a biological sample (Hu et al. 2015). Therefore, it 
combines the advantages of MRM (high reproducibility and consistency) with those 
of shotgun MS studies (high throughput) (Huang et al. 2015b).

10.4  Proteomic Studies in Salt Tolerance Research

Salt tolerance is a complex process brought about by the interaction of various hor-
monal, biochemical, physiological, and molecular processes. Proteomic research has 
been carried out in various plant species comprising both glycophytes and halophytes 
to identify the key salt tolerance-related proteins and understand the mechanism of 
salt tolerance. Some of the studies in glycophytes involve Arabidopsis thaliana (Jiang 
et al. 2007; Ndimba et al. 2005), tobacco (Dani et al. 2005; Razavizadeh et al. 2009), 
grass pea (Chattopadhyay et al. 2011; Mastrobuoni et al. 2012), Agrostis stolonifera 
(Xu et al. 2010), Populus cathayana (Chen et al. 2011), rice (Abbasi and Komatsu 
2004; Chitteti and Peng 2007; Dooki et al. 2006; Kim et al. 2005; Yan et al. 2005; Liu 
et al. 2014), barley (Fatehi et al. 2012; Rasoulnia et al. 2011; Witzel et al. 2009), 
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Table 10.1 Examples of studies carried out using various proteomic techniques in both 
glycophytes and halophytes

Species Stress condition Technique used

No. of 
proteins 
identified

Wheat 0%, 1.5%, 2.0%, and 
2.5% NaCl (2 days)

2D-DIGE (Gao et al. 2011) 52 (leaves)
2D MALDI-TOF (Caruso 
et al. 2008)

38 (leaves)

100 mM NaCl (2 days) iTRAQ (Jiang et al. 2017) 121 (roots)
350 mM NaCl (4 days)

Rice 250 mM NaCl (30 min) 2DE Nano-LC/MS/MS (Liu 
et al. 2014)

104 (roots),

150 mM NaCl (24, 48 
and 72 h)

2-DE MALDI-TOF/MS (Yan 
et al. 2005)

59 (leaves)
12 (roots)

Soybean 40 mM NaCl(1 week) 2-DE Edman sequencing 19 (leaves)
200 mM NaCl(12 h) MALDI/TOF (Sobhanian 

et al. 2010b)
22 
(hypocotyls)

iTRAQ (Ji et al. 2016) 44 (roots)
278 (leaves),
440 (roots)

Date palm 3.6 M (1 month) 2D-DIGE (El Rabey et al. 
2015)

9 (leaves)

Brassica napus 200 mM NaCl (24 h, 
48 h and 72 h)

2-DE MALDI-TOF/TOFMS 
(Jia et al. 2015)

42 (leaves)

Barley 0, 50, 100, 150, 200, 
and 250 mM NaCl 
(13 days)

2-DEnanoLC-ESI-Q-TOF 
MS/MS (Witzel et al. 2009)

26 (roots)

300 mM NaCl 
(3 weeks)

2DE MALDI-TOF-TOF MS 
(Fatehi et al. 2012) SDS 
PAGE NanoLC-ESI-Q-TOF 
MS (Rasoulnia et al. 2011)

44 (leaves)

300 mM NaCl (1 week) 44 (crown 
tissue)

Potato 150 mM NaCl (3, 
8 days)

2D-DIGE MALDI-TOF/TOF 
(Evers et al. 2012)

90 (leaves)

Sorghum bicolor 200 mM NaCl(96 h) 2DE MALDI-TOD/TOF 
(Swami et al. 2011)

21 (leaves)

Cotton 200 mM NaCl(24 h) iTRAQ (Li et al. 2015) 128 (roots)
240 mM NaCl (1 week) iTRAQ (Chen et al. 2016) 611 (roots),

1477 (leaves)
Peanut 0-300 mM NaCl 

(12 days)
2-DE ESI-Q-TOF MS/MS 
(Jain et al. 2006)

24 (callus)

A. thaliana 50 mM and 150 mM 
NaCl (5 days)

2-DE iTRAQ LC-MS/MS 
(Pang et al. 2010)

119 (leaves)

200 mM NaCl (6 h) 2D-DIGE MALDI-TOF/TOF 
MS (Ndimba et al. 2005)

75 (cell 
culture)

Tobacco (Nicotiana 
tabacum)

100 mM NaCl 
(20 days)

2-DE LC-MS/MS (Dani et al. 
2005)2-DE (Razavizadeh 
et al. 2009)

20 (apoplast)

150 mM NaCl (2 days) 18 (leaves)

(continued)
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Table 10.1 (continued)

Species Stress condition Technique used

No. of 
proteins 
identified

Populus cathayana 70 and 150 mM NaCl 
(1 week)

2-DE Q-TOF/MS/MS (Chen 
et al. 2011)

73 (leaves)

Grass pea 500 mM NaCl (12, 24 
and 36 h)

2-DE LC-tandem MS/MS 
(Chattopadhyay et al. 2011)

48 (leaves)

Bent grass 10dS−1 (28 days) 2-DE MALDI-TOF/TOF (Xu 
et al. 2010)

106 (leaves)
24 (roots)

Canola 175 and 350 mM NaCl 
(3 weeks)

2-DE MALDI-TOF/TOF 
(Bandehagh et al. 2011)

75 (leaves)

Maize 25 mM NaCl (1 h) 2-DE MALDI-TOF/TOF MS 
(Zorb et al. 2010)

14 (roots)

Tomato 120 mM NaCl (7 days) 2-DE LC-ESI-MS/MS (Chen 
et al. 2009)

23 (seedlings)

Cucumber 50 mM NaCl (3 days) 2-DEMALDI-TOF/MS (Du 
et al. 2010)

29 (roots)

Halogeton glomeratus 200 mM NaCl (24 h, 
72 h and 7 days)

2DE MALDI TOF/TOF MS/
MS (Wang et al. 2015)

49 (leaves)

Chlamydomonas 
reinhardtii

100 mM and 150 mM 
NaCl (1, 3, 8 and 24 h)

SILAC GC-MS/MS 
(Mastrobuoni et al. 2012)

3115 (cells)

Thellungiella 
halophila

50 mM and 150 mM 
NaCl (5 days)

2-DE iTRAQ LC-MS/MS 
(Pang et al. 2010)

69 (leaves)

Bruguiera 
gymnorrhiza

500 mM NaCl (1, 3, 6, 
12, 24 h and 12 days)

2DE (Tada and Kashimura 
2009)

2 (root)
3 (lateral root)
1 (leaf)

Dunaliella salina 0.75 M and 3 M NaCl 2D-DIGE MALDI-TOF/TOF 
MS (Jia et al. 2016)

24 (cell 
culture)

Avicennia officinalis Field samples 
(~500 mM NaCl)

2-DE LC-MS/MS 
(Krishnamurthy et al. 2014b)

419 (leaves)

Field samples 
(~500 mM NaCl)

Shotgun LC-MS/MS (Tan 
et al. 2015)

2188 (leaf 
epidermal 
peels)

Salicornia europaea 0, 200, 600, and 
800 mM NaCl 
(21 days)

2DE-MALDI/TOF/TOF MS 
(Wang et al. 2009)

111 (leaves)

Suaeda aegyptiaca 0, 150, 300, 450, and 
600 mM NaCl 
(30 days)

2DE-LC/MS/MS (Askari 
et al. 2006)

27 (leaves)

Suaeda salsa 0,100,200mMNaCl 
(3 weeks)

2-DE MALDI-TOF/MS (Li 
et al. 2011)

57 (leaves)

Aeluropus lagopoides 450 mM NaCl 
(10 days)

2-DE Edman sequencing 
Nano LC-MS/MS (Sobhanian 
et al. 2010a)

83 (leaves)

Tangut nitaria 200 mM NaCl (1, 3, 5 
and 7 days)

iTRAQ (Cheng et al. 2015) 71 (leaves)

(continued)
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wheat (Caruso et al. 2008; Gao et al. 2011; Jiang et al. 2017), canola (Bandehagh 
et al. 2011), soybean (Ji et al. 2016; Sobhanian et al. 2010b), sorghum (Swami et al. 
2011), peanut (Jain et al. 2006), date palm (El Rabey et al. 2015), maize (Zorb et al. 
2009; Zorb et al. 2010), cucumber (Du et al. 2010), tomato (Chen et al. 2009), potato 
(Evers et al. 2012), and cotton (Chen et al. 2016; Li et al. 2015) (Table 10.1). A sum-
mary of the proteomic work carried out in major glycophytic crops can be found in 
earlier reports (Salekdeh et al. 2002; Sobhanian et al. 2011). Similarly, proteomic 
studies involving halophytes are Suaeda salsa (Li et  al. 2011), M. crystallinum 
(Cosentino et al. 2013), Suaeda aegyptiaca (Askari et al. 2006), Puccinellia tenui-
flora (Yu et  al. 2011), Bruguiera gymnorrhiza (Tada and Kashimura 2009), 
Avicennia officinalis (Krishnamurthy et  al. 2014b; Tan et  al. 2015), Salicornia 
europaea (Wang et al. 2009), Thellungiella halophila (Pang et al. 2010), Dunaliella 
salina (Jia et al. 2016), Kandelia candel (Wang et al. 2014), Aeluropus lagopoides 
(Sobhanian et al. 2010a), Tangut nitaria (Cheng et al. 2015), and Chlamydomonas 
reinhardtii (Mastrobuoni et al. 2012) (Table 10.1). Based on these proteomic stud-
ies, several similarities and differences were revealed in the responses of glyco-
phytes and halophytes to salt stress. The overall responses have been grouped into 
the following categories, and the major proteins affected by salt are discussed in a 
greater detail.

10.5  Salt Exclusion

Salt exclusion at the roots under salinity conditions is a well-known process that 
occurs both in glycophytes and halophytes (Faiyue et al. 2010; Krishnamurthy et al. 
2011; Yeo et al. 1987). This involves the deposition of physical hydrophobic barri-
ers (suberin lamellae and Casparian bands), mainly made up of suberin and lignin 
which block the leakage of ions and water into the xylem through an apoplast bypass 
flow (Enstone et al. 2003; Schreiber et al. 1999). In a rice comparative proteomic 
study between salt-tolerant Pokkali and the sensitive cultivar IR29, caffeoyl-CoA 
O-methyltransferase (CCOMT) was markedly upregulated by salt stress. CCOMT 

Table 10.1 (continued)

Species Stress condition Technique used

No. of 
proteins 
identified

Kandelia candel 300, 450 and 600 mM 
NaCl (3 days)

2-DE MALDI-TOF-TOF MS 
(Wang et al. 2014)

48 (leaves)

Puccinellia tenuiflora 50 and 150 mM NaCl 
(7 days)

2-DE ESI-Q-TOF MS/MS 
(Yu et al. 2011)

107 (leaves)

Mesembryanthemum 
crystallinum

400 mM NaCl 
(12 days)

SDS-PAGE LC-MS/MS 
(Cosentino et al. 2013)

14 (leaves)

The specific salt treatment and the techniques used along with the key references [in brackets] for 
the cited examples are provided
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is involved in suberin and lignin biosynthesis. In other studies, an increase in suberin 
and lignin upon salt treatment leading to reduced bypass flow has been shown in 
Pokkali (Ranjithakumari and Radhakrishnan 2008). In a proteomic study of halo-
phyte plant Salicornia europaea, increased lignification of the xylem vessels associ-
ated with an increased biosynthesis of S-adenosyl methionine (SAM, enzyme 
involved in biosynthesis of lignin) was found to reduce the apoplast bypass flow. In 
addition, increased expression of several plasma membrane ion transporters such as 
SOS1, sodium/hydrogen antiporters (Nhx), voltage-dependent anion channel 
(VDAC), and calcium-mediated sensors was seen suggesting that the salt exclusion 
process is coupled to the salt ion translocation through membrane-bound transport-
ers (Wang et al. 2009).

10.6  Signaling and Regulation of Gene Expression

Plants require numerous signaling molecules to regulate the complex stress 
responses. Several key signaling-related proteins reported to be involved in salt 
stress response include proteins related to Ca2+ and phytohormone signaling, GTP- 
binding proteins, 14-3-3-like proteins, and various protein kinases. Salt stress- 
induced Ca2+-dependent signaling has been reported to transduce stress signal from 
plasma membrane to the nucleus leading to Na+ homeostasis and salt tolerance 
(Mahajan et al. 2008). Proteomic studies have revealed several proteins involved in 
Ca2+ signaling pathway which have been reported to be involved in salt tolerance. In 
maize, a Ca2+-sensing receptor and a Na+-sensing element were induced by salt 
(Zorb et  al. 2010). In plants like rice, Arabidopsis, S. salsa, and A. officinalis, 
calcium- binding proteins have been reported to be regulated by salinity (Jiang et al. 
2007; Krishnamurthy et al. 2014b; Li et al. 2010b, 2011; Pang et al. 2010). In addi-
tion, levels of calmodulin, calcineurin-like phosphoesterases, calreticulin, and 
annexin were affected by salt in various plants (Jiang et al. 2007; Li et al. 2010b; 
Zorb et al. 2010). These changes may modulate the levels of Ca2+ in the intracellular 
stores, thereby inducing several phosphatases and kinases (Jiang et  al. 2007). 
Salinity-related works have shown that the Ca2+ signaling activates the SOS path-
way which is important for regulation of cellular Na+/K+ homeostasis (Zhu 2002). 
However, not many proteomic reports can be found related to SOS1, which could be 
due to the low abundance of signaling proteins compared to the cytosolic proteins 
making it difficult for their identification. The phytohormones ABA, JA, ethylene, 
and SA play major role in plant abiotic stress tolerance. In several instances, the 
cross talk between these hormones leads to the tolerance to a particular stress. ABA- 
responsive proteins and ABA/stress-inducible proteins are shown to be increased by 
salt in pea and rice (Nat et al. 2004; Salekdeh et al. 2002). The mitogen-activated 
protein kinase (MAPK), which negatively regulates SA and positively regulates JA, 
and several pathogenesis-related proteins (PR1, PR10, PR17) that are regulated by 
JA/ethylene signaling were all induced by salt (Zhang et al. 2012a; Chattopadhyay 
et al. 2011; Jain et al. 2006; Li et al. 2010b; Pang et al. 2010). GTP-binding proteins 

P. Krishnamurthy et al.



251

such as RAb-GTPases and RAC-GTPases, which regulate vesicle trafficking and 
endocytosis, have been reported from several studies (Jiang et  al. 2007; 
Krishnamurthy et  al. 2014b; Ndimba et  al. 2005; Pang et  al. 2010; Wang et  al. 
2008a). 14-3-3-like proteins are an important class of proteins known to interact 
with MAPKs as well as CDPKs and regulate cellular ion homeostasis by activating 
plasma membrane H+-ATPases. This class of proteins has been found in most of the 
proteomic studies related to salt stress (Chattopadhyay et  al. 2011; Cheng et  al. 
2015; Ji et  al. 2016; Krishnamurthy et al. 2014b; Wang et al. 2008a; Zorb et al. 
2010). Several studies have reported a large number of kinases that regulate key 
salt-responsive processes via phosphorylation and dephosphosphorylation. The 
receptor-like protein kinase plays an important role in salt tolerance via the activa-
tion of MAPK pathway (Krishnamurthy et al. 2014b). Members of the large family 
of leucine-rich repeat (LRR) protein kinases act as important signaling components 
in plant disease and stress responses (Cheng et  al. 2009; Krishnamurthy et  al. 
2014b). Various signal transduction pathways activated by salt would alter the 
expression of several genes by regulating the transcription factors and transcription- 
related proteins that are important for salinity tolerance of plants. Several transcrip-
tion factors (TF) such as basic helix-loop-helix (bHLH), basic transcription factor 3 
(BTF3), and NAC family proteins have been reported to be induced by salt in pro-
teomic studies (Aghaei and Komatsu 2013; Chen et al. 2009; Fatehi et al. 2012; 
Vincent et al. 2007; Yan et al. 2005). The bHLH and NAC TFs have been shown to 
render salt tolerance in rice and Arabidopsis (Zhou et al. 2009; He et al. 2005).

10.7  Metabolic Processes

Several metabolic pathways including carbohydrates, proteins, nucleic acids, and 
lipids are perturbed by salt stress. Plants differ in regulating different metabolic 
processes in response to salt stress. As mentioned earlier, plants accumulate high 
levels of organic solutes such as glycine betaine, proline, polyols, and sugars along 
with several osmoprotectants in order to overcome the salinity-induced osmotic 
stress. Accordingly, proteomic studies of salt-stressed plants revealed an increase in 
the levels of enzymes involved in the biosynthesis of these osmolytes. Glutamine 
synthase and ∆-pyrroline-5-carboxylate synthase (P5CS) involved in proline bio-
synthesis were increased, while proline dehydrogenase, which degrades proline, 
was decreased in Thellungiella (Kosova et al. 2013). Several studies have shown 
that glutamine synthase is induced by salt stress and plays a major role in salt toler-
ance (Pang et al. 2010). Increase in the levels of SAM synthase (SAMS), betaine 
aldehyde dehydrogenase, glycine dehydrogenase, and choline monooxygenase, 
which are involved in the biosynthesis of another important osmolyte glycine beta-
ine, was reported in several proteomic (Askari et al. 2006; Veeranagamallaiah et al. 
2008; Wang et al. 2015) studies as well as transcriptomic studies (Gharat et al. 2016; 
Mishra and Tanna 2017). Some of the osmoprotectants such as LEA proteins, dehy-
drins, and osmotins were also expressed in response to salt stress (Jyothi-Prakash 
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et al. 2014; Kosova et al. 2013; Pang et al. 2010). These are hydrophilic proteins that 
play an important protective role during cellular dehydration occurring under abi-
otic stresses.

Salt stress alters the energy metabolism of plants by affecting photosynthesis. 
Several metabolic processes are severely decreased under salt stress due to the clo-
sure of stomata leading to reduced CO2 availability, which in turn decreases the 
photosynthetic rate (Kosava et  al. 2013). A decreased abundance of RuBisCO, 
oxygen- evolving complex protein (OEC proteins), carbonic anhydrase, chlorophyll 
a/b binding protein, and RuBisCO activase was observed in many glycophytic 
plants under salt treatment (Aghaei and Komatsu 2013; Bandehagh et  al. 2011; 
Chattopadhyay et al. 2011; Pang et al. 2010; Sobhanian et al. 2010b; Kosava et al. 
2013; Kosova et al. 2013) indicating reduced assimilation of CO2 under stressed 
conditions. On the contrary, increased degradation of RuBisCO along with increased 
expression of several other enzymes involved in catabolic processes such as Calvin 
cycle and glycolysis was observed (Pang et  al. 2010; Rasoulnia et  al. 2011). 
However, proteomic studies with halophytes have shown that the net photosynthetic 
rate is either maintained or increased under salt stress in these plants. Salt-induced 
increase in the abundance of RuBisCO subunits, chlorophyll a/b binding proteins, 
and D2 protein (a core protein of photosystem II) has been reported (Cheng et al. 
2015; Wang et al. 2008b, 2015). This shows how halophytes, unlike glycophytes, 
are successful in maintaining the plant growth and productivity under saline condi-
tions. Other key metabolism-related proteins reported in proteomic studies in 
response to salt stress are fructose 1, 6-bisphosphate aldolases (FBP aldolase), fruc-
tose 1, 6-bisphosphatase (FBPase), alcohol dehydrogenase, enolase, and short-chain 
dehydrogenase reductase (Abbasi and Komatsu 2004; Chattopadhyay et al. 2011; 
Krishnamurthy et al. 2014b; Sobhanian et al. 2010b; Tada and Kashimura 2009; 
Kim et al. 2005). FBP aldolases increase the production of amino acids and sugars 
through an increase in glycolysis, and they are also known to increase the produc-
tion of osmolytes leading to increased salt tolerance (Tada and Kashimura 2009). In 
addition, aldolases and enolases interact directly and regulate the function of vacu-
olar H+-ATPase, which activates the Na+ compartmentalization into vacuoles by 
Na+/H+ exchangers, rendering salt tolerance (Barkla et al. 2009). Short-chain dehy-
drogenase reductase is involved in nutrient signaling, hormone biosynthesis, and 
synthesis of secondary metabolites contributing to salt tolerance (Cheng et  al. 
2002). Under salt stress, demand for energy production increases in order to main-
tain ionic balance and plant growth. An increase in the levels of proteins involved in 
metabolic processes leading to energy production such as TCA cycle, glycolysis, 
pentose phosphate pathway, and photorespiratory pathway has been found in both 
halophytes and glycophytes (Kosova et  al. 2013). Some of the reported proteins 
involved in these processes are glyceraldehyde-3-phosphate dehydrogenase, 
succinyl- CoA ligase, carbonic anhydrase, malate dehydrogenase, pyruvate dehy-
drogenase, cytochrome c oxidase, and glucose-6-phosphate isomerase (Ndimba 
et al. 2005; Pang et al. 2010; Sobhanian et al. 2011; Yan et al. 2005; Krishnamurthy 
et al. 2014b). In addition, several subunits of ATP synthases that provide energy for 
various cellular processes were increased in many salt-treated plants (Krishnamurthy 
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et al. 2014b; Li et al. 2011; Pang et al. 2010; Veeranagamallaiah et al. 2008). Increase 
in the levels of all these proteins shows that plants respond to salt by producing 
more energy, osmolytes, and sugars, which are shown to be important for stress 
tolerance in both glycophytes and halophytes (Parida et al. 2004a).

10.8  Stress Responsive

Another important class of differentially expressed proteins identified in proteomic 
studies under salt treatment is stress-responsive proteins. Along with the alterations 
in the metabolic processes, salt stress induces oxidative damage to the plants, the 
damage being higher in glycophytes compared to halophytes (Kosova et al. 2013). 
The oxidative stress leads to accumulation of reactive oxygen species (ROS) such as 
superoxide, hydrogen peroxide, hydroxyl radical, and singlet oxygen that are cyto-
toxic and can seriously damage lipids, proteins, and nucleic acids, which would 
disturb the normal metabolism (Parida et al. 2004b).Plants with high levels of anti-
oxidants have greater resistance to this oxidative damage (Parida et al. 2004b; Parida 
and Jha 2010). Several ROS-scavenging enzymes (antioxidants) such as superoxide 
dismutase (SOD), catalase (CAT), ascorbate peroxidase (APX), dehydroascorbate 
reductase (DHAR), monodehydroascorbate reductase (MDAR), glutathione peroxi-
dase (GPX), peroxidases (POD), thioredoxin h, and cytochrome P450 monooxy-
genase were found in response to salt in proteomic studies (Abbasi and Komatsu 
2004; Aghaei and Komatsu 2013; Cheng et al. 2015; Dooki et al. 2006; Ji et al. 
2016; Jiang et al. 2017; Kim et al. 2005; Li et al. 2015; Pang et al. 2010; Swami 
et al. 2011; Wang et al. 2009; Witzel et al. 2009). SODs are enhanced by salt and 
carry out dismutation of superoxide into oxygen and H2O2 which is later removed 
by CATs, APX, and GPX in various pathways. In addition to antioxidants, heat- 
shock proteins (HSPs), chaperones, cold-shock domain-containing proteins (CSPs), 
and AAA-ATPases are some of the stress-responsive proteins found in proteomic 
studies (Ruan et al. 2011; Wang et al. 2009; Yu et al. 2011; Zhang et al. 2012a). 
HSPs, CSPs, and chaperones are known to be involved in protein structure stabiliza-
tion through folding, repair, and renaturation of the damaged proteins due to stress 
(Zhang et al. 2012a). AAA-ATPases form a large protein family and play key roles 
in proteolysis, protein folding, membrane trafficking, microtubule regulation, and 
cytoskeleton regulation. Under salt stress, targeted degradation of several proteins 
via the proteasome pathway involving ubiquitin/polyubiquitin, several peptidases 
and proteases have been shown to be important for stress remediation and salt toler-
ance. Many of these proteins have been found in several proteomic studies to be 
upregulated by salt (Chitteti and Peng 2007; Jiang et  al. 2007; Li et  al. 2010b; 
Ndimba et al. 2005; Pang et al. 2010). Thus, these stress-responsive proteins play a 
vital role in salt tolerance of plants.
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10.9  Ion Transport

Salt stress alters ion balance in plants due to the high levels of Na+ and Cl− entry into 
the cells. This necessitates the plants to reestablish ion homeostasis in the cells by 
means of ion uptake, exclusion, and compartmentation. This is important for plant 
survival as the cytosolic enzymes in both halophytes and glycophytes are sensitive 
to Na+ (Munns and Tester 2008). In most of the plants, Na+ enters the plant cells 
through nonselective cation channels such as NSCCs and cyclic nucleotide-gated 
channels (CNGCs) as well as high-affinity potassium transporter (HKT1). Ion 
exclusion from the cytosol into the external apoplast is usually carried out by the 
plasma membrane sodium/hydrogen antiporters (SOS1) which function by utilizing 
the H+ gradient generated by the plasma membrane H+-ATPases. Similarly, the Na+ 
ion compartmentation occurs by the action of vacuolar sodium/hydrogen exchang-
ers (NHXs) which function with the help of vacuolar-H+-ATPases and PPases. 
Increased levels of SOS1 were found in a relatively salt-tolerant sugar beet (Wakeel 
et al. 2011), whereas NHX, V-ATPases, and VPPases have been found to be upregu-
lated by salt in many studies involving various plant species (Du et al. 2010; Jiang 
et al. 2007; Krishnamurthy et al. 2014b; Pang et al. 2010; Tan et al. 2015; Wang 
et al. 2008a; Xu et al. 2010). In several halophytes, Na+ is sequestered into the vacu-
oles as a cheap osmolyte to maintain the osmotic balance under high saline condi-
tions (Parida and Jha 2010). Several other stress-responsive transporters/channels 
found in plant proteomic studies are K+ transporters, ABC transporters, aquaporins, 
chloride channels, and voltage-dependent anion channels (VDAC). K+ transporters 
have been identified in several plants and are shown to maintain the ionic balance 
under stressed conditions. ABC transporters were induced by salt in P. patens (Wang 
et al. 2008b) and wheat (Peng et al. 2009; Wang et al. 2008a) and found in the man-
grove plant A. officinalis (Krishnamurthy et al. 2014b; Tan et al. 2015). These trans-
porters are involved in various cellular functions such as detoxification and 
compartmentalization of heavy metals, micronutrient homeostasis, Cd2+ and heavy 
metal efflux, transport of stress-related secondary metabolites, and osmolyte trans-
port (Yazaki 2006). Overexpression studies of ABC transporters in Arabidopsis 
have shown that ABC transporters contribute to salt and drought tolerance by reduc-
ing Na+ levels in transgenic plants (Kim et al. 2007, 2010). It is a challenging task 
for plants to maintain the water status under salt stress due to the increased ion 
accumulation. Although the phospholipid bilayer exhibits substantial permeability 
to water, aquaporins are recruited for water flux across the plasma membrane 
(plasma membrane intrinsic proteins, PIP) and tonoplast (tonoplast intrinsic pro-
teins, TIP) (Maurel and Chrispeels 2001) and play a key role in water transport 
under drought and salt stress in various plant species (Boursiac et al. 2005; Maurel 
et al. 2008). In a study involving mangrove, PIPs were shown to be involved in salt 
secretion through the leaf salt glands (Tan et al. 2015). Chloride channel protein was 
found to be reduced in salt-treated P. patens and was suggested to limit the transport 
of Cl− into the cells and increase salt tolerance (Wang et al. 2008b). VDACs are 
porins present on the outer membranes of the mitochondria and have been shown to 
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be induced upon salt stress in several species such as Z. mays, B. vulgaris, A. lago-
poides, and A. officinalis (Krishnamurthy et  al. 2014b; Sobhanian et  al. 2010a; 
Wakeel et al. 2011; Wang et al. 2009; Zorb et al. 2010). VDAC2 was shown to be 
involved in rendering salt tolerance by inducing the expression of SOS3, which 
would later lead to the efflux of Na+ through SOS1, a PM Na+/H+ antiporter (Wen 
et al. 2011). In addition, the levels of a calcium-permeable channel, annexin, were 
upregulated by salt stress in several plant species (Aghaei and Komatsu 2013; Lee 
et al. 2004; Li et al. 2010b; Manaa et al. 2011; Pang et al. 2010; Peng et al. 2009; 
Sobhanian et al. 2010b; Wang et al. 2009). Increase in this channel may help in 
osmotic adjustment, cell expansion, and exocytosis during salt stress (Lee et  al. 
2004; Zhang et al. 2012a). All these studies strengthen the vital role of ion transport-
ers in salt tolerance.

10.10  Posttranslational Modification

Posttranslational modifications (PTMs) play a key role in plant salt tolerance 
because they are involved in fine-tuning of protein function, half-life, localization, 
and interactions to mitigate several damages caused by environmental stresses 
(Hashiguchi and Komatsu 2016; Xiong et al. 2016). Among these, protein phos-
phorylation is one of the major mechanisms for transmission of stress signals, while 
other modifications such as S-nitrosylation, carbonylation, ubiquitination, and 
SUMOylation have gained more importance recently as major posttranslational 
regulatory processes in eukaryotes (Guerra et al. 2015). These modifications may 
occur at different levels on the same protein target during the translational process, 
thereby affecting the amount of target and the corresponding phenotypic trait. In a 
rice root phosphoproteomic study, 17 phosphoproteins were found to be increased, 
while 11 were found to be decreased upon salt treatment (Chitteti and Peng 2007). 
Some of the increased proteins include HSP70, small GTP-binding protein, 
mannose- binding rice lectin, and OsRac2, while protein kinases and ATP synthase 
were among the decreased proteins. Similarly, in maize several proteins were phos-
phorylated (fructokinase, UDP-glucosyl transferase, 2-Cys peroxiredoxin, etc.), 
while others were found to be dephosphorylated (CaM, isocitrate dehydrogenase, 
40S ribosomal proteins, etc.) by salt stress (Zorb et al. 2010). Similarly, phosphory-
lation of dehydrin (DHN5) in wheat and several PR10 proteins from peanut upon 
salt treatment were reported (Brini et al. 2007; Jain et al. 2006). In another study 
involving citrus, several carbonylated proteins (such as chaperonin 60 subunit alpha, 
ADH, HSP70, glycolytic enzymes, and mitochondrial processing peptidases) and 
nitrosylated proteins (such as GST, SOD, GAPDH, GST, RuBisCO activase, PGK, 
peroxiredoxin, and tubulin) were found (Tanou et al. 2009). The newly emerging 
studies on PTMs suggest that these could be important determinants of salt toler-
ance in plants.
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10.11  Selected Examples of Enhanced Salt Tolerance 
in Plants Achieved Using Information Derived 
from Omics Studies

As described in the earlier sections, it is evident that the omics research has helped 
researchers to identify the key genes and proteins responsible for salt tolerance. 
Because of the multigenic property of salt tolerance trait, researchers have achieved 
limited success in improving the salt tolerance of crop plants using conventional 
breeding programs so far. However, several salt-tolerant crops with appreciable pro-
ductivity have been developed over the past decade using the transgenic approaches. 
Ion transporters have gained more importance in the past decade in transgenic stud-
ies for their role in alleviation of Na+-induced toxicity in plant cells. Increase in 
salinity tolerance has been achieved in various plant species (e.g., Arabidopsis thali-
ana, Nicotiana tabacum, Oryza sativa, and Medicago sativa) by overexpressing 
NHX genes from plants such as Agropyron elongatum, Pennisetum glaucum, 
Hordeum vulgare, and Triticum aestivum, indicating that these genes are involved in 
regulating salt tolerance in plants (Bayat et al. 2011; Qiao et al. 2007; Verma et al. 
2007; Zhang et al. 2012b). Transgenic poplar plants overexpressing PtSOS2 showed 
increased tolerance to salt stress, which was associated with a decreased Na+ accu-
mulation in the leaves of transgenic plants (Yang et al. 2015). The chloride trans-
porter GmCLC1 enhanced salt tolerance through regulating chloride accumulation 
in soybean (Wei et al. 2016), while overexpression of the high-affinity potassium 
transporter, HvHKT2;1, increased salt tolerance of barley (Mian et  al. 2011). 
Transgenic Arabidopsis plants overexpressing an ABC transporter gene AtABCG36 
showed increased salt and drought resistance with concomitant reduction of Na+ 
contents in the transgenic plants. Similarly using vacuolar H+ ATPase subunit C1 
(SaVHAC1), enhanced salinity tolerance in rice was achieved (Baisakh et al. 2012). 
Overexpression of dehydration-responsive element-binding transcription factor 
(LcDREB3a), MYB-related transcription factor (LcMYB-1), NAC transcription fac-
torTaNAC29, and basic helix-loop-helix (bHLH) protein gene (OrbHLH001) all led 
to enhanced salt tolerance in Arabidopsis thaliana (Cheng et  al. 2013; Li et  al. 
2010a; Xianjun et al. 2011; Huang et al. 2015a). Transgenic mulberry plants over-
expressing HVA1 that encodes a group of three late embryogenesis abundant (LEA) 
proteins increased accumulation of proline leading to increased salt tolerance (Lal 
et al. 2008). Overexpression of antioxidant enzymes SOD and APX enhanced salt 
stress tolerance in sweet potato by reducing the oxidative damage to the plants (Yan 
et al. 2016).These are only a few examples showing how the information obtained 
by omics research involving both transcriptomic and proteomic approaches are 
helping to advance in the field of crop improvement. It has been observed that 
enhanced tolerance to one of the abiotic stresses conferred by the above approaches 
often results in enhanced tolerance to other abiotic stresses as well (e.g., salinity and 
drought, salinity and heat stresses), which is a collateral benefit.
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10.12  Concluding Remarks and Future Perspectives

Salinity induces both osmotic and ionic stress to the plants and perturbs plant 
metabolism and ionic balance. Under such conditions, plants need to evolve with 
adaptive strategies that help them survive and reproduce. Glycophytes and halo-
phytes exhibit differences in their extent of salt tolerance and the mechanisms that 
occur in halophytes could be exploited in order to generate salt-tolerant crop 
plants which are mainly glycophytes. Proteins play an important role in salt toler-
ance as they are the direct players in most of the processes such as metabolism and 
growth. Plants respond to stress by readjusting the cellular metabolism and ionic 
balance, increasing the signaling, and expressing stress remediation-related pro-
teins. Recent advances in proteomic techniques such as iTRAQ, SWATH, MudPIT, 
and MRM MS have opened new avenues for identifying low-abundance proteins 
expressed in response to salt stress that were difficult to identify earlier (Hu et al. 
2015). Despite the decades of salinity research, there are still many challenges in 
utilizing all these information to generate salt-tolerant crop plants. Integrating 
newly emerging proteomic data with genomic, transcriptomic, and metabolomic 
data would be highly useful in unraveling the complex mechanism of salt tolerance, 
which could offer novel strategies to engineer crop plants that can tolerate high- 
salinity conditions in the future.
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Chapter 11
Metabolomics for Crop Improvement 
Against Salinity Stress

Luisa D’Amelia, Emilia Dell’Aversana, Pasqualina Woodrow, 
Loredana F. Ciarmiello, and Petronia Carillo

Abstract In the post-genomic era, increasing efforts have been done to describe 
the relationship between genome and phenotype in plants. It has become clear that 
even a complete understanding of the state of the genes, messages, and proteins in a 
living system does not reveal its phenotype. Metabolites are the main readouts of 
gene vs environment interactions and represent the sum of all the levels of regula-
tion in between gene and enzyme. Therefore, metabolome can be considered as the 
final recipient of biological information flow. Some metabolites have a very short 
lifetime and are indicators of specific metabolic reaction and of plant status. Indeed, 
it is well known that many of them are transformed during specific stresses and 
involved in plant stress response and resistance.

Salinity provides an important example of the effectiveness of metabolic changes 
in response to stress. In fact, exposure to salinity triggers specific strategies for cell 
osmotic adjustment and control of ion and water homeostasis to minimize stress 
damage and to reestablish growth. A ubiquitous mechanism that plants have evolved 
to adapt to salinity involves sodium sequestration in the vacuole, as a cheap osmoti-
cum, and synthesis and accumulation of compatible compounds, both for osmotic 
adjustment and oxidative stress protection in the cytosol.

Metabolomics has been utilized for the study of plants in response to salinity 
stress in order to dissect particular patterns associated with stress tolerance. These 
studies have proven that certain metabolites are present in case of salt-induced met-
abolic dysfunction and can act as effectors of osmotic readjustment or antioxidant 
response. Thus, the presence of particular metabolite patterns can be associated 
with stress tolerance and could serve as accurate markers for salt-tolerant crop 
selection in breeding programs.
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Abbreviations

BMRB BioMagResBank
CE capillary electrophoresis
EI-MS electron impact ionization MS
ELS evaporative light scattering
ESI electrospray ionization
FT-ICR Fourier transform ion cyclotron resonance
GABA γ-aminobutyric acid
GB glycine betaine
GC gas chromatography
HILIC hydrophilic interaction liquid chromatography
HPAEC-PAD high-performance anion-exchange chromatography with pulsed 

amperometric detection
HPLC high-performance liquid chromatography
IE ion-exchange
IT ion trap
LC liquid chromatography
LT linear trap
MMCD Madison Metabolomics Consortium Database
MS mass spectrometry
m/z mass-to-charge ratio
PAs polyamines
Q quadrupole
RI refractive index
SEC size-exclusion chromatography
SPE solid-phase extraction
TOF time of flight
UPLC ultra-performance liquid chromatography

11.1  Introduction

Worldwide, more than 20% of total cultivated and 33% of irrigated agricultural 
lands have been damaged by salt (Negrão et al. 2017; Shrivastava and Kumar 2015). 
1.5 million hectares are taken out of production each year as a result of high-salinity 
levels in the soil due to low precipitation, high surface evaporation, weathering of 
native rocks, and poor cultural practices (Zhang and Blumwald 2001). More than 
50% of the arable land could be salinized by the year 2050 (Jamil et  al. 2011). 
Irrigation with brackish water and seawater intrusion into freshwater aquifers highly 
contributes to soil salinization in irrigated areas (Rana and Katerji 2000). Only in 
the Mediterranean Basin, more than 40% of soils are prone to salinity (Nedjimi 
2014). This stress has detrimental effects on agricultural crop productivity impair-
ing germination, plant vigor, and crop yield (Munns and Tester 2008) (Fig. 11.1).
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Osmotic stress and ion toxicity are the main causes of plant growth restriction in 
salinized soils (Gorham et al. 2010; Munns and Tester 2008). High levels of soil 
salinity reduce the capacity of roots to extract water from soil, and high concentra-
tions of salts inside the plant itself turn out to be toxic, causing plant nutritional 
imbalance and oxidative stress (Hasegawa et al. 2000; Munns 2002). These effects 
impair plant growth, development, and survival, also in dependence on the concur-
rent salt toxicity levels and phenological stage sensitivity to salt stress (Hasegawa 
et al. 2000; Lutts et al. 1995). In particular, sodium affects cytosol and organelles 
metabolism because it can replace potassium in key enzymatic reactions, and potas-
sium to sodium ratio is critical for the cell performance under salinity (Cuin et al. 
2009). However, plant cells adopt specific strategies under salinity in order to get 
cell osmotic adjustment and control of ion and water homeostasis to attenuate stress 
and to restore plant growth (Hasegawa et al. 2000; Woodrow et al. 2017). Plants 
manage salinity stress injuries through a plethora of molecular, biochemical, and 
physiological changes resulting in a remodulation of metabolic pathways to reach a 
new homeostatic equilibrium. Among the different strategies, they have evolved a 
conserved and ubiquitous mechanism for the adaptation to salinity, which consists 
in sodium sequestration in the vacuole, as a cheap osmoticum, and synthesis and 
accumulation of osmolytes for turgor maintenance and protection of macromolecu-
lar structures against oxidative stress in the cytosol (Sairam and Tyagi 2004; Shabala 
and Munns 2012). These metabolites, nontoxic at high concentrations, are rapidly 
synthesized under salinity and rapidly removed (degraded or reallocated) when no 
longer required (Carillo et al. 2005). A wide range of osmoprotective compounds 
has been identified. Most of compatible solutes are nitrogen-containing compounds 
and sugars (Ashraf and Foolad 2007; Mansour 2000; Rhodes and Hanson 1993). 
The synthesis of these osmolytes has a very high energy cost (50–70 moles ATP for 
mole) (Raven 1985), and their accumulation must be tightly regulated to ward off 
any negative effects in cells and ensure plant survival (Shabala and Munns 2012). 

Fig. 11.1 High salinity causes pleiotropic effects
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Therefore, particular patterns of compatible metabolites accumulation can be asso-
ciated with species-specific stress tolerance (Slama et al. 2015) and considered reli-
able stress markers. In addition to their role in maintaining osmotic balance within 
the cell, osmolytes may play other unique protective metabolic roles, such as acting 
as antioxidants, buffering cellular redox potential, stabilizing membranes and mac-
romolecules, and functioning as immediate sources of energy during recovery from 
stress (Yancey 2005). Therefore it is an advantageous mechanism accumulating 
osmolytes as they, being synthesized independently of developmental stage in 
response to environmental signals, keep the main physiological functions of the cell 
active (Slama et al. 2015). Recently, it has been hypothesized that salinity can acti-
vate alternative gene expression patterns coordinating a reprogramming of metabo-
lites, through the generation of new polymorphisms. This latter could be due to 
retrotransposon mobilization upon induction of salt-induced transcription factors 
able to bind the promoter of specific retrotransposons (Woodrow et al. 2010, 2011). 
Retrotransposition bursts could be critical for the remodeling of the gene regulatory 
networks and the creation of new metabolite patterns for salinity stress tolerance 
and adaptation (Mirouze and Paszkowski 2011; Woodrow et al. 2012).

The measurement of these patterns of metabolites is crucial for the comprehen-
sion of plant molecular and physiological responses to salinity and instrumental to 
unravel the functions of genes as a tool in functional genomics and systems biology 
in order to develop new breeding and selection strategies for improving salt toler-
ance in agricultural crops (Kumar and Khare 2016; Obata and Fernie 2012).

11.2  Plant Metabolome

Metabolome has been described as the final recipient of biological information flow. 
The word metabolome was created in analogy with transcriptome and proteome and 
includes all the small-molecule metabolites (such as metabolic intermediates, hor-
mones and other signaling molecules, and secondary metabolites) present in bio-
logical samples. A metabolite is usually defined as any molecule less than 1.5 kDa 
in size (Wakayama et al. 2015) (Fig. 11.2). Metabolites are the main readouts of 
gene versus environment interactions and represent the sum of all the levels of regu-
lation in between gene and enzyme. The response of plants to stresses is directly 
dependent on the changes of metabolites content, and therefore it would be useful 
to detect as much different metabolites as possible. However, we are still far from 
being able to fully detect the entire set of plant small molecules. It has been showed 
that for complex organisms, such as plants, there are more metabolites than genes, 
whereas for microorganisms there are generally fewer metabolites than genes 
(Schwab 2003). For instance, the yeast Saccharomyces cerevisiae has fewer than 
600 metabolites and more than 6000 genes.

In 1993, the total number of metabolites produced by plants was estimated in a 
range between 100,000 and 200,000 (Mazza and Miniati 1993). However, this 
 number seems to increase with improved analytical methods (Last et al. 2007), and 
still there are no reliable methods to assay all plant compounds. Actually it is con-
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sidered that in one plant species between 5000 and 25,000 different compounds 
may exist (Trethewey 2004), while more than 1,000,000 compounds are present in 
the 400,000 existing plant species (Benkeblia 2014).

Metabolites result from a very complex network involving many enzymes and 
regulatory interactions, where products from one enzymatic reaction are substrates 
for other chemical reactions. Some of these metabolites, indicators of specific 
stresses, have a very short lifetime, and for this reason it is difficult or impossible to 
establish a direct link between stress-induced genes and metabolites.

11.3  Metabolomics, Metabolic Profiling and Target Analysis

Metabolomics is an effective tool that allows a comprehensive understanding of the 
fluctuations of metabolism in response to environmental changes and has been 
recently applied by many researchers to assess the effect of abiotic stresses on agri-
cultural crops (Arbona et al. 2013; Guo et al. 2015; Kumari et al. 2015; Obata and 
Fernie 2012; Sanchez et  al. 2008; Shulaev et  al. 2008; Zhang et  al. 2011). The 
increase of the accuracy and specificity of high-throughput analytical methods com-
bined to new processing database mining strategies has broaden our horizons on 
understanding the molecular basis of stress response and resistance (Hall 2006) 
(Fig. 11.3).

However, it is much more difficult to measure the metabolome than the transcrip-
tome or proteome. The genome, transcriptome, and proteome elucidations are based 
on target chemical analyses of biopolymers composed of 4 different nucleotides 
(genome and transcriptome) or about 20 amino acids (proteome). These compounds 
are highly similar chemically and facilitate high-throughput analytical approaches. 
Within the metabolome, there is, however, a large variance in chemical structures 
and properties. Metabolites differ in size, chemical composition, hydrophobicity, 
and stability, and there are added complications from various types of isomers, and 
also matrix effects can interfere with the analyses. Because of their complexity, it is 
virtually impossible to simultaneously determine with only one analytical technique 
the complete metabolome (Villas-Bôas et al. 2005) (Fig. 11.4).

Fig. 11.2 Biological information flow
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Over the last decade, several methods offering the possibility for the analysis 
of highly complex mixtures of compounds have been developed and imple-
mented offering the possibility of high-throughput experiments. The two main 
technical approaches for the metabolomic analyses are nuclear magnetic reso-
nance (NMR) spectroscopy- and mass spectrometry (MS)-based techniques 
(Fuhrer and Zamboni 2015).

NMR is based on atomic interactions. Atoms with non-zero magnetic moment 
absorb and re-emit electromagnetic radiation in a strong magnetic field. These 
atoms can be 1H, 13C, 14N, 15N, and 31P. Atoms in a molecule have a specific spec-
trum of radiation characterized by their intensity, frequency, and magnetic proper-
ties and can be used for identification and quantification of metabolites in complex 
biological extracts. It allows not only the quantification of the concentration of 
metabolites but also provides information about the chemical structure of unknown 
compounds (Alonso et  al. 2015). NMR advantages are the potential for high- 
throughput analysis, the fast and easy sample preparation, and the non- discriminating 
and nondestructive nature of the technique. Moreover, there are central repository 

Fig. 11.4 Different strategies for measuring the omics

Fig. 11.3 Integrated omics data collection and data mining strategies
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for experimental NMR spectral data like the BioMagResBank (BMRB) and the 
Madison Metabolomics Consortium Database (MMCD). However, in complex 
mixtures the identification of single metabolites based on chemical shift signals is 
challenging, and only highly concentrated metabolites can be detected (Dettmer 
et al. 2007). Often 1H NMR spectrum signals are broadened beyond detection, in 
particular when metabolites contain functional groups deficient in protons or when 
protons can chemically exchange with the solvent.

MS is an analytical method that allows the separation of mixture of ions accord-
ing to their mass-to-charge ratio (m/z) generally through static or oscillating mag-
netic fields. This mixture is obtained by sample molecules ionization through an 
energy note electron beam. The ionized molecules are unstable and fragment into 
lighter ions according to typical patterns as a function of their chemical structure. 
Different peak patterns characterize the fingerprint of the original molecule and 
their relative intensity. Combination of MS with a separation technique like gas 
chromatography (GC), liquid chromatography (LC), or capillary electrophoresis 
(CE) decreases the speed of analysis but simplifies the mass spectra due to different 
retention times of metabolites and makes feasible the separation and quantitative 
determination of small metabolites in highly complex biological samples avoiding 
matrix effects (Dettmer et al. 2007).

If GC and electron impact ionization MS (EI-MS) are combined, a highly repro-
ducible fragmentation pattern occurs and the metabolite resolution improves, as 
well as their specific detection and quantification. Quadrupole (Q) instruments or 
time of flight (TOF)-MS further improves the MS detection performance by increas-
ing the deconvolution and the mass accuracy and reducing the run time (Obata and 
Fernie 2012).

GC-MS protocols, having being used since long time and therefore accurately 
set up, are characterized by robustness, facility of chromatogram evaluation, and 
interpretation and existence of several comprehensive reference library of electron- 
ionization mass spectra (e.g., NIST, Golm Metabolome Database, and Fiehn GC-MS 
Database) (Kind et al. 2009; Kopka et al. 2005; Kumari et al. 2011, 2015). These 
features together with the short running time and relatively low running costs make 
GC-MS particularly advantageous. The preparation of samples for the GC-MS anal-
ysis often requires only a lyophilization step, even if the complex mixtures must be 
not too concentrated for avoiding problems with the analysis. GS-MS is the most 
popular technique for the analyses of low-molecular weight compounds (smaller 
than 1 kDa), in particular sugars, sugar alcohols, amino acids, organic acids, and 
polyamines. The functional groups of these polar metabolites need to be derivatized 
to reduce polarity and increase thermal stability and volatility of the molecules. If 
additional steps for derivatization are required, these are time-consuming and can 
cause metabolite losses associated with the sample handling or formation of unde-
sired derivatization products (Kopka 2006).

LC-MS is a good technique for the reliable analyses of a wide variety of not 
thermostable plant polar metabolites with low or high molecular weight. It separates 
the metabolites in a liquid phase by a conventional high-performance liquid chro-
matography (HPLC) or an ultra-performance liquid chromatography (UPLC), 
which has a better resolution and sensitivity also in very complex mixtures. Both 
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LC-MS techniques do not require volatilization of samples. If LC and electrospray 
ionization MS (ESI-MS) are combined to Q, TOF, triple Q (Q3), ion trap (IT), linear 
trap Q (LTQ)-Orbitrap, and Fourier transform ion cyclotron resonance (FT-ICR)-MS, 
the metabolite deconvolution, resolution, detection, and quantification can highly 
improve while reducing the run time (Dettmer et al. 2007; Obata and Fernie 2012). 
LC reverse phase column coupled to these MS techniques can even be used to 
simultaneously assay many charged metabolites with similar structure, such as 
phosphorylated intermediates (Arrivault et al. 2009; Lunn et al. 2006), having low 
interference from other compounds in the plant extracts. The relatively simple sam-
ple preparation and flexibility of assay allow high throughput; however, these char-
acteristics can even cause low discovery rates and false identifications, due to the 
presence of potential mass isomers and instrumental noise. This drawback makes 
difficult to establish unique LC-MS comprehensive reference spectral libraries, rep-
resenting unequivocally assigned plant metabolites, even if recently reference 
libraries do exist like WEIZMASS spectral library (Shahaf et al. 2016). For con-
firming the peak identity with high confidence and the reliability of metabolite 
annotation, recovery experiments and isotope labelling of authentic chemical stan-
dards are recommended; moreover purification of new compounds should be fol-
lowed by (NMR) analysis (Giavalisco et al. 2009; Shahaf et al. 2016).

CE-MS is a technique for the analyses of polar and charged compounds on the 
basis of their intrinsic electrophoretic mobility, depending on their charge-to-mass 
ratio. If CE is combined to ESI, for sample ionization, and coupled to TOF-MS, the 
metabolite resolution highly improves. Moreover, only small volumes (nanoliters) 
of samples are required for CE which are separated with high electric fields in a run 
time of seconds (Obata and Fernie 2012). On the other hand, CE-MS lacks concen-
tration sensitivity, migration time stability, method robustness, and reference spec-
tra libraries. These drawbacks limit the use of CE-MS in the field of plant 
metabolomics; however because it constitutes a completely different analytical 
approach, it is often use in combination to LC-MS to provide a complementary and 
wider view of plant metabolome (Ramautar et al. 2017).

11.4  Salt Stress Compatible Compound Profiling

Salt stress induces a molecular reprogramming that plays a pivotal role in plants 
under salt stress. A wide range of osmoprotective compounds protects enzymes 
from denaturation and stabilizes membrane or macromolecules in addition to the 
principal role of osmotic adjustment (Ashraf and Foolad 2007). In particular, they 
protect cellular structures against ROS and thanks to their hydrophilicity are able to 
replace water at the surface of proteins or membranes, thus acting as low molecular 
weight chaperones (Hasegawa et  al. 2000). Compatible compounds include 
nitrogen- containing metabolites such as amino acids, amines, and betaines but also 
molecules like sugars and polyols (Carillo et al. 2011a). For the analysis of these 
different compatible compounds in complex biological samples, different tech-
niques can be used singularly or in combination (Table 11.1).
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Table 11.1 Comparison of various analytical techniques used for compatible compounds profiling

Metabolites
Analytical 
methods Advantages Limitation

Amino acids RP-HPLC Quickness and precision in 
quantitative analysis, automated 
analysis, high sensitivity, suitable 
for different types of samples, 
reproducible, cheap costs

Proline not resolved with 
OPA derivatization, Ile 
and Leu overlapping with 
FMOC derivatization, 
very long run times

GC-MS High sensitivity, excellent 
resolution

Laborious manual 
derivatization procedure, 
failure in determination 
of Arg

CE-MS Analyses of all nonvolatile polar 
amino acids, no derivatization, 
short run time, almost no matrix 
interference

Complex methodology 
and quantification

LC-MS Analyses of all nonvolatile polar 
amino acids without derivatization

Low discovery rates and 
false identifications

HPLC-MS/
MS

High rapidity (1.5 min versus 
20–90 min for standard methods)

Slow preparation of 
samples, Ile and Leu 
overlapping, Gln and Lys 
peaks interference

1H NMR High-throughput analysis, fast 
and easy sample preparation, the 
non-discriminating and 
nondestructive nature of the 
technique

Detection of only highly 
concentrated metabolites

Proline Ninhydrin- 
based method

High-throughput and harmless 
spectrophotometric method

Interference of high 
contents of anthocyanins, 
pro quantification

Glycine betaine HPLC Highly sensitive procedure Need of tedious anion 
exchange resin filtration 
of aqueous extracts

Polyamines LC-MS, 
GC-MS, and 
CE-MS

The most powerful methods Wasteful extraction and 
pretreatment of samples, 
long run times

Carbohydrates 
and polyols

HPLC High run time, analysis of large 
carbohydrates in a single run by 
RI and ELS detectors

Some detection mode 
requires a derivatization 
step

HPAEC-PAD Good sensitivity and selective 
separations at high pH, no 
derivatization

Lack of commercially 
available standards, 
impossibility to put 
HPAEC-PAD in line with 
MS

GC-MS Good resolution A derivatization step 
always required, difficult 
in high-throughput 
metabolomics studies

1H NMR Analysis of simple and complex 
carbohydrates

Expensive, need of 
considerable amount of 
pure samples and 
standards

Trehalose Fluorometric 
method

Fast, simple, and accurate method Need of expensive 
recombinant trehalase
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11.4.1  Amino Acids

The analysis of the salt-induced changes in amino acid levels is of pivotal impor-
tance and requires fast and reliable analytical methods. This analysis is commonly 
performed by pre-column derivatization with ortho-phthalaldehyde (OPA) and/or 
9-fluorenylmethyl chloroformate (FMOC) followed by reversed-phase HPLC and 
fluorescence detection (Carillo et  al. 2005; Nasir et  al. 2010). The problem with 
OPA derivatization is that proline is not resolved, while with FMOC derivatization 
there can be the overlapping of amino acids like isoleucine and leucine. The combi-
nation of the two methods can resolve all amino acids. The run time of this method 
can vary between 20 and 90 min; the longer is the chromatographic run time, the 
better is the peak resolution. Therefore, this technique is accurate, precise, robust, 
and reproducible, and above all the maintenance costs are relatively cheap, but the 
drawback is that the time of analysis for each sample can be very long. However, 
while HPLC is unable to carry out the simultaneous determination of 14N- and 
15N-labelled amino acids, essential for the metabolic flux analysis experiments, 
MS-based methods can be used to perform it (Thiele et al. 2012). GC-MS usually 
requires derivatization of the amino acids which can be performed for obtaining 
fluorinated and non-fluorinated chloroformate and anhydride derivatives of amino 
acids (Waldhier et al. 2010).

A method commonly used is a methoxyamination followed by trimethylsilylation, 
which converts metabolites with polar groups into their trimethylsilyl (TMS) deriva-
tives (Weckwerth et al. 2004). With this method, a comprehensive study of six salt-
tolerant or salt-sensitive Lotus species has revealed that 50% of all metabolites 
identified with GC-TOF-MS give similar responses to salinity with the exception of 
amino acids (Sanchez et al. 2011). Although this GC method shows high sensitivity 
and excellent resolution, it has the drawback that derivatization procedure is too 
laborious, and the method fails in the determination of some amino acids, like argi-
nine. CE-MS and LC-MS have the advantage that all nonvolatile polar amino acids 
can be assayed without derivatization. In particular, short analysis times, selectivity, 
and almost no matrix interferences have been reported for a CE-ESI-MS method 
developed for the determination of free amino acids (Thiele et al. 2012). Hydrophilic 
interaction liquid chromatography (HILIC)-ESI-MS/MS has been successfully used 
for separating and quantifying amino acids in different matrices (Iwasaki et al. 2012). 
A further alternative is the separation on ion exchange columns which had been car-
ried out only with electrochemical detectors without derivatization (Casella and 
Contursi 2003). 1H NMR spectroscopy has also been used to analyze amino acids in 
maize plants as affected by salinity (Gavaghan et al. 2011).

Plant responses to salinity determine large changes in amino acid levels. In fact, 
under salinity, there is a reorganization of amino acids; in particular proline, gluta-
mate and amides, alanine, and minor amino acids increase, while other amino acids 
are stable or decrease (Annunziata et al. 2017; Cramer et al. 2007; Jorge et al. 2016; 
Woodrow et al. 2017; Zuther et al. 2007). Glutamate can also decrease, functioning 
as nitrogen donor in biosynthetic transamination, for the production of other amino 
acids which highly increase under salinity (e.g., proline, glutamine, and asparagine) 
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(Forde and Lea 2007; Lea et al. 2007). A strong increase of glutamine and aspara-
gine in wheat can be seen under salinity (Annunziata et al. 2017; Carillo et al. 2005; 
Wang et al. 2005; Woodrow et al. 2017), for their possible role in osmotic adjust-
ment and macromolecule protection (Mansour 2000). In particular, asparagine 
accumulation appears necessary to prevent ammonium toxicity (Herrera-Rodríguez 
et al. 2006), by re-assimilating the nitrogen released during photorespiration or pro-
tein degradation under salinity (Carillo et  al. 2011c; Masclaux-Daubresse et  al. 
2010; Sanchez et al. 2011).

Minor amino acids, occurring at low concentration in control plants, increase 
under salinity and in particular branched-chain amino acids (BCAAs) which can 
serve both as compatible compounds and as alternative electron donor for the mito-
chondrial electron transport chain (Pires et  al. 2016). The increase of aromatic 
amino acid biosynthesis during the first 12 h of salt stress in Arabidopsis could be 
prodromal for the induction of lignin biosynthesis for cell wall strengthening (Kim 
et al. 2007).

γ-Aminobutyric acid (GABA) is a nonprotein amino acid deriving from gluta-
mate decarboxylation that can be accumulated under salt stress (Akçay et al. 2012; 
Carillo 2018; Renault et  al. 2013; Wang et  al. 2017; Woodrow et  al. 2017). Its 
proton- consuming synthesis buffers cytosolic acidosis, contributing to the biochem-
ical pH-stat, and decreases, together with asparagine, the excess of ammonium 
accumulated under salt stress acting as temporary nitrogen store (Fait et al. 2008; 
Molina-Rueda et al. 2015). For its nature as zwitterion, it can function as compatible 
compound being able to accumulate in high concentration in cells without toxic 
effects (Signorelli et al. 2015). Moreover, it has radical scavenging activity (Molina- 
Rueda et al. 2015).

11.4.2  Proline and Glycine Betaine

Overproduction of proline and glycine betaine (GB) is a widespread response 
observed in plants experiencing salt stress. These two metabolites can be deter-
mined by using the same methods applied for the amino acid analysis; however for 
both of them, targeted high-throughput extraction and/or determination methods 
have been set up. In particular, proline can be assayed by a fast and harmless 
ninhydrin- based spectrophotometric method at low pH using a microplate reader 
(Woodrow et al. 2017), which is a modification of the method of Bates 1973 (Bates 
et al. 1973). The drawback is that in some species submitted to prolonged stresses, 
high contents of pigments such as anthocyanins can interfere with the proline quan-
tification. In order to decrease background noise, the pigment chromogen can be 
extracted using harmful solvents such as benzene (Troll and Lindsley 1955) or tolu-
ene (Bates et al. 1973). GB assay can be performed by a highly sensitive HPLC 
procedure described by (Bessieres et al. 1999; Carillo et al. 2011b), which requires 
an anion exchange resin (AG1 8X resin, 200–400 mesh, OH− form, Bio-Rad) filtra-
tion of aqueous extracts. This procedure allows the proline to be completely retained, 
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and it is essential for avoiding that this amino acid could interfere with GB quanti-
fication (GB and proline show similar retention time of 4–5 min in the HPLC run). 
The drawback is that the filtration is tedious and time-consuming.

Proline is synthesized both from glutamate, which is considered to be the main 
pathway of accumulation under stress, and from arginine/ornithine (Kishor et al. 
2014). It is still not clear if proline accumulation under stress represents a symptom 
of stress, a stress response, or an adaptive strategy (Woodrow et al. 2017). It can also 
be seen as a response to a decreased nitrogen requirement due to stress- induced 
growth retardation (Sanchez et al. 2008). However, proline, in addition to its role as 
an osmolyte, has many important roles under stress conditions among which stabi-
lizing membranes and proteins, scavenging ROS, or buffering cellular redox poten-
tial (Carillo et  al. 2008, 2011a). Proline can also induce the expression of salt 
stress-responsive genes, which have proline-responsive elements (e.g., PRE, 
ACTCAT) in their promoters (Carillo et al. 2011c; Chinnusamy et al. 2005). Wild 
barley, which has a higher osmoregulation ability compared to cultivated barley, 
accumulates more proline (Wu et  al. 2013). In high-nitrate conditions, proline 
accounts for about 40% of the osmotic adjustment in the cytoplasmic compartments 
of durum wheat old leaves. Its nitrogen-dependent accumulation may offer the 
important advantage that it can be metabolized to allow reallocation of energy, car-
bon, and nitrogen from the older leaves to the younger tissues (Carillo et al. 2008).

GB preferentially accumulates at later stages of the stress and in younger tissues 
(Carillo et al. 2008). GB is an amphoteric compound extremely soluble in water and 
electrical neutral in a wide range of physiological pH values. It not only act as 
osmoregulator but also stabilizes protein complexes and enzymes by interacting 
with their hydrophilic and hydrophobic domains, protects membranes by the dam-
aging effects of salinity, and can play a role as ROS scavenger (Carillo et al. 2011c; 
Chen and Murata 2011). In addition, ethanolamine, a precursor of GB that has 
strong osmoprotective properties, accumulates under short-term salt stress and can 
confer stress tolerance (Sakamoto and Murata 2002).

11.5  Polyamines

Free, conjugated, and bound polyamines (PAs) can be extracted in perchloric acid, 
neutralized, hydrolyzed, and dansylated before undergoing fluorimetric HPLC anal-
ysis (Quinet et al. 2010). Several MS-based analytical methods for PAs determina-
tion have also been developed: LC-MS, GC-MS, and CE-MS techniques are among 
the most powerful methods for the analysis of these metabolites (Magnes et  al. 
2014). There are however drawbacks: in particular, the extraction and pretreatment 
of samples require many time-consuming steps, methods are species-specific or 
matrix-specific, chromatographic run times are too long, and there are limits of 
detection. Ion-pairing reagents such as perfluorinated carboxylic acids had been 
presented to improve the separation of polyamines on C18 columns and can favor 
the coupling of LC with ESI-MS (Häkkinen et al. 2008). Recently a higher efficient 
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solid-phase extraction (SPE)-LC/MS/MS technique has been developed and could 
have solved most of these problems (Magnes et al. 2014).

Putrescine, spermidine, and spermine are the main PAs present in plants (Liu 
et  al. 2015). They play an important role in modulating the defense response of 
plants to diverse environmental stresses among which salinity (Gill and Tuteja 
2010). PAs have anti-senescence and anti-stress effects due to their acid neutralizing 
and antioxidant properties, as well as for their membrane and cell wall stabilizing 
abilities. Plant overexpressing PAs biosynthetic enzymes or exogenous application 
of PAs, such as putescine, has been successfully used to enhance salinity tolerance. 
PAs are also able to bind anion macromolecules, such as nucleic acids and proteins, 
regulating transcription and translation (Gill and Tuteja 2010).

11.6  Carbohydrates and Polyols

Carbohydrates are difficult to analyze because they have high polarity and similar 
structural characteristics and of the absence of a suitable chromophores or fluoro-
phores making useless ultraviolet and fluorescence detectors (Zhao et  al. 2016). 
Refractive index (RI) detector or an evaporative light scattering (ELS) detection 
system is also used coupled to ion exchange (IE)/size-exclusion chromatography 
(SEC) columns (Raessler 2011; Yin et al. 2010), but they are poorly sensitive, lack 
specificity of detection, and suffer from drift (Mechri et al. 2015). Moreover, ELS 
and SEC columns are often optimized for single class of sugars (e.g., monosaccha-
rides or oligosaccharides), but not for all those found in plant tissues together 
(Raessler 2011). Therefore, different analytical procedures have been applied, 
among which HILIC, that is, suitable for analysis of polar compounds in complex 
systems (Buszewski and Noga 2012), though it requires derivatization and high 
organic content mobile phases (50–80% acetonitrile) which could cause sample 
solubility problems at high concentrations. High-performance anion exchange chro-
matography with pulsed amperometric detection (HPAEC-PAD) permits better sen-
sitivity and higher selective separations of carbohydrates at high pH, thanks to their 
weakly acidic nature using a strong anion exchange stationary phase. Moreover, the 
use of PAD allows direct quantification of non-derivatized sugars (Corradini et al. 
2012). However, it suffers for the lack of commercially available standards; there-
fore it is not possible to identify all peaks; in addition, the mobile phase from 
HPAEC-PAD cannot be directly put online with MS because the eluent high salt 
concentration could interfere with the metabolite identification (Adamo et al. 2009). 
An alternative method is 1H NMR, used to determine the structures of carbohy-
drates present in plants under abiotic stress (Zhao et al. 2016). This technique is not 
cheap, and a considerable amount of pure samples are required (at least 1  g of 
lyophilized sample or 3 mg of purified oligosaccharide) (Tuomivaara et al. 2015). 
LC-MS technique has utilized Cl− in negative electrospray mode or Li+, Na+, Cs+, 
and NH4+ in positive mode for carbohydrates and polyol measurement because 
these anion and cations can form detectable metastable complexes with sugars 
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(Mechri et al. 2015). Alternatively, GC-MS provides both high sensitivity and speci-
ficity resolving and quantifying different classes of soluble sugars. When GC-MS is 
coupled to EI, it becomes very efficient to detect uncharged compounds like mono-
saccharides (Martínez Montero et al. 2004). However, since carbohydrates are non-
volatile and thermally stable, because of the presence of multiple -OH groups, their 
analysis by GC-MS is difficult to employ in high-throughput metabolomics studies 
or in studies where large amounts of samples are not available, because a chemical 
derivatization of metabolites in a multi-step procedure is required (Ruiz-Matute 
et al. 2011). As an example, it is difficult to apply GC-MS to the high-throughput 
detection of trehalose in response to abiotic stress, for which a targeted fluorometric 
method using recombinant Escherichia coli cytoplasmic trehalase (treF) was devel-
oped (Carillo et al. 2013).

Carbohydrates play a vital role in a variety of biological functions, including salt 
stress defense mechanisms since they can function as osmolytes to maintain cell 
homeostasis. Generally salinity increases the soluble sugar content (Rosa et  al. 
2009). Rice cell cultures in the initial phase of salt stress (100 mM NaCl for 1–24 h) 
show accumulation of galactose, glucose, fructose, as well as phosphorylated sugars 
(Liu et al. 2013), while Arabidopsis cell cultures under long-term salt stress expo-
sure show co-induction of glycolytic metabolites and sucrose (Jorge et al. 2016). 
Thellungiella and Arabidopsis both accumulate soluble sugars (fructose, glucose, 
sucrose, raffinose) and other unknown putative complex glycans under salinity, even 
if the extremophile one has much higher concentrations (Gong et al. 2005). Hexoses 
and sucrose contribute to the osmolality of shoot and root tissues in durum wheat 
seedlings under salinity (Annunziata et  al. 2017; Woodrow et  al. 2017). In rice, 
exogenous application of trehalose highly reduces salt stress damages (Fernandez 
et al. 2010). Polyol accumulation (e.g., mannitol, sorbitol, cyclic polyols, myo-ino-
sitol and its methylated derivatives) is correlated with tolerance to salinity (Bohnert 
et al. 1995). It has been suggested that both trehalose (Luo et al. 2008) and polyols 
(with their water-like hydroxyl groups) (Mechri et al. 2015) can create a protective 
hydration shell structure around macromolecules and also function as scavengers of 
ROS, preventing salt-related peroxidation of lipids and cell damage.

11.7  Conclusions

The diverse compatible compound accumulation in different species under salinity 
confirms that osmoprotection is not controlled by one specific pathway (Jorge et al. 
2016) and that plant tolerance to salinity is a complex trait difficult to interpret that 
still needs to be studied (Kumar et al. 2015). However, the methods applied for the 
study of the complex chemical pattern present under salinity are often not quantita-
tive, not sensitive enough, and not specific for all the metabolites. The huge chemi-
cal complexity and diversity of these compounds requires multiple analytical 
platforms/MS-based techniques to profile the wide range of metabolites. Applying 
one general extraction and determination system can have the consequence that 
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many metabolites cannot be correctly measured. However, the more accurate the 
system is, the fewer metabolites are analyzed (Oksman-Caldentey et  al. 2004) 
(Fig. 11.5).

Today, there is still need for specialized protocols to analyze specific and/or low 
concentration classes of metabolites (Stitt and Fernie 2003). Specific metabolites or 
classes of compounds can be selected for analysis and quantitatively profiled by 
cheap and routine metabolic profiling methods or by a quantitative, specific, and 
sensitive approach. In this view, the quantitative analysis of groups or classes of 
specific metabolites, e.g., sugars or amino acids, can be done by metabolic profiling. 
Instead, specific markers of salt stress exposure, such as proline, glycine betaine, 
and trehalose, can be analyzed by target analysis, a more directed approach that is 
used for the measurement of selected metabolites (Fiehn et al. 2000).

It is clear that when more than one analytical method is applied, the datasets 
deriving from different metabolomics platforms have to be controlled and correctly 
integrated (Schuhmacher et al. 2013). The quantitative results obtained by meta-
bolic profiling using different biochemical techniques are independent of the tech-
nology used for their acquisition, and they can be put together to produce an 
integrated study of the entire metabolome (Dettmer et al. 2007). Only in this way 
can the biochemical strategies that enable salt tolerance be unraveled and the large 
gaps in our understanding of the biochemical pathways and regulation of metabo-
lites synthesis in plants under salinity bridged.
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Chapter 12
Enhancing Crop Productivity in Saline 
Environment Using Nanobiotechnology

Pradeep Kumar Shukla, Saumya Shukla, Preeti Rajoriya, and Pragati Misra

Abstract Abiotic stresses are the main factor negatively affecting crop growth and 
productivity worldwide. Salinity is one of the most important environmental 
stresses, limiting crop production in arid and semiarid areas of the world, and in the 
saline areas which is three times larger than the land used for agriculture. It is esti-
mated that more than 6% of the world’s total land and approximately 20% of irri-
gated land are affected by salinity, and therefore, is a serious concern in agriculture. 
Nanoparticles are nowadays gaining importance in improvement of plant systems as 
they help in reducing adverse effects of stresses, imposing a positive impact on the 
plant. Applications of nanomaterials can enhance seed germination, improve plant's 
resistance against abiotic and biotic stress, augment nutrient utilization efficiency, 
ultimately improving plant growth and developmental processes, with reduced envi-
ronmental impact compared to traditional approaches. Various reports have evi-
denced the positive effect of nanoparticles in mitigating the harmful effects of salt 
stress. This chapter presents a brief glimpse on the effect of various nanoparticles to 
mitigate the salt-induced damage in the plants.
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CAT Catalase
CeO2NPs Cerium oxide nanoparticles
Chl Chlorophyll
CuNPs Copper (II) oxide nanoparticles
GPX Glutathione peroxidase
NPs Nanoparticles
NSPs Nanoscale particles
OP Osmotic potential
PCD Programmed cell death
POD Peroxidase
SOD Superoxide dismutase
ZnONPs Zinc oxide nanoparticles

12.1  Introduction

Global food demands are likely to rise by 70–110% by 2050 (Tilman et al. 2011), 
while arable lands are diminishing due to land degradation, urbanization, and sea-
water intrusion (Munns et al. 2012). Farmers are forced to use salty water for irriga-
tion in arid and semiarid regions due to the variation in global climate (Qadir et al. 
2007; Rengasamy 2010; Sanoubar et al. 2016). Salinity is affecting more than 6% 
of the world’s total land and approximately 20% of irrigated land (Munns and Tester 
2008). According to Fisher and Turner (1978), arid and semiarid lands embody 40% 
of the earth’s area.

Germination is vital for determining the final plant density if planted seeds com-
pletely and vigorously germinate (Baalbaki et al. 1990). The capability of plant to 
sprout well is controlled by the collaboration between environmental factors and the 
internal mechanisms of seeds (Ni and Bradford 1992). The first phase of the growth 
response results from the effects of salt outside the plants. Leaf and root growth is 
reduced in soils containing salt (Munns 1993; Farooq et al. 2015). Molecular con-
trol mechanisms for salt-stress tolerance depend on the regulation of the expression 
of certain stress genes (Wang et al. 2003). In the arid areas, salt stress is considered 
as the most serious limiting factor for crop growth and production. Out of the 
world’s total cultivated lands, 23% is saline and 37% is sodic (Khan and Duke 
2001). The yields of cultivated crops are adversely affected by high salt concentra-
tions (Rahimi et al. 2012).

12.2  Salt Stress

Soil or water salinization is one of the world’s most serious environmental problems 
in agriculture. For higher yield and improved quality of medicinal and aromatic 
plants, one should recognize the environmental factors essential for them. The 
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problem of salinity is characterized by an excess of inorganic salts and, is common 
in, the arid and semiarid lands, where it has been naturally formed under the prevail-
ing climatic conditions, due to higher rates of evapotranspiration and lack of leach-
ing water. Although more frequent in arid lands, salt-affected soils are also present 
in areas where salinity is caused by poor quality of irrigation water (Jouyban 2012).

In the upcoming 25 years, we are expected to lose 30% of land due to the increas-
ing salinization of arable land. Salinity stress is predictable to have global effects on 
plant growth and crop plant production which is a threat to agriculture, and so the 
tolerance of crop plants against salinity stress should be augmented and must be given 
primacy in agricultural practices (Massoud 1977; Jafari 1994; Wang et al. 2003).

The ionic and osmotic balance of cells in plants is regulated by a number of genes 
which are liable for salinity resistance and are involved in the salt tolerance process 
as these genes confines the amount of salt uptake from soil and its transport through-
out plants as a result plants do no grow well (Munns 1993; Liang et al. 2006).

 Plants are encountering constant difficulty in arid and semiarid regions, due to 
saline soils, consecutively restraining the spread of plants in their natural habitats 
(Shanon 1986). Expression of plant under salinity cannot only be determined by its 
morphological appearance, but also through physiological and biochemical dynam-
ics, including toxic ions status, osmotic potential behaviour, lack of essential min-
eral elements,  etc. along with its interaction with various stresses (Munns 1993, 
2002; Neumann 1997; Yao 1998; Hasegawa et al. 2000).

12.3  Adverse Effects of Salt Stress

Salinity adversely affect seed germination, survival percentage, morphological 
characteristics, development, yield, total carbohydrate content, fatty acid, and pro-
tein content of plants. It prompts physiological and metabolic instabilities falling 
photosynthesis and respiration rate of plants, on the contrary, it augmented the level 
of amino acids, particularly proline. However, plants grown under salt stress exhib-
ited alleviated content of some secondary plant products. Interactions among salt 
stress and other environmental factors govern the plant’s response and tolerance 
against salinity (Jouyban 2012; Ashraf and McNeilly 2004).

Plants endure many biotic and abiotic stresses during their lifetime, one such 
abiotic stress is salinity, and it reduces growth and production of many crops, and so 
plants adapt various methods and strategies to overcome this stress (Ashraf and 
Foolad 2007).

In many plant species, soil salinity is known to reduce growth and development 
through imposing  osmotic stress, ion toxicity, mineral deficiencies, and induced 
physiological and biochemical disorders in metabolic processes (Hasegawa et al. 
2000). Salinity stress is often associated with nutritional imbalance.

Proline content and activities of ascorbate peroxidase (APX), catalase (CAT), and 
peroxidase (POD) in leaves of plants improved due to the application of NSi, whereas 
Chl a, Chl b, carotenoids, and activity of superoxide dismutase (SOD) were reduced. 
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This upsurge in antioxidant enzymes activity lessened the oxidative damage pro-
duced by salinity. Improvement in membrane stability, chloroplast formation, and 
sugar accumulation came as a result from NSi and Si treatment (Qados 2015).

From the results of the many studies, it was concluded that increase in the con-
centration of sodium chloride decreased the plant length which in turn effected the 
growth of plants (Beltagi et al. 2006; Mustard and Renault 2006; Gama et al. 2007; 
Jamil et al. 2007; Houimli et al. 2008; Rui et al. 2009; Memon et al. 2010). Different 
concentrations of NaCl negatively affected the leaf area (Raul et al. 2003; Netondo 
et al. 2004; Mathur et al. 2006; Chen et al. 2007; Zhao et al. 2007; Yilmaz and Kina 
2008; Rui et al. 2009). According to the studies conducted by Raul et al. (2003), 
Jamil et al. (2005), Gama et al. (2007), and Ha et al. (2008), leaf number declined 
with the upsurge in the concentration of salt. Fresh and dry weights of the shoot 
system are affected, both negatively and positively, by changes in salinity concen-
tration, type of salt present, or type of plant species (Bayuelo Jimenez et al. 2002; 
Jamil et al. 2005; Niaz et al. 2005; Saqib et al. 2006; Turan et al. 2007; Saffan 2008; 
Rui et al. 2009; Taffouo et al. 2009, 2010; Memon et al. 2010).

Vicia faba L. seedlings were treated with different concentrations (0, 60, 120, 
240 mM) of NaCl, and its effect on growth, osmotic potential, chlorophyll content, 
and protein content was studied. NaCl treatment showed positive responses for 
plant height with low and medium concentrations however, decrease with the high-
est concentration, in both measurement periods. Number of leaves or leaf area 
remains unaffected with low concentration, while a decline was noted for each, with 
two higher concentrations and in both measurement periods. Both fresh and dry 
weights of the shoot increased in the two measurement periods. With the duration of 
the stress, period fall in osmotic potential (OP) was observed with the upsurge in its 
concentration. Salinity significantly reduced chlorophyll “a,” “b,” total chl, and 
carotenoid contents in both measurement periods after 10 days of treatment. An 
upsurge was observed in the protein content in the two measurement periods due to 
impact of the salinity stress. A directly proportional relationship was found between 
protein content and the increase in salt concentrations in the first measurement 
period, while it was inversely proportional in the second (Qados 2011).

Plant growth and development is deleteriously affected by salinity as it imposes 
osmotic stress on plants, causes specific ion (Na+) toxicity, disturbs the major cyto-
solic enzymes by upsetting intracellular potassium homeostasis, and causes oxida-
tive stress in plant cells (Marschner 1995; Sairam and Srivastava 2002; Chen et al. 
2007; Cuin and Shabala 2007). At different spans these activities affect both root 
and leaf tissues. After weeks of the onset of salinity treatment, Na+ toxicity in leaves 
becomes critical (Munns and Tester 2008). Within a couple of hours after exposure 
to NaCl, enormous reduction of cytosolic K+ in plant roots (Shabala et al. 2006; 
Shabala and Cuin 2008) and accretion of reactive oxygen species in root cells 
(Demidchik et  al. 2003, 2007) take place which leads to programmed cell death 
(PCD) in root cells (Shabala 2009).
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12.4  Use of Nanotechnology for Improving Salt Stress 
of Plants

Nanoparticles (nanoscale particles = NSPs/NPs) can drastically alter their physical 
and chemical properties in comparison with their respective bulk materials, as they 
are atomic or molecular aggregates of about 1–100 nm (Ball 2002; Roco 2003). At 
the global level, the use of nanotechnology in agriculture is at a nascent stage, yet it 
is increasing. Plant growth is enhanced by wide range of applications developed by 
nanoscience (Nair et al. 2010). Nanomaterials are of very small size and so exhibit 
unique features; because of their great surface area than bulk materials, they can 
alter their physicochemical characteristics, and their solubility and surface reactiv-
ity are boosted (Ruffini and Cremonini 2009; Haghighi et al. 2012; Rajoriya et al. 
2016, 2017).

At the nanoscale, matter shows extraordinary properties that are not shown by 
bulk materials. For example, surface area, cation exchange capacity, ion adsorption, 
complexation, and many more functions of clays would multiply if they are brought 
to nanoscale. One of the principal ways in which a nanoparticle differs from bulk 
material is that a high proportion of the atoms in a nanoparticle are present on the 
surface. Compared with particles of macrosize, NPs may have different surface 
compositions, different types and densities of sites, and different reactivity with 
respect to processes such as adsorption and redox reactions, which could be gain-
fully used in synthesizing nanomaterials for use in agriculture.

12.5  Iron Oxide NPs

A study was conducted on Mentha piperita to explore the combined effect of 11 
treatments of salinity and iron oxide NPs (FeONPs) on its essential oil composition. 
After 90 days mature plants were collected, and from their aerial parts, essential oils 
were extracted using Clevenger-type apparatus, and with the help of gas chromatog-
raphy and gas chromatography/mass spectrometry, the oil was analyzed. Results 
confirmed that essential oil amount increased by the application of FeONPs whereas 
decreased with salinity stress. A strong effect on essential oil production and its 
composition was observed by the treatment of NPs and salt (Askary et al. 2016).

12.6  Silver NPs

Currently, an important environmental problem is the significant reduction in 
growth of plants due to salinity. In basil seedlings, application of silver NPs (AgNPs) 
during germination process augmented germination traits, plant growth, and resis-
tance to salinity conditions and in numerous plant species too, whereas no 
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resistance in tomato plants was observed; however, its role in ameliorating salinity 
effect and associated mechanisms is still unidentified (Ekhtiyari et  al. 2011; 
Ekhtiyari and Moraghebi 2011; Darvishzadeh et al. 2015).

AgNPs can regulate various plant functional and developmental aspects in a con-
centration dependent manner, including, enhancement in plant growth, seed germi-
nation, photosynthetic quantum competence and chlorophyll content. Further, 
AgNPs are also used as antimicrobial agent to manage plant diseases (Davies 2009; 
Lamsal et  al. 2011; Salama 2012; Hatami and Ghorbanpour 2013; Kaveh et  al. 
2013; Vannini et al. 2013).

The effect of AgNPs dose (0.05, 0.5, 1.5, 2, and 2.5 mg/L) on the salt (150 and 
100 mM) tolerance of tomato (Solanum lycopersicum L.) plants during germination 
was studied. Salt stress inhibited seed germination and seedling growth, but the 
effect was alleviated by exposure to AgNPs. Exposure of AgNPs under NaCl stress 
enhanced germination percentage, germination rate, root length and seedling fresh 
and dry weight of tomato. The expression of salt-stress genes was investigated by 
semiquantitative RT-PCR. Of the examined salt-stress genes, four genes, AREB, 
MAPK2, P5CS, and CRK1, were upregulated by AgNPs under salt stress, and three 
genes, TAS14, DDF2 and ZFHD1, were downregulated in response to AgNPs. The 
gene expression patterns associated with AgNPs exposure also suggest the potential 
involvement of AgNPs in response to stress, indicating that they might be useful for 
improving plant tolerance to salinity (Almutairi 2016). Application of AgNPs has 
been found quite effective in improving resistance against salinity during germina-
tion of Foeniculum vulgare Mill. (Ekhtiyari et al. 2011) and Cuminum cyminum L. 
(Ekhtiyari and Moraghebi 2011). Salt stress was improved by the effect of nano- 
silicon (N-Si) and nano-zinc oxide (Haghighi et al. 2012; Sedghi et al. 2013; Kalteh 
et al. 2014). A number of defense mechanisms are adapted by plants which increase 
tolerance to adverse conditions. Stress conditions trigger a large array of genes that 
produce a number of proteins to combine in pathways leading to the synergistic 
augmentation of stress tolerance (Wang et al. 2003).

Effect of different concentrations (0% (control plots were soaked in distilled 
water), 10, 20, 40 ppm) of AgNPs was studied on salt (0% (control plots were irri-
gated with deionized water), 30, 60, 90, 120 mM/L) tolerance capacity of tomato 
plant. No significant effect of AgNPs was observed on the salt tolerance of tomato 
plant. Fruit number per plant, fruit diameter, average fruit weight, number of branches 
per plant, and plant height were negatively affected (Younes and Nassef 2015).

12.7  Silica NPs

Silica offers resistance against many biotic and abiotic stresses (Ma and Yamaji 
2006; Liang et  al. 2007). NPs due to their smaller diameter easily penetrate the 
pores of cell wall stomata or the base of hairs, and from there they can be easily 
transported to different organs (Nair et al. 2010). Tolerance against salt stress (Zhu 
et al. 2004), manganese toxicity (Shi et al. 2005), boron toxicity (Gunes et al. 2007), 
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and cadmium toxicity (Vaculik et al. 2012; Shi et al. 2010) is provided by silica via 
changing the activity of antioxidant enzymes. Harmful effects of salinity on germi-
nation, root length, and plant dry weight on tomato seeds and seedlings were 
reduced by the application of nanosilica (Haghighi et al. 2012).

Silicon (Si) is the second most abundant element in the earth’s crust can poten-
tially increases stress tolerance in plants (Richmond and Sussman 2003; Ma 2004; 
Ma and Yamaji 2004; Currie and Perry 2007). Si reduces the harmful effects of 
oxidative stress and delivers resistance against some abiotic and biotic plant stress-
ors (Ma 2004; Liang et  al. 2007; Pei et  al. 2010). Si augments photosynthesis, 
increases plant growth, and advances plant resistance to ailment (biotic stress) and 
numerous abiotic stresses, viz., cold, heat, drought, salinity, and heavy metals (Ma 
and Yamaji 2004). These effects have been predicted in a wide variety of plants spe-
cies for their growth and yield (Ma and Yamaji 2004; Liang et al. 2007). Penetration 
of pesticides or pathogens into the plant cell is prohibited by Si as it acts as a 
physico-mechanical barrier.

An experiment was conducted to study the effect of SiNPs (without silicon, nor-
mal silicon fertilizer, and silicon NPs) on physiological and morphological traits of 
basil under salinity stress (1, 3, and 6 ds/m). Results revealed a noteworthy decline 
in growth and development indices due to the salinity stress. Increased concentra-
tion of NaCl reduced leaf dry, fresh weight, and chlorophyll content which was 
significantly augmented by the application of silicon NPs. On the contrary, salinity 
stress increased the proline content which was a response to stress. Moreover, pro-
line increased by silicon NPs which was due to tolerance induction in plant. Silicon 
NPs application reduced the pollution effects originated from salinity in basil 
(Kalteh et al. 2014). Agropyron elongatum was treated with SiO2NPs, and its effect 
on early seedling growth of plant was investigated by Azimi et al. (2014). Siddiqui 
et  al. (2014) and Sabaghnia  and  Janmohammadi (2015) separately evaluated the 
role of nano-silicon dioxide (nano-SiO2) in plant resistance to salt stress.

12.8  Copper NPs

Copper occurs in multiple oxidative states (Cu2+, Cu+) and is considered as a crucial 
micronutrient necessary for usual growth of plants and various physiological pro-
cesses. Cu2+ is an important structural  constituent of  regulatory proteins and is 
involved in photosynthetic electron transport, mitochondrial respiration, oxidative 
stress responses, cell wall metabolism, and hormone signaling and plays an essen-
tial role in signaling of transcription, protein trafficking machinery, oxidative phos-
phorylation, and iron mobilization (Marschner 1995; Raven et  al. 1999; Yruela 
2005; Solymosi and Bertrand 2012). The redox property of Cu can also contribute 
to its toxicity, as free ions catalyze the production of damaging radicals (Manceau 
et al. 2008).

Exposure to 1000 mg/L concentration of CuNPs (50 nm) reduced 90% biomass 
in Cucurbita pepo (zucchini) (Stampoulis et al. 2009) and was noxious to the growth 
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of Phaseolus radiatus (mung bean) and Triticum aestivum (wheat) (Lee et al. 2008). 
Musante and White (2012) treated Cucurbita pepo with CuO NPs and stated a 
decline in growth and transpiration by 60–70% as compared to control.

Rice (Oryza sativa, var. Jyoti) was treated with copper (II) oxide NPs (CuONPs), 
and its physiological and biochemical behavior was studied. The investigation 
revealed that germination rate, root and shoot length, biomass, photosynthetic 
rate, transpiration rate, stomatal conductance, maximal quantum yield of PSII 
photochemistry, and photosynthetic pigment contents declined at 1000  mg 
(CuONPs)/L, while uptake of Cu in the roots and shoots augmented at high con-
centrations of CuONPs. Lower number of thylakoids per granum was found in 
chloroplasts due to accretion of CuONPs in the cells. Antioxidants, viz., malondi-
aldehyde, proline, ascorbate peroxidase, and superoxide dismutase, augmented as 
a consequence of oxidative and osmotic stress. This revealed the toxic effect of Cu 
accumulation in roots and shoots that resulted in loss of photosynthesis (Da Costa 
and Sharma 2016).

12.9  Zinc Oxide NPs

Zinc is a vital microelement captivated in the form of Zn++. It plays a significant role 
in the production of biomass (Kaya and Higgs 2002; Cakmak 2008) and acts as a 
stabilizer of proteins, membranes, and DNA-binding proteins such as Zn fingers 
(Aravind and Prasad 2003). It is necessary for chlorophyll synthesis, pollen func-
tion and fertilization (Pandey et al. 2006), biosynthesis of the plant growth regulator 
such as indole-3-acetic acid (IAA) (Fang et  al. 2008), and carbohydrate and N 
metabolism which leads to high yield and yield components. Its deficiency also 
adversely affects carbohydrate metabolism, damages pollen structure, and decreases 
the yield (Fang et al. 2008). Bybordi and Malakouti (2007) found that application of 
zinc had a significant effect on seed yield, seed oil content, and 1000-seed weight. 
So, it is very important to apply zinc fertilizer for increasing crop yields and improv-
ing crop quality. However, little attention has been paid to observe the roles of ZnO 
nanoparticles (ZnONPs) in plants grown under salinity stress.

A study was conducted on five sunflower cultivars (Helianthus annuus L. cvs. 
Alstar, Olsion, Yourflor, Hysun36, and Hysun33) to investigate the effect of foliar 
application of normal and NPs of zinc oxide (control, ZnO normal and NPs at a rate 
of 2 g/L) along with different salinity levels (0 and 100 mM NaCl) on growth, pro-
line content, and some antioxidant enzyme activities. The highest proline content 
and superoxide dismutase activity (SOD) were exhibited by Olsion under saline 
condition. SOD activity and shoot dry weight were enhanced by foliar spray of 
ZnO. Zinc oxide NPs (ZnONPs) had positive effect on biomass production of sun-
flower plants compared to the normal form. According to the result, Olsion and 
Hysun33 cultivars were appropriate for saline conditions, whereas Hysun36 was 
suitable for normal condition (Torabian et al. 2016).

P. K. Shukla et al.



297

Effects of ZnONPs in regulating physiological and biochemical processes of 
plants in response to salt-induced stress is not much investigated. Calli of five 
tomato cultivars were exposed to higher concentrations of salt (3.0 and 6.0 g/L 
NaCl), in the presence of zinc oxide NPs (15 and 30 mg/L) and callus growth traits, 
rate of regeneration in plants, mineral element (sodium, potassium, phosphorous, 
and nitrogen) contents, and alterations in the activity of superoxide dismutase 
(SOD) and glutathione peroxidase (GPX) were evaluated. NaCl  exposure aug-
mented callus growth rate and higher sodium content and SOD and GPX activities. 
Lower concentration of ZnONPs was more effective in alleviating the effects of 
NaCl than its higher concentration. These results indicated that ZnONPs can be 
used as a potential anti-stress agent in crop production. Different tomato cultivars 
showed different degrees of tolerance to salinity in the presence of ZnONPs 
(Alharby et al. 2016).

In a recent seed priming study, possible roles of ZnO nanoparticles in mitigating 
harmful effects of salinity stress in lupine (Lupinus termis) were studied. Lupine 
plants were exposed to 150 mM NaCl with and without different concentrations of 
ZnO (20 mg L−1, 40 mg L−1, and 60 mg L−1 for 20 days.

Reduction in plant growth parameters (root length, shoot length, fresh weight, 
and dry weight) and in the contents of photosynthetic pigments (chlorophyll a and 
b and carotenoids), as well as in the activity of catalase (CAT), was observed in 
salinized plants against control plants. On the other side, enhanced contents of 
organic solutes (soluble sugar, soluble protein, total free amino acids, and proline), 
total phenols, ascorbic acid, malondialdehyde (MDA), and Na, as well as the activi-
ties of superoxide dismutase (SOD), peroxidase (POD), and ascorbate peroxidase 
(APX), were found in stressed plants over control plants. However, seed priming 
with ZnNPs mostly stimulated growth of stressed plants, which was accompanied 
by reinforcement in the levels of photosynthetic pigments, organic solutes, total 
phenols, ascorbic acid, and Zn, as well as in the activities of SOD, CAT, POD, and 
APX enzymes over stressed plants alone. On the contrary, priming with ZnNPs 
caused a decrement in the contents of MDA and Na in stressed plants relative to 
salinized plants alone. It is worth to mention that this improvement in salt tolerance 
of plants primed with ZnNPs was more obvious in plants primed with ZnNPs (60 
mgL−1) and grown both in unstressed and stressed regimes. It was suggested that 
seed priming with ZnNPs, especially 60 mg L−1 ZnO, is an effective strategy that 
can be used to enhance salt tolerance of lupine plants (Latef et al. 2017).

12.10  Cerium Oxide NPs

CeO2NPs exert significant impact on plant growth and production. Brassica napus 
L. (canola) cv. “Dwarf Essex” was taken to study the physiological and biochemical 
changes under synergistic salt stress (control and 100  mM NaCl) and CeO2NP 
effects. Plant growth and the physiological processes of canola were negatively 
affected by 100  mM NaCl. Under fresh and saline water irrigation conditions, 
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CeO2NP-treated plants exhibited higher efficiency of the photosynthetic apparatus 
and plant biomass and less stress. The results revealed that CeO2NPs led to varia-
tions in canola growth and physiology which enhanced the plant salt-stress response 
but did not completely improve the salt stress of canola (Rossi et al. 2016).

CeO2NPs displayed strong effects on plant health both positively and negatively, 
depending upon the plant species, exposure concentration, and exposure duration 
and plant growth conditions (Lopez-Moreno et  al. 2010b; Ma et  al. 2010, 2015, 
2016; Wang et al. 2012; Zhao et al. 2014). 2000 mg/L concentration of CeO2NPs 
inhibited root elongation of lettuce, while tomato, radish, rape, wheat, cucumber, and 
cabbage were largely unaffected at the same exposure condition (Ma et al. 2010). 
The DNA of soybean seedlings was damaged by high concentrations of CeO2NPs 
(2000 and 4000 mg/L), while no such effect was observed at lower concentrations 
(Lopez-Moreno et al. 2010a). 10 mg/L of CeO2NPs slightly improved tomato growth 
and yield (Wang et al. 2012). Ce due to dual valance states (Ce3+ and Ce4+) is consid-
ered as an oxidative stress inducer at other conditions (Ma et al. 2015, 2016) and 
behaves as an antioxidant at certain conditions (Wang et al. 2012) (Table 12.1).

12.11  Conclusion and Future Perspectives

Salinity stress is a menace to agriculture and a major environmental factor that 
adversely affects crops. Crop plants are generally vulnerably susceptible to salinity 
and the extent of sensitivity, and the mechanism adopted to cope up with the same 
depends on the categorical magnification stage of the plant. Among all other salts, 
NaCl is the most soluble and widespread salt, it is not surprising that all plants have 
evolved mechanisms to regulate its accumulation and to cull against it, in favor of 
other nutrients commonly present in low concentrations. Measures of ionic balances 
during soil-salinization cycle are still unexplored. Nanotechnology in a naïve sense 
may appear as a paradigm shift in virtually all branches of science. Nanotechnology 
promises a breakthrough and sensitized our construal in amending presently abys-
mal salt tolerance processes through nanoparticles vis-a-vis regenerating soil fertil-
ity via reclamation of salt-affected soils. However, constrained data and experimental 
evidence are available to expound the role and comportment of NPs in salt toler-
ance/resistance/avoidance mechanisms in planta, and most of the studies are predi-
cated on phenological events, morphological analysis, and antioxidant status. Tasks 
of metal-predicated and carbon-predicated NPs under salinity are diverse. NPs alle-
viated the deleterious effects of salt stress and showed regulatory roles in salt- 
responsive genes. Applications of different NPs shown incremented seed 
germination, shoot biomass, etc., in salt affected plants. Nevertheless the refined 
mechanism of actions of NPs is poorly understood in salt-stressed plant systems.

However, in nascent stage, utilization of NPs is revisiting our construal of the 
theoretical substructures of the agricultural engenderment system along the 
pedosphere- biosphere-atmosphere continuum. Further research needs to address 
questions about roles of different NPs on membrane conveyors and candidate genes 
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Table 12.1 Effect of various NPs in mitigating salt stress in different plants

S. 
no. NPs Plant NPs conc. Salt conc. Reference

1. FeNPs and 
potassium 
silicate

Vitis vinifera 
(grape)

0.08, and 0.8 ppm 
and 0, 1, 2 mM

50, and 
100 mM

Mozafari et al. 
(2017)

2. Fe2O3 NPs 
and EDTA 
iron

Arachis hypogaea 
(peanut)

2, 10, 50, 250, 
1000 mg/kg and 
45.83 mg/kg

 ---------- Rui et al. (2016)

3. AgNPs Solanum 
lycopersicum 
(tomato)

0.05, 0.5, 1.5, 2, 
2.5 mg/L

150 and 
100 mM

Almutairi (2015)

4. AgNPs Solanum 
lycopersicum 
(tomato)

10, 20, 40 ppm  30, 60, 90, 
and 120 mM/L

Younes and Nassef 
(2015)

5. AgNPs Triticum aestivum 
(wheat)

2, 5, and 10 mM 150 mM Mohamed et al. 
(2017)

6. Si NPs Vicia faba (beans) ----------  1.5, and 
3 mM (sodium 
silicate)

Roohizadeh et al. 
(2015)

7. Si NPs Ocimum basilicum 
(basil)

Without silica, 
normal silica, and 
silicon NPs

1, 3, and 
6 ds/m

Kalteh et al. (2014)

8. Nanosilica 
(NSi)

Solanum 
lycopersicum 
(tomato)

0.5, 1, 2, 3 mM  150, and 
200 mM

Almutairi (2016)

9. NSi and Si Vicia faba (beans) 1, 2, and 3 mM  50, 100, and 
200 mM

Qados (2015)

10. Nano-Si and 
Si

Capsicum annuum 
(sweet pepper)

1 or 2 cm3/L and 4 or 
5 cm3/L

---------- Tantawy et al. 
(2015)

11. SiO2NPs Lens culinaris 
(lentil)

Distilled water (control), 100 mM 
NaCl, 1 mM nano-silicon dioxide 
conc. + 100 mM NaCl

Sabaghnia and 
Janmohammadi 
(2015)

12. CeO2NPs Brassica napus 
(canola)

200, and 1000 mg/kg 100 mM Rossi et al. (2016)

13. CeO2 NPs Brassica napus 
(canola)

500 mg/kg 50 mM Rossi et al. (2017)

14. ZnONPs Solanum 
lycopersicum 
(tomato)

15 and 30 mg/L 3.0 and 
6.0 g/L

Alharby et al. 
(2016)

15. ZnONPs Helianthus annuus 
(sunflower)

None-sprayed ZnO 
normal and NPs at 
rate of 2 g/L

100 mM Torabian et al. 
(2016)

16. ZnONPs Lupinus termis 
(lupine)

20 mg/L, 40 mg/L, 
60 mg/L

150 mM Latef et al. (2017)

17. ZnO and 
Fe3O4 NPs

Moringa peregrina 
(wild drumstick)

30, 60, 90 mg/L 3000, 6000, 
9000 ppm

Soliman et al. 
(2015)

18. Chelated 
calcium and 
nano-calcium

Solanum 
lycopersicum 
(tomato)

2 and 3 g/L and 0.5 
and 1 g/L

 ---------- Tantawy et al. 
(2014)

19. MWCNTs Brassica oleracea 
(broccoli)

10, 20, 40, 60 mg/L 80, 100, and 
120 mM

Martinez-Ballesta 
et al. (2016)
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conferring salt tolerance (viz., SOS1, SOS3, ERA1, AAPK, PKS3, HKT, NHX, OTS, 
MT1D). NPs interceded adaptation mechanisms of cell organelles and macromo-
lecular systems to excess of salt are again skeptical. Furthermore, a holistic view of 
extenuating the restorative effects of NPs on plant stress biology is the future line of 
action in the area of nanotechnology and additionally needs to be answered.
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Chapter 13
Systems Biology Approach for Elucidation 
of Plant Responses to Salinity Stress

Amrita Srivastav, Tushar Khare, and Vinay Kumar

Abstract Salinity is one of the most detrimental abiotic stress factors responsible 
for qualitative and quantitative deterioration in global crop production. By consider-
ing the inclusive food requirements, deciphering the complex salinity-mediated 
responses in plants is significant to develop salt-tolerant crops with higher yields. 
The recent advancements in analytical technologies have made possible to investi-
gate and generate huge amount of data. Various tools have been successfully 
employed to check salt-induced alterations at genome, transcriptome, proteome, 
and metabolome levels of plants. Omics tools in combination with computational 
biological analysis have provided important information, which can be used to gen-
erate biological databases as well as in silico tools. Hence this combinatorial 
approach of omics-systems biology is currently considered as ultimate path in plant 
stress physiology analysis, which aims to improve agronomic characters. The pres-
ent chapter is therefore focused on omics-mediated systems biology-based investi-
gations targeting salinity responses in plants. This chapter also highlights precise 
computational tools and databases to analyze transcription factors, quantitative trait 
loci, and small RNAs. Collectively, the chapter illustrates the system biology 
approach as an essential and convenient tool in salinity studies.
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Abbreviations

ABA Abscisic acid
AP2 APETALA2
APX Ascorbate peroxidase
bZIP Basic region/leucine zipper motif
CAT Catalase
CE Capillary electrophoresis
DREB Dehydration-responsive element-binding
dS cm−1 Deci Siemens per centimeter
ECe Electrical conductivity of the saturated extract
ERF Ethylene response factor
ESTs Expressed sequence tag
FT-ICR Fourier-transform ion cyclotron resonance
GC Gas chromatography
GR Glutathione reductase
GSH Glutathione (reduced form)
ICK1 Inhibitor 1 of Cdc2 kinase
IT Ion trap
LC Liquid chromatography
MALDI Matrix-assisted laser desorption
miRNA MicroRNA
MS Mass spectroscopy
MYB Myeloblast
NADPH Nicotinamide adenine dinucleotide phosphate (reduced form)
NGS Next-generation sequencing
NMR Nuclear magnetic resonance spectroscopy
POX Peroxidase
QTL Quantitative trait loci
ROI Reactive oxygen intermediates
ROS Reactive oxygen species
SAGE Serial analysis of gene expression
siRNA Small interfering RNA
SOD Superoxide dismutase
SOS Salt overly sensitive
TILLING Target-induced local lesions in genome
ZAT Zinc finger transcription factors

13.1  Introduction

Systems biology is the computational and mathematical modeling of complex bio-
logical systems. The dynamics of the genome, metabolome, transcriptome, and pro-
teome under stress in plants can be understood well with the help of systems biology 
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and omics (the field of studies in biology ending in -omics) together. In plants, abi-
otic stresses trigger specific networks of pathways involved in redox and ionic 
homeostasis as well as osmotic balance. These complicated networks are proposed 
by unifying the approaches of omics and stress systems biology. Furthermore, cross 
talk among these pathways is monitored by the regulation and streaming of tran-
scripts and genes. In this chapter, we discuss systems biology and omics as a prom-
ising tool to study responses to oxidative and salinity stress in plants.

Salt stress is one of the most important factors limiting plant productivity, with 
salinity affecting plant physiology and metabolism at multiple levels. Systems biol-
ogy has been responsible for some of the most important developments in the sci-
ence of environmental sustainability. It is a holistic approach to deciphering the 
complexity of biological systems that starts from the understanding that the net-
works that form the whole of living organisms are more than the sum of their parts. 
It is collaborative, integrating scientific disciplines  – biology, computer science, 
engineering, bioinformatics, physics, and others  – to predict how these systems 
change over time and under varying conditions and to develop solutions to the 
world’s most pressing abiotic and biotic issues.

Systems biology, ultimately, creates the potential for entirely new kinds of 
exploration and drives constant innovation in biology-based technology and compu-
tation (Fig. 13.1). A fundamental tenet of systems biology is in solving challenging 
biological problems and always requires the development of new technologies in 
order to explore new dimension of data space. New data types require novel analyti-
cal tools. This virtuous cycle of biology driving technology driving computation can 
exist only in a cross-disciplinary environment where biologists, chemists, computer 
scientists, engineers, mathematicians, physicists, physicians, and others can come 
together in teams to tackle grand challenges.

Fig. 13.1 Interfaces 
between biology, 
technology, and 
computation in systems 
biology approach
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13.2  Salinity Stress

Salinity is one of agriculture’s most crucial problems in large parts of the world 
(Gupta and Huang 2014). Rice, wheat, and pulses (legumes) are major food 
resources for about half of the global population. Soil salinity is a major abiotic 
stress, which limits rice production in about 30% of the rice-growing area world-
wide (Srivastava et  al. 2014). Increasing salinity progressively decreased plant 
height, spike length, number of spikelets, grain weight, and yield (straw and grain) 
in wheat plants (Kalhoro et al. 2016; Kumar and Khare 2016). Adverse effects of 
salts on wheat plants were associated with the accumulation of less K+ and more 
Na+ and Cl− in their flag leaf sap, grains, and straw (Kalhoro et al. 2016). Various 
environmental stresses, viz., high winds, extreme temperatures, soil salinity, 
drought, and flood, have affected the production and cultivation of agricultural 
crops. Among these, soil salinity is one of the most devastating environmental 
stresses, which causes major reductions in cultivated land area, crop productivity, 
and quality (Yamaguchi and Blumwald 2005; Shahbaz and Ashraf 2013). A saline 
soil is generally defined as one in which the electrical conductivity of the saturated 
extract (ECe) in the root zone exceeds 4 dS m−1 (approximately 40 mM NaCl) at 
25 °C and has an exchangeable sodium of 15%. The yield of most crop plants is 
reduced at this ECe, though many crops exhibit yield reduction at lower ECe (Jamil 
et al. 2012). Under the heavy pressure of global population explosion and global 
climate change, studying salt tolerance is of high importance.

With years of continuous exploration, some general molecular mechanisms of 
salt tolerance in plants have been revealed. The high-salinity environment mainly 
disrupts the ionic and osmotic equilibrium of cells, and as a result, genes in several 
pathways are activated in response to high-sodium concentration. Pathways related 
to ion pumps (Pons et al. 2011), calcium (White and Broadley 2003), SOS pathway 
(Mahajan and Tuteja 2005), ABA (abscisic acid) (Teige et  al. 2004), mitogen- 
activated protein kinases (Zhang et al. 2006), glycine betaine (Rhodes and Hanson 
1993), proline (Thiery et al. 2004), reactive oxygen species (Miller et al. 2008), and 
DEAD-box helicases (Vashisht and Tuteja 2006) are of significance in high-salinity 
environment. They play different roles in maintaining high K+/Na+ ratio, synthesiz-
ing and segregating ions (Tuteja et  al. 2013) and controlling ion concentration 
(Tuteja 2007). The genes and transcription factors that encode or regulate these 
components often demonstrate irregular activities in a high-salinity environment. At 
cellular level, the most significant activities dealing with excessive salt in plants is 
pumping ions out of a cell to keep the ion equilibrium, while the vacuole located in 
the cell helps store some ions. In salt-resistant detoxifying mechanisms, especially 
sequestration by vacuole (Zhu 2003), many salt-tolerant genes with high level of 
activities in a high-salinity environment are related to vesicle, membrane, and ion 
transport. For example, H+-ATPase as a proton pump on cytoplasmic vesicle main-
tains the ion equilibrium of the cell by pumping H+ to the vacuole to retain pH and 
transmembrane proton gradient (Na+ transporter plays an important role in main-
taining high Na+/K+ ratio in various tissues (Ren et al. 2005; Cotsaftis et al. 2012). 
However, the global picture of salt-tolerant mechanisms is still unclear; for exam-
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ple, how ABA induces hydrogen peroxide regulation and how a plant transduces 
signals in response to salt stress are largely unknown. Multiple sources of data can 
enhance the understanding of salt tolerance. The genetic variations of different rice 
responses to salt stress may shed some light on the roles of various genes in salt 
tolerance.

The availability of plant genome sequence (Yu et al. 2002, 2005) paved the way 
for in-depth study of salt stress responses and tolerance mechanisms in plants. 
Microarray gene expression data have provided information on regulatory networks 
of salinity response. Kawasaki et al. (2001) analyzed the initial phase of salt stress 
in rice based on gene expression profiles. Huang et al. (2009) identified a zinc finger 
protein named DST that regulates drought and salt tolerance in rice. The expression 
of DREB- and ZAT- related genes might be involved in the salt tolerance of the 
AtMYB102 chimeric repressor line (Mito et al. 2011). Schmidt et al. (2012) exam-
ined TFs like heat-shock factors (HSFs) in response to salinity environment, and 
they characterized OsHsfC1b as playing a role in ABA-mediated salt stress toler-
ance in rice. Nevertheless, these studies were mainly explored single-gene or some 
isolated genes approach and lack systems-level understanding of the global molecu-
lar mechanism of salt tolerance given that salt resistance reacts in a coordinated and 
effective manner.

In view of these findings, systems-level study is an apparent choice to fill the gap 
between isolated genes and the global (whole-genome) mechanism of salt toler-
ance. Among tens of thousands of genes in microarray data, it is challenging to 
choose the set of genes that are most relevant to salt tolerance (Blum and Langley 
1997; Guoyon and Elisseeff 2003). Biologists often use a volcano plot method, 
which reflects both fold of change and its statistical significance at the same time in 
a heuristic fashion (Cui and Churchill 2003). However, such methods may not be 
sufficient to discover complex relationships between genes and a certain phenotype, 
trait, or condition (Liang et al. 2011).

13.3  The Omics Technologies and Systems Biology

There is a noteworthy advancement in the accuracy as well as scale of the analysis 
in the field of molecular systems biology in the past two decades (El-Metwally et al. 
2014). Though the basic perspectives of molecular biology (reductionistic) and 
system biology (holistic) are conflicting, the current advanced research settings 
allow both the wings to complement each other which provides an easy path to 
study stress-mediated responses in plants (Duque et al. 2013). The analysis of every 
component playing vital role during fundamental procedure of the cellular metabo-
lism (replication, transcription, and translation) provides the exhaustive knowledge 
about every aspect of cellular functioning. Therefore, cumulative genomics, pro-
teomics, transcriptomics, and metabolomics studies can be proven as an ideal source 
of information to decipher the queries using systems biology approaches. Hence 
these omics approaches are considered as prime path to interpret the complex plant 
responses in stress environment.

13 Systems Biology Approach for Elucidation of Plant Responses to Salinity Stress
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13.3.1  Genomics

Structural and functional genomics addresses the issues related with basic structure 
and the respective function of the genes and/or their products. The structural 
genomic analysis provides the high-resolution characterization of the genome (up to 
full gene length) which can be subsequently used to develop tools for genomic pre-
dictions and annotations. Information related to the structure, location, and feature 
of the genome offers valuable insights to manipulate the gene of interest to develop 
plants with desirable agronomic traits. The current trend to obtain the information 
regarding genomics is whole-genome sequence, which makes it pretty much possi-
ble to gain knowledge about the total sequence of any plant genome. The comple-
tion of Arabidopsis genome is considered as a milestone in genomic research 
(The Arabidopsis Genome Initiative 2000). Since then, genomic sequence of many 
plants including economically important glycophytes as well as halophytes 
(Table 13.1) is available, providing valuable information about their genome. In this 
manner, structural genomics along with modern next-generation sequencing (NGS)-
mediated shotgun sequencing approach greatly contributes in development of 
molecular markers which are applicable in polymorphism studies. On the other 
hand, functional genomics describes gene on the basis of its function by retrieving 
information from sequence data, genome mapping, and functional characterization 
of gene. The tools such as serial analysis of gene expression (SAGE), target-induced 
local lesions in genome (TILLING), and array-based hybridization are used in func-
tional genomics studies. Another branch of genomics, known as comparative 
genomics, uses the information from conserved regions between two closely related 
species. The comparative mapping and analysis of the genomes provide genomic 
similarities and dissimilarities providing vital information about genetic constitu-
tion of plant (Mohanta et al. 2015a, b, c).

13.3.2  Proteomics

Proteome defines total profile of the expressed proteins with respect to the provided 
environment in the organism. The proteomics involves techniques for qualitative 
and quantitative characterization of protein profiles (Tyers and Mann 2003). Apart 
from the several types of available proteome, whole proteome and phosphopro-
teome are the choices by the researchers in plant stress response studies (Helmy 
et al. 2011, 2012a, b; Kumar et al. 2017a). The tools of choice to obtain protein 
profile commonly involve mass spectrometry coupled with many advancements 
such as matrix-assisted laser desorption (MALDI), liquid chromatography (LC), 
ion trap (IT), etc. Such analysis provides the possible peptide fingerprint referred as 
MS spectra of a protein of interest. Multiple-condition proteome profile reveals 
quantitative data informing the differentially expressed stress-associated proteins 
pointing toward their contribution in stress-mediated responses (Liu et al. 2015a, b). 
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Due to specificity of the phosphorylation event as per the associated abiotic stress 
condition, phosphoproteins provide crucial information pathways activated during 
specific environment. Hence, via phosphoproteomics, signaling pathways and asso-
ciated (phospho) proteins can be recognized (Zhang et al. 2014a, b; Kumar et al. 
2017a).

13.3.3  Transcriptomics

The RNA expression profile of an organism under a specific condition is recognized 
as transcriptome. Compared to the genome, transcriptome is considered as highly 
dynamic in nature. Therefore, capturing the transcriptome in spatial and temporal 
bases is the main aim of the transcriptomic analysis (Duque et al. 2013; El-Metwally 
et al. 2014). This is achieved through microarrays, NGS-mediated high-throughput 

Table 13.1 Details about the genome of some selected plants

Plant Genome size GC (%) Genes Proteins

Eleusine coracana 1.19 Gb 44.80 85,243 126,312
Hordeum vulgare 5.3 Gb – 39,734 248,180
Oryza sativa subsp. indica 426.337 Mb 43.73 40,745 88,438
Oryza sativa subsp. japonica 374.423 Mb 43.58 35,679 97,751
Sorghum bicolor 732.2 Mb – 34,129 47,121
Triticum aestivum 17 Gb – 217,907 273,739
Zea mays 2.13 Gb 46.91 47,800 58,291
Arabidopsis thaliana 135 Mb 36.05 27,655 48,456
Beta vulgaris 566.55 Mb 37.30 27,429 32,874
Brassica napus 848.2 Mb 37.80 101,040 101,040
Brassica oleracea 488.954 Mb 37.33 53,670 56,687
Cajanus cajan 529.971 Mb 33.71 31,549 31,549
Cicer arietinum 530.894 Mb 32.67 27,758 33,107
Glycine max 978.972 Mb 35.12 58,843 88,647
Glycine soja 863.568 Mb 34.50 50,399 50,399
Gossypium hirsutum 2.18 Gb 34.90 78,043 90,927
Helianthus annuus 3.02 Gb 38.89 57,708 52,191
Hordeum vulgare 4.6 Gb – 39,734 248,180
Nicotiana tabacum 3.64 Gb 39.20 69,595 84,255
Phaseolus vulgaris 521.077 Mb 36.22 28,134 32,720
Raphanus sativus 426.614 Mb 37.20 58,031 61,216
Solanum lycopersicum 900 Mb 34.76 34,727 34,727
Solanum tuberosum 723 Mb 35.60 39,028 56,215
Theobroma cacao 346 Mb 34.99 29,452 –
Vigna radiata 463.638 Mb 34.40 29,100 35,143
Vitis vinifera 486.197 Mb 35.03 29,863 41,208
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RNA sequencing, serial analysis of gene expression (SAGE), etc. (Kawahara et al. 
2012; De Cremer et al. 2013). Comparative transcriptome helps finding candidate 
genes contributing to stress tolerance. The availability of the online databases and 
tools hence allows now to achieve novel genome-wide analysis of plant stress 
responses and tolerance (Mochida and Shinozaki 2011; Jogaiah et al. 2013).

13.3.4  Metabolomics

A large number of plant metabolites with diverse structures and abundance are 
formed by plants throughout their life cycle. These entities are categorized as 
primary and secondary metabolites depending on their function. The metabolic 
analysis of the plants hence involves comprehensive identification, quantitation, as 
well as localization of various metabolites (Hong et al. 2016). To achieve this goal, 
series of integrated techniques such as nondestructive NMR (nuclear magnetic reso-
nance spectroscopy), mass spectroscopy (MS) combined with gas chromatography 
(GC), LC, capillary electrophoresis (CE), and Fourier-transform ion cyclotron resonance 
(FT-ICR) are applied (Okazaki and Saito 2012; Khakimov et al. 2014). The ultimate 
information generated through metabolomics provides understandings about meta-
bolic fluxes and metabolite concentrations in the plants present during the specific 
abiotic stress condition (Toubiana et al. 2013; Kleessen and Nikoloski 2012).

Collectively these four technologies, constituting the principal omics technolo-
gies, generate humongous data with a great speed. These all techniques are highly 
reliant on bioinformatics and other computational tools. Therefore mutually, all 
techniques are applied during systems biology approach to draw a suitable inference 
against the abiotic stress-mediated responses in plants (Fig. 13.2).

13.4  Analysis of Key Factors Involved in Salinity:  
Systems Biology Approach

13.4.1  Transcription Factors

Crop productivity is affected significantly by abiotic stress like salinity. However 
water stress responses are multigenic and quantitative and alter the phenotypic 
patterns of plants. Salinity stress occurs in conjunction with high temperature and 
high light intensities. Systems biology is a multidisciplinary approach with an inte-
gration of omics technology which along with defining the system also provides 
new gene targets for plant and agricultural biotechnology. Transcription factors are 
major players in water stress signaling; salinity stress and some constitute major 
hubs in the signaling webs. The main TFs in this network include NAC, MYB, bZIP, 
bHLH, eRF, and WRKY transcription factors. WRKY and AP2 transcription factors 
play an important role in abiotic stress signaling networks, and systems biology 
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approaches are getting significant to define their role in the signaling network. 
Applying systems biology approaches, there are now many transcriptomic analyses 
and promoter analyses that involve various transcription factors in abiotic stress 
defense. In addition, reports on nuclear proteomics have elucidated transcription 
factor proteins that are upregulated at the protein level by subjecting plants to water 
stress. Interactomics identifies different classes of transcription factor-interacting 

Fig. 13.2 Schematic summery representing a general flow for analysis of stress-mediated changes 
in plants using omics-systems biology approaches
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proteins. Systems biology is trying to make connections between metabolomics, 
transcription factors, promoters, biosynthetic pathways, fluxes, and downstream 
responses. As more levels of the systems are characterized, a more detailed under-
standing of the roles of transcription factors in salinity responses in crops will be 
obtained.

Crop plants utilize phenotypic plasticity to mitigate the effects of salinity stress 
by upregulating of various stress-responsive genes including ion transporters, tran-
scriptional factors, signaling pathway modifiers, osmolyte production, and antioxi-
dative enzymes (Ge et al. 2013). Numerous pathway responses that altered due to 
the salinity mark the salt-responsive genes in tolerant plants which facilitate to 
understand the expression prototype of existing genes during the whole span of 
stress (Darko et al. 2017). Many genes are implicated in salinity tolerance; however, 
a more elaborate investigation is needed to resolve the complexity of the responses 
to salinity stress at the genomic level (Abogadallah 2010; Darko et  al. 2017). 
Unification of systems biology and omics could specifically elucidate the genomic 
and metabolic responses of cells in a precise manner, providing better insights into 
various interconnecting signaling processes that regulate cellular homeostatic 
machinery during stress. High-salinity level creates ionic imbalance and hypertonic 
effects, which inhibit crop yield at the molecular, biochemical, and physiological 
levels, either directly or indirectly (Abogadallah 2010). Moreover, salinity stress is 
predicted to hamper photosynthesis, enhance photorespiration, deactivate enzymes, 
increase ROS damage, and ultimately lead to chloroplast damage (Kumar et  al. 
2017c; Khare et al. 2015). Hence, plants have developed various processes, includ-
ing salt exclusion and compartmentalization (Zhang et  al. 2016), to affect the 
successive biological and physiological changes that mitigate the harmful effects of 
salt stress (Darko et al. 2017). This phenotypic plasticity is governed by the upregu-
lation and downregulation of different genes to decrease or protect from ROS dam-
age, reformulate osmotic and ionic balance, and resume growth during high levels 
of salinity stress (Liu et  al. 2014). To elucidate the molecular dynamics of salt 
 tolerance and increase the productivity of crops, substantial efforts have been made 
to develop genetic model systems. ROS scavenging is an efficient means to mitigate 
oxidative damage and manipulate the expression of associated genes such as those 
encoding superoxide dismutase (SOD), ascorbate peroxidase (APX), and glutathi-
one reductases (GRs), thus providing salt tolerance (Abogadallah 2010). Vacuolar 
compartmentalization maintains Na+/K+ and thereby also enhances salt tolerance. 
Zhang et al. (2016) reported three pathways governing the salinity counter mecha-
nisms in cotton. A salinity counter model for crop plants like wheat demonstrates 
how various genetic determinants are regulated via different pathways, ultimately 
leading to cellular homeostasis (Shah et al. 2017). The cell membrane is equipped 
with proteins serving as Na+ receptors, which receive stress signals and elicit the 
production of signaling entities like Ca2+, ROS, and hormones (Liu et al. 2014). The 
elevated levels of these entities trigger three pathways that ultimately activate salt 
overly sensitive 1 (SOS1) pathway to pump out Na+ from the cytosol. All the genes 
determining these pathways are upregulated. However, in this salinity counter 
mechanism, the photosynthesis process is inhibited, as RuBisCO and NADPH are 

A. Srivastav et al.



317

deactivated (Zhao et al. 2014. However, an excess of Na+ hinders the uptake of K+ 
and cytosolic enzymes. The activity of Na+ and K+ transporters and H+ pumps and 
SOS2 and SOS3 protein kinase pathways controls the secretion of toxic Na+ in the 
cell. Therefore, salt-tolerant genotypes resume growth at a slow rate when subjected 
to salt stress, owing to regulation by hormones and cell division-related genes. 
Increased deposition of ABA in response to salt stress is thought to upregulate 
cyclin-dependent protein kinase inhibitor (ICK1), which inhibits cell division 
(Wilkinson and Davies 2010; Lee and Luan 2012). Hence, these interconnected 
features constitute a breeding target for breeders to improve the potential range of 
adaptability of their germplasm to salt stress. The salinity tolerance of crop plants 
such as wheat is a multigenic trait, which is more complicated than in the model 
plant Arabidopsis, in addition to a high sensitivity to salinity. Therefore, it is logical 
to conclude that wheat employs a more complicated system in response to salinity 
than Arabidopsis. Various genes have been reported to play a significant role in 
response to salt stress in wheat. For example, SRO (Similar to Red-One) mediates 
ROS deposition and scavenging by regulating the expression prototype of NADPH 
dehydrogenase and NADPH oxidase, together with GSH peroxidase and ascorbate- 
GSH. Dynamic expression of these genes authenticates their inevitability and suf-
ficiency in enhancing salt tolerance (Liu et al. 2014; Zhao et al. 2014). Nevertheless, 
the processes mediating the genome-wide gene expression in wheat to control the 
deleterious effects imposed by salinity are still not completely understood. 
Moreover, it has been reported, using a microarray approach, that out of 32,000 
detected ESTs in wheat, 19% were either up-or downregulated (Kawaura et  al. 
2006, 2008). The adaptability of plants to unfavorable environments has been also 
explained through polyploidization (Dubcovsky and Dvorak 2007). For instance, 
tetraploid Arabidopsis has a greater tolerance to salt stress, via the homeostasis of 
K+ and Na+, than diploid Arabidopsis. However, the molecular mechanisms deter-
mining adaptability to environmental stresses via this route are still poorly under-
stood. It has recently been hypothesized that the expression of homologous genes is 
responsible for increased tolerance to salt stresses in polyploid plants. For example, 
in allopolyploid cotton (Gossypium hirsutum), one copy of the alcohol dehydroge-
nase A gene (AdhA) is upregulated under cold conditions, while the other responds 
to water stress (Liu and Adams 2007). Moreover, transcriptomic studies have 
reported that allohexaploid wheat manifests intensive partitioned expression of 
homologs in response to drought and heat stress (Liu et al. 2015a, b).

The informatics analysis and computational tools as well as associated methods 
and algorithms in biology make the analysis of biological data accurate, fast, human 
error-free, and easily reproducible (Orozco et al. 2013). Therefore, many bioinfor-
matics tasks became indispensable in biological research in general and plant stress 
multi-omics research in particular which involves tasks like genome sequence 
assembly (El-Metwally et al. 2013, 2014), sequence alignment, and gene prediction 
(Stanke and Morgenstern 2005); peptides carry out sequence identification 
(MS-spectra interpretation tools), gene and protein function prediction (Falda et al. 
2012; Yachdav et al. 2014), DNA-protein and protein-protein interaction prediction 
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(Franceschini et al. 2013), interaction and regulatory networks analysis (Chaouiya 
2012), and several other essential tasks (Polpitiya et al. 2008; Henry et al. 2014).

Special types of visualization tools are required for the analysis and processing of 
data generated by modern analytical and experimental instruments such as genome 
sequencers and mass spectrometers. This resulted in development of several tools to 
visualize the biological data and results in a manner that would maximize the utility 
of the data. The genomic data visualizing tools include GBrowse, UCSC Genome 
Browser, and Integrated Genome Viewer (IGV) (Pang et al. 2014); proteomics data 
visualization tools such as PRIDE Inspector and ConPath (Kim et al. 2008; Wang 
et al. 2012); proteogenomics data or multi-omics data visualization tools such as 
PGFeval, 3Omics, and Peppy (Helmy et al. 2011, 2012a; Kuo et al. 2013; Risk et al. 
2013); metabolomics visualization tools such as MultiExperiment Viewer (MeV) and 
network visualization tools such as Cytoscape and its associated web versions 
Cytoscape.js and Cytoscape web.

More knowledge can be gathered through high-throughput data by combining 
different datasets or by applying various types of analyses into one large-scale com-
parative analysis. However, this requires the data and results to be sustainably avail-
able and accessible to the researchers. Thus, for depositing and storing the biological 
data and results, several types of databases are available online. The databases are 
stored in different forms, ranging from those that store plant information such as 
classification, growth, production, and geographical distribution, plant genomic 
information (Zhao et al. 2014), plant transcriptomic information, plant proteomic 
information, plant proteogenomic information (Helmy et al. 2011, 2012a), and plant 
metabolomic information. Furthermore, some databases are specialized in storing 
and maintaining plant stress resistance and tolerance information such as STIFDB2, 
the Arabidopsis stress-responsive gene database, QlicRice, and the fungal stress-
response database (FSRD). Several tools provide more than one of the abovemen-
tioned features such as data analysis and visualization (Helmy et al. 2011) or data 
visualization and storage (Helmy et  al. 2012a). Many tools also provide these 
services for multi-omics data and results (Kuo et al. 2013).

13.4.2  QTLs

Susceptible and resistant varieties of a plant can be compared with the Gene 
Expression Omnibus (GEO) and volcano plots analyses, using microarray data. The 
genes responsive to stress like salt tolerance can be enlisted, and overexpressed 
genes can be characterized using agriGO (Du et al. 2010), a plant-specific GO term 
enrichment analysis. During salinity stress molecular alterations at genomic level 
take place. The overrepresented genes are mainly responsive to iron binding, cation 
binding, ion binding, and heme binding. The significant behavior of these genes in 
oxidoreductase activity is related to electron transport in complex chemical reactions 
that balances the charges during ion transport. The oxidoreductase activity is related 
to reactive oxygen intermediates (ROI) that are produced in response to oxidative 
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stress because of water deficit during salinity stress (Miller et al. 2008). ROI seriously 
disrupt the normal metabolism through oxidative damage on lipids, proteins, and 
nucleic acids. The increased oxidoreductase activity is depicted with enhanced lev-
els of the antioxidative enzymes like catalase (CAT), APX, guaiacol peroxidase 
(POD), GR, and SOD under salt stress in plants. Biochemicals like proline and gly-
cine betaine also accumulate under stress; they are correlated with osmotic adjust-
ment to endure plant salinity tolerance (Vinocur and Altman 2005). Proline also 
plays an important role in scavenging free radicals, stabilizing subcellular structures, 
and buffering cellular redox potential under stresses. Another nitrogen compounds 
like polyamines are also synthesized under salt tolerance (Gupta et al. 2012a, b). 
Therefore, it is speculated that these nitrogen- containing compounds are synthesized 
in cellular nitrogen compound metabolic process. In cellular components, according 
to the gene enrichment analysis, most of the chosen genes are related to the vesicle 
and membrane, which are involved with the detoxifying mechanism of salt-resistant 
genotypes, especially in sequestration by vacuole. It is plausible to infer that some of 
these chosen proteins on membranes act as transporting ions outside the cell or to the 
vacuole to maintain pH, transmembrane proton gradient (Gupta and Huang 2014), 
and high K+/Na+ ratio (Ren et  al. 2005). In order to assess the performance of 
improved volcano plot, Microarray-QTL test by using the QTL information is devel-
oped as a criterion to evaluate the reliability of chosen genes.

Different tissues of a plant are studied to understand the salt-tolerant mechanism. 
There is a great challenge in determining feature selection on small sample but 
high-dimension data. Classical statistical feature selection methods, such as t-test, 
assume the samples follow some specific distribution as its hypothesis; however, the 
limited number of samples narrows the usage of these statistical methods. From the 
feature selection prospective, the volcano plot method uses two dimensions of fold 
change and t-test p-value to select genes in microarray analysis. This is a fast, sim-
ple, and widely used method. Although, the fold change of each differential expres-
sion gene does not necessarily reveal the nature of biological meaning. In cases, 
using machine-learning methods could be a good alternative in microarray analysis. 
The improved volcano plot method applying specific criteria like MergeValue based 
on an SVM-RFE procedure could enhance the performance. The improved method 
also used a bootstraps approach to make the feature selection more robust. The QTL 
information can be obtained from QTLs zone in the genome using Gramene QTL 
database (http://www.gramene.org/qtl/), which further helps to identify genes 
related to salinity response. The QTL information in cooperation with transcription 
profiles to identify genes related to salinity response. For a given QTL, there may be 
25–30 genes per cM (270 kbp in rice) (Khurana and Gaikwad 2005). Given so many 
possible genes in a QTL region associated to a phenotype, the proposed Microarray-
QTL test, which used the same mechanism as GO term enrichment analysis, could 
help evaluate the relative relevance of these QTL genes to the phenotype quantita-
tively. Furthermore, predicted protein-protein interactions, protein structure pre-
diction, and gene regulatory motif analysis in studying potential genes related to salt 
tolerance can also be studied. Such a systems approach is powerful in providing 
high-confidence predictions of salt-tolerant genes.
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The study may provide richer and more concise predictions than a study done by 
Cotsaftis et al. (2011), which only used the expression level of the gene probes in 
transcript profiling to predict salt-tolerant genes. Walia et al. (2006) summarized the 
following components in the salinity response based on their microarray study: (1) 
adaptive response, (2) nonadaptive response, (3) response to salt injury, and (4) heri-
table responses conferring tolerance. The involvement of phosphorylation in abiotic 
stress has been actively studied in recent years in addition to its relationship to salin-
ity stress (Chitteti and Peng 2007), cold stress (Komatsu et al. 1999), and heat stress 
(Chen et  al. 2011). Key proteins can be predicted and mapped to QTLs, which 
means researchers could conduct experiments to clone and validate these genes. 
Computational studies can be applied to study other traits and several other species 
of plants under abiotic stress.

13.4.3  Small RNA Analysis

The role of small-noncoding RNA, including microRNAs (miRNAs) and short- 
interfering RNAs (siRNAs), is well described in the context of abiotic stress interac-
tions in plants (Khare et  al. 2018). The previous method for identification and 
characterization of small RNAs was via direct cloning strategy. Such identification 
procedures are tedious tasks due to the multiple existence, smaller size, and limit-
less molecular-processing mechanisms (Shriram et al. 2016). The cost reduction for 
the sequencing techniques, along with advancements in sequencing techniques, has 
enormously assisted in rapid growth of small RNA-related identification and func-
tional annotations (Kumar et al. 2017b). Therefore, currently numerous databases 
and analytical tools regarding the same are available for small RNA analysis 
(Rosewick et al. 2013; Tripathi et al. 2015; Shriram et al. 2016).

RNAcentral (http://rnacentral.org/), an inclusive database, has compiled non-
coding RNA sequences providing a single port to access noncoding RNA informa-
tion from many organisms. The database facilitates the information accession by 
providing browsers and searching tools, in association with other compatible data-
bases (RNAcentral Consortium 2017). The instructive database, especially repre-
senting noncoding RNAs, NONCODE, (http://www.noncode.org/) incorporated 
material from 18 unlike organisms including Arabidopsis (Zhao et al. 2016). The 
database provides additional advantages including literature support, high-quality 
data selection through interface, and conservation annotation. PNRD (http://struc-
turalbiology.cau.edu.cn/PNRD/index.php) represents a collective database for 
noncoding RNA archives including plant sources. This set includes information 
for lncRNAs, tRNAs, rRNAs, ratiRNAs, snRNAs, and snoRNAs (Yi et al. 2015). 
Kozomara and Griffith-Jones (2014) have developed a depository of microRNA 
sequences, miRBase. This collection harbors miRNA sequences along with their 
annotations from 223 organisms (including 73 plants) (http://www.mirbase.org/). 
Other small RNA- related databases includes tasiRNAdb (http://bioinfo.jit.edu.cn/
tasiRNADatabase/) with 583 tasiRNAS regulatory pathways from 18 plants and 
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siRNAmod (http://crdd.osdd.net/servers/sirnamod) harboring experimentally 
authentic chemically altered siRNAs and their biological activities (Zhang et al. 
2014a, b; Dar et al. 2016).

Along with these databases, many tools for analysis of small-noncoding RNAs 
are available. User-friendly, algorithm-based software the UEA sRNA workbench 
had been created by Stocks et al. (2012) (http://srna-workbench.cmp.uea.ac.uk/). It 
is a downloadable toolkit for analysis of single/multiple samples of small RNAs 
with available facilities for ta-si predictions, PAREsnip for target prediction, and 
miRCat and miRProf for expression level predictions. TAPIR is also a target predic-
tion tool used to analyze plant miRNAs (http://bioinformatics.psb.ugent.be/webt-
ools/tapir/) (Bonnet et  al. 2010). Another tool plantDARIO (http://plantdario.
bioinfo.uni-leipzig.de/) can be applied for mapping quality control analysis for 
small RNA data and expression analysis and prediction of small-noncoding RNAs 
(Patra et al. 2014). A complete database incorporating all the tools for small RNA 
analysis is developed by Chen et al. (2017), miRToolsGallery (http://www.mirtool-
sgallery.org/miRToolsGallery/), which is a free database used to search various 
available tools for small RNA analysis. This versatile database harbors more than 
900 tools which can be effectively utilized for specific analytical purposes.

13.5  Conclusion

Extensive studies are underway since many years to decipher the various plant path-
ways arbitrated to salinity. Due to the latest technological advancements, there is 
positive increment in speed of analysis as well as quality and quantity of the gener-
ated data. The systems biology-based approach to study plants behavior under 
saline conditions has been proven effective, as the approach has successfully gener-
ated ample valuable information from many plants. The systems biology provides 
an incessant analytical cycle as new data as well as tools are continuously gener-
ated. Systems biology has been successfully applied for analysis of major molecular 
entities with vital role in abiotic stress responses. The main provinces of systems 
biology, namely, omics, data integration, and data analysis, must be addressed well 
to decrypt the problems in plant stress biology. This fact also indicates the necessity 
of constant advancement in developing the bioinformatics tools. Though systems 
biology is currently serving as an ideal way to study plant stress physiology, there is 
still a vast scope of improvement. Still this approach has accelerated the process of 
crop adaptation to improve quality and quantity of agronomic products.
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