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    Chapter 4   
 Participation of Phytohormones in Adaptation 
to Salt Stress                     

     Agnieszka     Waśkiewicz    ,     Olimpia     Gładysz    , and     Piotr     Goliński    

    Abstract     Salt stress is one of the major abiotic stresses limiting productivity and 
quality of agricultural crops. The adverse effects concern germination, plant vigor, 
and crop yield in arid and semiarid regions. Most crops are salinity sensitive or even 
hypersensitive and they are described as glycophytes. In contrast, high salinity is 
tolerated by halophytes, which are present in very small numbers, accounting for 
approx. only 1 % of the world’s fl ora. Glycophytes develop some adaptation mecha-
nisms to monitor salt stress and regulate plant physiology and metabolism in order 
to cope with this stress. Phytohormones are recognized as vital agents in the adapta-
tion process during salt stress. Plant hormones including abscisic acid, salicylic 
acid, jasmonic acid, ethylene, brassinosteroids, and the others can regulate that 
cross talk and responses to salt stress. Molecules, such as transcription factors and 
MAP kinases, are main agents involved in stress signaling pathways and phytohor-
mone cross talk. This chapter provides an explanation of the salt stress mechanism, 
while salt stress tolerance and the roles of different plant hormones are presented. 
The effects of endogenous and exogenous phytohormones on adaptation to salt 
stress are characterized.  
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4.1       Introduction 

 Plant hormones are small molecules that regulate plant growth and development, as 
well as responses to changing environmental conditions. By modifying the produc-
tion, distribution, or signal transduction of these hormones, plants are able to regu-
late and coordinate both growth and stress tolerance to promote survival and 
establishment under environmental stresses such as drought, salinity, UV,  ozone  , 
and high or low temperature.  Hormones   are produced in one part of plant and trans-
located to other parts, where at very low concentrations, they stimulate physiologi-
cal response (Kaya et al.  2009 ). It is suggested that  phytohormones   act as signals to 
communicate the stress between roots and shoots. This chapter is focused on the 
involvement of abscisic  acid  , salicylic  acid  , jasmonic  acid  ,  ethylene  ,  brassino-
steroids  , nitric oxide,  cytokinins  ,  auxins  ,  gibberellins  , and strigolactones in plant 
tolerance to salinity.  

4.2     Salinity 

 Under optimal conditions plants grow and reproduce, but often face a changing 
environment that may cause unfavorable conditions. In such an environment, plants 
are considered to be “stressed”; it prevents them from expressing their full ability to 
reproduce. The consequence of stress in plants can vary from impeded growth to 
death. Among a wide range of environmental stresses (such as drought, salinity, 
high and low temperature, UV stress), salt stress is one of the major  abiotic stresses   
limiting the productivity and quality of agricultural crops, with adverse effects on 
germination, plant vigor, and crop yield, especially in arid and semiarid regions 
(Koca et al.  2007 ; Munns and Tester  2008 ; Parvaiz and Satyawati  2008 ). These fac-
tors are the most problematic in arid and semiarid regions and the area affected by 
salinity is estimated at as much as 800 million ha (Pessarakli and Szabolcs  2010 ). 
Salinity is found both in irrigated and nonirrigated croplands. According to Yadav 
et al. ( 2011 ), salinity is defi ned as an excess of salts above the level required by 
plants. This phenomenon occurs due to dissolved salts and their tendency toward 
excessive accumulation in soil water. Sources of salinity include natural processes, 
e.g., rock weathering. Also winds and rains carry sea salts such as NaCl, CaCl 2 , 
MgCl 2 , sulfates, and carbonates. These natural processes are long lasting and may 
span even millions of years. In contrast, human agricultural activity causes salinity 
much faster. Improper irrigation systems (salt-rich irrigation, insuffi cient drainage), 
clear-cutting, and cultivation of annul crops instead of perennial crops, leaching, 
land clearing, and deforestation are mainly responsible for salinity (Zhang et al. 
 2006 ; Yadav et al.  2011 ). 

 Soil salinity is determined by the measurement of electrical conductivity (EC) in 
decisiemens per meter (dS/m). Electrical conductivity below 2 dS/m at a soil depth 
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up to 60 cm is a standard for nonsaline soil. Other criteria are 2–4 dS/m for weak 
salinity, 4–6 dS/m for moderate salinity, 6–8 dS/m for strong salinity, and below 8 
dS/m for very strong salinity (Alberta Agriculture  2001 ). In general, soil is consid-
ered saline when electrical conductivity is 4 dS/m or more. It corresponds to 40 mM 
NaCl (Cabot et al.  2014 ).  

4.3     Glycophytes and Halophytes 

 Most crops are salinity sensitive or even hypersensitive and they are described as 
glycophytes. They develop some adaptation mechanisms to  monitor   salt stress 
and regulate plant physiology and metabolism in order to cope with this stress 
(Sairam and Tyagi  2004 ). Glycophytes rapidly inhibit the root and shoot growth 
(Parvaiz and Satyawati  2008 ). Salinity tolerance depends on the stage of develop-
ment. For example, one of the main food crops is rice, which is thought to be 
highly sensitive to salinity. In fact, its seedlings are highly salt sensitive, which 
greatly affects crops, whereas at the germination stage, rice is relatively resistant 
(Singh et al.  2008 ). 

 In contrast, high salinity is tolerated by halophytes, which constitute natural fl ora 
in saline regions (Keshtehgar et al.  2013 ; Kosova et al.  2013 ). Adaptation mecha-
nisms are varied, ranging from biochemical reactions to specialized morphologies 
(Rajaravindran and Natarajan  2012 ; Shabala et al.  2012 ). Unfortunately, halophytes, 
adapted to high salinity (about 200 mM NaCl), are present in very small quantities, 
accounting for approx. 1 % of the world’s fl ora (Sairam and Tyagi  2004 ; Sulian et al. 
 2012 ). Natural halophytes grow in sea shallows, salt marshes, salt lakes, and saline 
desserts. Typical examples are sea grasses and mangroves forests, as well as 
 Salicornia bigelovii  (dwarf glasswort),  Anemopsis californica  (lizard tail),  Panicum 
virgatum  (switch grass),  Atriplex  (saltbush),  Attalea speciosa  (babassu),  Spartina 
alternifl ora  (smooth cordgrass), and  Tetragonia tetragonioides . At the end of the 
scale (in terms of salt tolerance), there are euhalophytes. They are adapted to 
extreme exposure to seawater in the root zone (Flowers and Colmer  2015 ). 
Halophytes are studied as models of salt tolerance, but they may also be potentially 
cultivated as sources of antioxidants such as phenols, fl avonoids, ascorbate, reduced/
oxidized glutathione,  and   reactive oxygen species (ROS)-scavenging enzymes. 
Production of secondary metabolites is induced by salinity in plants from the fami-
lies Amaranthaceae, Brassicaceae, Plantaginaceae, and Rhizophoraceae. Species 
 Tripolium pannonicum ,  Plantago coronopus ,  Lepidium latifolium , and  Salicornia 
europaea  seem to be potential functional foods and nutraceuticals (Flowers and 
Muscolo  2015 ). 

 Most halophytes and  glycophytes   reveal similar survival mechanisms during salt 
stress. Some halophytes are able to adapt to extreme salinity due to their very spe-
cial anatomical and morphological characteristics.  
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4.4     Plant Responses to Salt Stress 

 Salinity causes salt stress, one of  abiotic stresses   and the main reason of decreasing 
crop yields. Excessive salt concentrations in soils affect plants as a result of water 
stress, ion toxicity, nutritional disorders, oxidative stress, disturbance of metabolic 
processes, membrane disorganization, reduction of cell division, and genotoxicity 
(Carillo et al.  2011 ). 

 Salt stress affects the integrity of cellular membranes and enzymatic activities 
and disrupts the photosynthetic apparatus (Jithesh et al.  2006 ). Inhibition of micro-
tubule polymerization and skewed root growth may also be observed (Dinneny  
 2015 ). Roots may be the fi rst place to initiate the protection and adaptation mecha-
nism. Under salt stress, phospholipid signaling results in differential auxin response. 
As a result roots are curved to avoid soil of the highest salinity.  Arabidopsis , tomato, 
and sorghum roots grow avoiding salinity, even against the gravity axis. Such a 
phenomenon is called halotropism and it is a response of plant roots in order to 
reduce their exposure to salinity (Galvan-Ampudia et al.  2013 ). 

 The main stressor in saline soil is NaCl. Firstly, it causes osmotic imbalance and 
changes in K +  and Ca 2+  concentrations. As a result, nutritional imbalance is observed 
and toxic effects of NaCl lead to disorders affecting membranes and enzymes. Then 
subsequent oxidative stress is manifested, as  ROS  , such as superoxide radicals 
(•O 2− ), hydrogen peroxide (H 2 O 2 ), and hydroxyl radicals (•OH), are produced, 
which are scavenged by both enzymatic and nonenzymatic antioxidants (Qureshi 
et al.  2007 ; Roychoudury et al.  2008 ). Excessive Na +  accumulation manifests itself 
by damage to old leaves. Other negative effects include disturbed root growth, water 
consumption, nutrient uptake (microelements P, Fe, and Zn), and a negative infl u-
ence on mycorrhizal fungi (Parvaiz and Satyawati  2008 ). When salt stress occurs, 
salt-tolerant plants are able to retain a higher K +  ion concentration and a lower Na +  
ion concentration in the cytosol of cells (Li et al. 2014). 

 Two distinct kinds of  effects   could be noticed in plants following salt stress, 
which are categorized as osmotic (physical) and toxic (chemical) (Ellouzi et al. 
 2014 ). During plant response to salt stress, two phases are distinguished (Munns 
and Tester  2008 ; Parvaiz and Satyawati  2008 ) and they are presented in Fig.  4.1 . 
The fi rst phase is fast and the growth is inhibited due to the osmotic response to salt 
outside the roots. Hyperosmotic stress (Gupta and Huang  2014 ) limits water absorp-
tion by roots, while water loss from leaves is increased. Consequently, shoots stop 
growing. Next stomata become closed for a short time to protect the plant against 
ion fl ow. Afterward, stomata are opened for continuing carbon assimilation. The 
growth of younger leaves is inhibited.

   The second phase is slower and salt concentrations inside plants become toxic. 
Plant growth is reduced. The response is salt specifi c (Munns and Tester  2008 ) and 
is considered to be hyperionic stress (Gupta and Huang  2014 ). Toxic ions are accu-
mulated in plant tissues (Gupta and Huang  2014 ); mainly Na +  ions are accumulated 
in leaf blades (Munns and Tester  2008 ). Old leaves are more exposed to ion toxicity. 
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Less resistant plants lose old leaves, demonstrating necrosis, and photosynthesis is 
reduced, and the carbohydrate supply is limited. To protect and save plants, their 
older tissues die back (Gupta and Huang  2014 ). A negative effect of salt stress is 
connected with the production of  ROS  , such as singlet oxygen, superoxide, hydroxyl 
radical, and hydrogen peroxide that cause oxidative damage to proteins, lipids, and 
DNA (Gupta and Huang  2014 ). 

 Physiological and biochemical mechanisms of salt tolerance are complex. One 
of them is biosynthesis of osmoprotectants. They are simple sugars (fructose, glu-
cose), sugar alcohols (glycerol, inositol, mannitol, pinitol), complex sugars (treha-
lose, raffi nose), quaternary amino acid derivatives ( proline  , glycine betaine, 
β-alanine betaine, proline betaine), tertiary amines (1,4,5,6-tetrahydro-2-methyl-4- 
carboxyl pyrimidine), and sulfonium compounds (choline-o-sulfate, dimethyl sul-
fonium propionate) (Yokoi et al.  2002 ). They make membranes more stable and 
protect enzymes from denaturation (Carillo et al.  2011 ). 

 The additional mechanisms are based on the activation of antioxidant enzymes 
and synthesis of antioxidant compounds, polyamines, and nitric oxide (NO). Also 
ion uptake, compartmentalization, and transport are essential for ion  homeostasis 
  (Gupta and Huang  2014 ). The excess of salt is transported to vacuoles or separated 
in older parts of plants. Toxic ion transport is mediated by the Na + /H +  transporter. 
There are two types of H +  pumps in vacuolar membranes such as vacuolar V-ATPase 
and vacuolar pyrophosphatase V-PPase, the major H +  pump inside plant cells (Gupta 
and Huang  2014 ). 

  Fig. 4.1    Plant response to salt  stress   proposed by Munn and Tester ( 2008 )       
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 Plants under salt stress conditions use the signaling system, which consists of the 
perception of stress signal and response for adaptation through gene expression. 
These genes particularly osmotic stress-responsive genes (OR) are not activated 
unless plants face stress. Water loss through stomata or cuticles is minimized by 
osmotic adjustment, which is most important in osmotic homeostasis. Signaling 
induced by stress includes ionic and osmotic stress signaling, detoxifi cation signal-
ing, and cell division signaling (Aryadeep et al.  2013 ). 

 Moreover, salt stress is accompanied by the production of plant hormones such 
as abscisic acid (ABA). Other phytohormones, which are potentially helpful in 
improving salt tolerance, include salicylic acid (SA) and  brassinosteroids (BRs)   
(Gupta and Huang  2014 ). 

 Investigations providing insight into the mechanisms of plant response to salt 
stress are crucial, as it could improve salt tolerance and have practical implication 
in crop improvement.  

4.5     Phytohormones 

 Phytohormones are hormones that are produced by plant cells in low concentra-
tions. They act as plant growth regulators (PGR), while they also regulate develop-
ment and differentiation of plant cells and tissues (Argueso et al.  2009 ; Santner and 
Estelle  2009 ; Messing et al.  2010 ). Plant growth regulators include the fi ve classical 
phytohormones, abscisic acid (ABA), ethylene (ET), cytokinin (CK)   , auxin (IAA), 
and gibberellin (GA)   , as well as jasmonic acid (JA), brassinosteroids (BRs), sali-
cylic acid (SA), nitric oxide (NO), and strigolactone (SL). It is also likely that addi-
tional growth regulators are yet to be discovered (Srivastava  2002 ; Peleg and 
Blumwald  2011 ). Some of them are recognized as vital agents in the adaptation 
process during  abiotic stress   (Khan and Khan  2013 ). 

 The evolution process in  the   plant kingdom brought a variety of mechanisms 
developed for their survival under environmental stresses, e.g., salt stress. Some 
molecules, such as transcription factors and MAP kinases, are main agents involved 
 in   stress signaling pathways and  phytohormone cross talk  . Transcription factors 
(sequence-specifi c DNA-binding factors) are proteins, which are attached to spe-
cifi c DNA sequences. Mitogen-activated protein kinases (MAP kinases) are protein 
kinases which are specifi c to amino acids. MAP kinases play a role in cellular 
responses to environmental factors, including osmotic and salt stress, and they regu-
late cell functions. Plant hormones including abscisic acid, salicylic acid, jasmonic 
 acid  , ethylene, and  brassinosteroids   can regulate that cross talk and responses to salt 
stress (Fujita et al.  2006 ). The plant signaling cascade is presented schematically in 
Fig.  4.2  (adopted from Bajguz and Hayat 2009).
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4.5.1       Abscisic Acid 

4.5.1.1     Biosynthesis 

 Firstly (in the 1960s), this compound was identifi ed in abscised and fallen leaves 
and as a compound responsible for seed dormancy. Abscisic acid (5-(1-hydroxy- 
2,6,6- trimethyl-4-oxocyclohex-2-en-1-y1)-3-methylpenta-2,4-dienoic acid) is a 
sesquiterpenoid (C15H20O4), with one asymmetric, optically active carbon atom in 
position 1′ (Fig.  4.3 ). In plants, it is found as S-ABA, while R-ABA, the mirror- 
image form, has not been reported in nature (Zaharia et al.  2005 ). ABA biosynthesis 
consists of two enzymatic steps starting from C40 carotenoids (e.g., zeaxanthin). 
The fi rst interconversion is catalyzed by zeaxanthin epoxidase (ABA1). All-trans- 
violaxanthin is converted to 9-cis-violaxanthin and 9-cis-neoxanthin. These C40 
carotenoids are split to C15 aldehyde xanthoxin and C25 apocarotenals by means of 
violaxanthin de-epoxidase (VDE). Xanthoxin is exported to the cytosol and it is 
converted to abscisic aldehyde by dehydrogenase/reductase (ABA2). Next abscisic 
aldehyde is oxidized to abscisic acid by abscisic aldehyde oxidase (AAO) 
(Christmann et al.  2006 ).

4.5.1.2        ABA in Physiological Plant Development 

 Apart from  abiotic stresses  , abscisic acid (ABA) plays a role during physiological 
and optimal plant development as well as seed germination. ABA protects from 
premature growth under adverse conditions, as it affects bud and seed dormancy. 
Physiological dormancy is described as the mechanism, which inhibits and prevents 

  Fig. 4.2    Schematic representation of plant signaling (adopted from Bajguz and Hayat 2009)       
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the formation of radicles. The role of ABA in dormancy is well known and both 
ABA content and sensitivity are essential (Finkelstein  2013 ). There is genetic evi-
dence on the role of ABA in seed dormancy  in   several plant species such as 
 Arabidopsis . ABA mutants which are unable to produce ABA or insensitive to ABA 
do not exhibit dormancy. In contrast, dormancy is prolonged with excess ABA bio-
synthesis and accumulation (in ABA-oversensitive species) (Dekkers and Bentsink 
 2015 ). 

 There are complex interactions between ABA and sugar glycolysis. The meta-
bolic pathway of glycolysis converts glucose into pyruvate and free energy is 
released, which forms the high-energy compounds – ATP (adenosine triphosphate) 
and NADH (reduced nicotinamide adenine dinucleotide). In this way carbohydrate 
metabolism provides essential energy for plant growth and development. The inter-
actions between glycolytic glyceraldehyde-3-phosphate dehydrogenase (GAPCp) 
and ABA signal transduction in  Arabidopsis  have been investigated. However, the 
detailed mechanism is still unknown. GAPCp defi ciency causes ABA insensitivity 
and weak ABA signal transduction (Muńoz-Bertomeua et al.  2011 ). Glyceraldehyde- 
3- phosphate is the substrate of the precursor of GAPCp, while it is also the precur-
sor of the ABA biosynthetic pathway (methylerythritol phosphate pathway). In 
plants, glyceraldehyde-3-phosphate dehydrogenase interacts directly with protein 
kinase (OSAK), which is activated by osmotic stress during salinity (Muńoz- 
Bertomeua et al.  2011 ).  

4.5.1.3     Participation ABA in Salt Stress 

 Abscisic acid is a phytohormone which sends an endogenous signal during drought 
and salt stress. The mode of ABA action depends on its content. Nanomolar concen-
trations promote the growth of plants, while micromolar concentrations inhibit 
growth (Dinneny  2015 ). When plants recover from salt stress, ABA, via the signal-
ing system, enables primary root growth and ABA concentration becomes low. Thus 
ABA plays a vital role in plant response to unfavorable environmental conditions. 

 ABA biosynthesis is enhanced with the change in water status that eventually 
induces the closure of stomata. Thus stomatal closure is mediated by ABA with the 
change in ion fl uxes in guard cells. ABA-activated protein kinase open stomata 1 

  Fig. 4.3    Chemical 
structure of abscisic acid       
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(OST1) is a regulator of stomatal closure; it activates the anion channel (slow anion 
channel associated 1, SLAC1) and inhibits the cation channel (KAT1) by phos-
phorylation. The two channels are regulated by the ABA signaling pathway and 
Ca 2+  (Raghavendra et al.  2010 ). 

 The activity of ABA and its protective role during salt stress are connected with 
increasing the contents of K + , Ca 2+ , and other osmolytes.    ABA-induced signaling 
may also be responsible for regulating the expression of selected genes in response 
to salt stress. For instance, ABA regulates the expression of the H +  pump and Na + /
H +  antiporter genes, key determiners of salt tolerance (Fukuda and Tanaka  2006 ). 

 A concept has been proposed that ABA signaling is based on intracellular mes-
sengers. The plasma-membrane-localized perception site, soluble receptor, and 
ABA-binding proteins are constantly studied. ABA-induced stomatal closure is 
associated with signaling molecules such as nitric oxide, reactive oxygen  species  , 
and cytosolic free calcium. ABA perception and signaling have been studied using 
genetic approaches. As a result of salt stress, ABA induces osmotic stress- responsive 
genes (OR). These genes encode the LEA proteins and enzymes. They are involved 
in the biosynthesis of osmolytes and detoxifi cation. The OR genes also encode ion 
transporters and regulatory molecules (TFs), protein kinases, and phosphatases. 
Apart from ABA-dependent responses to salt stress, there are also ABA-independent 
pathways that are activated in response to salt stress. Both pathways affect each 
other in a cross-talk network (Aryadeep et al.  2013 ). 

 The analysis of ABA/stress-responsive genes revealed that a DNA sequence ele-
ment consisting of ACGTGGC is essential during ABA regulation (Qureshi et al. 
 2007 ). The abscisic acid response element (ABRE) is used to describe transcription 
factors regulating the expression of ABA/stress-responsive genes.  Arabidopsis  bZIP 
proteins are related to ABFs (ABRE-binding factors). Their expression is initiated 
by ABA and high salt stress (Qureshi et al.  2007 ). 

 ABA perception is based on the binding of ABA to ABA receptors, referred to as 
RCARs/PYR1/PYLs, which stands for regulatory components of ABA receptor/
pyrabactin resistance protein1/PYR-like proteins. These binding proteins are found 
in the chloroplast and nucleus. The binding of ABA to the receptors leads to inacti-
vation of type 2C protein phosphatases, such as ABI1 and ABI2. There are other 
ABA-binding proteins, designated as ABAR/CHLH/GUN5 and located in the chlo-
roplast and nucleus, GCR2, GTG1, and GTG2 in plasma membranes (Raghavendra 
et al. 2010). 

 Abscisic acid plays a  key   protective role in all halophyte species under salinity 
conditions.  Atriplex leucoclada ,  Suaeda fruticosa , and  Salicornia virginica  exhibit 
higher concentrations of ABA under salt stress as compared to indole acetic acid 
(IAA)   , which plays a major role in regulating plant growth (Bano and Bano  2011 ). 
Salinity stress is a major factor inducing carotenogenesis in some species of halo-
tolerant green algae  Dunaliella , and it also induces  Dunaliella  to produce high lev-
els of ABA. There has been little information concerning the mechanism, through 
which ABA responds to environmental stress in algae (Sarmad et al.  2007 ). 

 Concentrations of ABA were studied in salt-tolerant and salt-sensitive tomatoes 
under salt stress (Amjad et al.  2014 ). Three sodium salt concentrations (0, 75, 
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150 mM NaCl) and two potassium salt concentrations were tested (0, 4.5 M KCl) in 
climatic chamber. It turned out that salt-tolerant species produce more ABA and 
ethylene in comparison to salt-sensitive species and to control cultivation (0 mM 
NaCl). When K +  ions were applied (4.5 mM), the phytohormone concentrations 
were lower. K +  ions compete with Na +  ions under salt stress, resulting in an increased 
chlorophyll content and stomatal conductance and better plant growth. The chloro-
phyll content index (CCI) can be a good measure of photosynthetic activity in plants 
under salt stress. It has been applied as a good indicator of salt tolerance in some 
species such as cotton, rice, soybean, wheat, quinoa, and radish (Amjad et al.  2014 ). 
Summing up, salt stress decreased CCI, xylem sap K + , and K + /Na +  and increased 
xylem sap Na +  and ABA concentrations which can be considered as a biomarker of 
salt tolerance.  

4.5.1.4     The Effect of Exogenous Abscisic Acid on Adaptation to Salt 
Stress 

 The response of two canola cultivars ( Brassica napus ), Fornex (salt tolerant) and 
Okamer (salt sensitive) to ABA foliar application, was investigated under salinity 
stress (0 and 120 mM NaCl). The results showed that shoot dry matter, photosyn-
thetic rate, peroxidase and catalase activity, and shoot K +  concentration increased in 
the salt-sensitive variety, while Na +  concentration in shoots decreased. However, too 
high concentration of ABA treatments inhibited growth. The adverse effects of ABA 
foliar application were observed in the case of the salt-tolerant cultivar (Farhoudi 
and Saeedipour  2011 ). 

 Foliar application of  ABA   was studied in turfgrass species, creeping bent grass 
( Agrostis stolonifera ) and Kentucky bluegrass ( Poa pratensis ). Abscisic acid was 
effective in mitigating physiological damage resulting from drought or salinity for 
both grass species, but effects were more pronounced in Kentucky bluegrass. The 
effects of ABA application included the suppression of membrane electrolyte leakage 
(EL) and membrane lipid peroxidation (expressed as malondialdehyde (MDA) con-
tent) and an increase in ascorbate peroxidase (APX), peroxidase (POD), and superox-
ide dismutase (SOD) activities after 35 days of salinity stress. These results suggest 
that foliar application of ABA mitigates salinity stress in turfgrass (Yang et al.  2012 ). 

 Induced salinity stress and foliar ABA applications were studied in wheat geno-
types. High salinity stress (10 dS/m) had a positive effect on  proline   synthesis of 
wheat genotypes. The results showed that exposure of plants to both salinity stress 
and foliar application of ABA resulted in higher levels of proline and even the yield 
was better (Bakht et al.  2012 ). Also, exogenous application of ABA alleviated 
osmotic stress effects on wheat seedlings (Marcinska et al.  2013 ). 

 Exogenous application of small molecules, such as ABA (as well as NO, CaCl 2 , 
H 2 S, polyamine, and melatonin), is able to alleviate the adverse effects of salt stress. 
During warm season application of such small molecules infl uenced the accumula-
tion of osmoprotectants and antioxidants in Bermuda grass. They enabled the main-
tenance of cell membrane integrity, increased photosynthesis, and helped to keep 
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ion homeostasis. These actions protected Bermuda grass against salt stresses (Chan 
Zhulong and Shi Haitao  2015 ). 

 Plants react to environmental changes through very complex signaling networks. 
Phytohormones, which are involved in these processes, can generate positive and 
negative effects. It is well accepted that salinity induces an increase in ABA content 
and ABA has been linked to plant susceptibility to bacteria, fungi, and oomycetes 
(DiLeo et al.  2010 ). The infl uence of salt stress on infection of tomato and chrysan-
themum roots by  Phytophthora  spp. was studied. Roots in hydroponic cultures were 
exposed to NaCl stress. The increase in root ABA contents in tomato was related to 
stress-induced susceptibility. Exogenous ABA could substitute for salt stress and 
intensify pathogen colonization. ABA-defi cient tomato mutants did not exhibit sus-
ceptibility, and it could be reversed by supplementation with exogenous ABA. This 
phytohormone seems to be an important factor in predisposition to  Phytophthora  
spp. infection induced by salt stress (DiLeo et al.  2010 ). 

 Abscisic acid decreased Na +   exclusion   in leaves of  Phaseolus vulgaris  L. under 
salt stress. Short-term NaCl treatment in beans caused higher contents of leaf ABA, 
and ABA concentration was released by Na + , not by Cl − . When fl uridone (an ABA 
inhibitor) pretreatment was used, beans under salt stress showed a lower Na +  uptake 
and a higher leaf Na +  exclusion in comparison to beans without fl uridone pretreat-
ment. Na +  uptake was higher and leaf Na +  exclusion was lower when an ethylene 
inhibitor – aminooxyacetic acid (AOA) – and ABA were applied. Such a non-ion- 
specifi c increase in ABA concentration may be a signal of the osmotic component 
of salt. A higher ABA concentration infl uences leaf Na +  concentrations due to a 
lower Na +  exclusion or an increased root-shoot Na +  translocation (Cabot et al.  2009 ).   

4.5.2     Ethylene 

4.5.2.1     Ethylene in Plant Development 

 Ethylene (ET) is a gaseous phytohormone which is involved in various processes in 
plants, e.g., inhibition of growth and fruit ripening (Hahn and Harter  2009 ). It is also 
a modulator of auxins,  gibberellins  , cytokinins, and ABA when seeds ripen. It is 
well known that ethylene stimulates dormancy (the primary, secondary, and light- 
induced dormancy) (Khan et al.  2009 ). Salinity is one of the factors which causes an 
increased ethylene production. Excessive content of ethylene leads to premature 
decay of plants (Siddikee et al.  2012 ).  

4.5.2.2     Biosynthesis 

 The biosynthesis of ethylene in plants starts from methionine, which is converted to 
S-adenosyl-methionine (SAM). Next, SAM is converted to 1-aminocyclopropane- 
1-carboxylic acid (ACC) using ACC synthase (ACS). Finally, ACC is converted to 
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ethylene by ACC oxidase (ACO). All these compounds and enzymes are produced 
when salt stress occurs. The last step (conversion to ACC) is referred to as the rate- 
limiting process during ethylene synthesis. Salt stress might be reduced by inhibi-
tion of ethylene production by halotolerant bacteria which produce ACC deaminase. 
Plant growth-promoting rhizobacteria (PGPR) transform ACC into ammonia 
(Siddikee et al.  2012 ).  

4.5.2.3     Receptors 

 In the endoplasmic reticulum,    fi ve receptors encoded by various ethylene- responsive 
genes such as ethylene response1 (ETR1), ethylene response2 (ETR2), ethylene 
resistant1 (ERS1), ethylene resistant2 (ERS2), and ethylene insensitive4 (EIN4) 
have been found. The main part of the ethylene response pathway is a constitutive 
triple response1 (CTR1), which is a signaling regulator acting downstream of ethyl-
ene receptors (Li et al.  2014 ). Ethylene insensitive2 (EIN2) is a downstream com-
ponent of CTR1, while ethylene response factor1 (ERF1) is an upstream component. 
When there is no ethylene, CTR1 acts with ethylene receptors ETR1 and ERS1 and 
reduces the ethylene signal response. When ethylene is produced, then CTR1 
becomes inactive. Ethylene formation is directed by the mitogen-activated protein 
kinase (MAPK) cascade. One of the causes for the activation of this cascade is salt 
stress (Hahn and Harter  2009 ).  

4.5.2.4     Ethylene During Salt Stress 

 Ethylene is an active agent in ion homeostasis when salt stress occurs. It regulates 
the H + -ATPase gene expression (Amjad et al.  2014 ). Also ethylene acts as a down-
stream signal of cGMP, which stimulates plasma membrane PM H + −ATPase. 
cGMP (3′,5′-cyclic guanosine monophosphate) is a messenger in response to salt 
stress and its concentration increases even ten times. The evidence that ethylene 
participates in signaling is provided by the fact that ethylene-insensitive mutants are 
more exposed to the effects of salt stress. The mechanism of ethylene signaling 
under salt stress is still unknown (Li et al.  2014 ). 

 Ethylene is one of the molecules of the alternative respiratory pathway (AP). AP 
is active during responses to different stresses and helps plants to adapt to adverse 
environmental conditions. AP is the second pathways, additional to the cytochrome 
pathway (CP). AP may stop the production of  reactive oxygen species (ROS)   during 
salt stress, when CP is not effi cient. Ethylene and hydrogen peroxide induce AP in 
plants.    It seems that ethylene is needed for AP. There is a hypothesis that ethylene, 
NO, and H 2 O 2  are signaling agents under salt stress in  Arabidopsis . When salt stress 
occurs, nitric oxide (NO) is produced using nitric oxide synthase (NOS). Also 
plasma membrane (PM) NADPH oxidase induces H 2 O 2  production. Hydrogen per-
oxide activates ACC synthase (ACS), and it results from ethylene production as well 
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as AOX activity, AOX1a expression, and pyruvate production. Finally, alternative 
respiratory pathway (AP) is induced (Wang et al.  2010 ). 

 There is an integrating role of ethylene and ABA in tomato plant adaptation to 
salt stress (Amjad et al.  2014 ). Ethylene increases the K + /Na +  ratio by increasing 
plasma membrane H + -ATPase activity. Since elevated levels of ABA and ethylene 
are associated with salt stress, their levels decreased as plants were supplied with 
potassium.  

4.5.2.5     The Effect of Exogenous Ethylene on Adaptation to Salt Stress 

 The application of ethylene to some halophyte seeds reduces negative effects of salt 
stress (Khan et al.  2009 ). 

 The infl uence of ethylene and nitric oxide on germination of  Arabidopsis  seeds 
under salt stress was studied, but the detailed nature of their interaction and the 
effect on germination have not been specifi ed (Yingchao et al.  2013 ). These mole-
cules modulate seed germination under unfavorable environmental conditions. 
Application of 1-aminocyclopropane-1-carboxylate (ACC), a precursor of ethylene 
biosynthesis, helps to mitigate the inhibition of germination when salinity occurs. 
Aminoisobutyric (AIB) acid is an inhibitor of ethylene biosynthesis and this com-
pound decreases the positive infl uence of exogenous ethylene. This is the evidence 
that ethylene, together with nitric oxide, is involved in the protection against salt 
stress. Ethylene and NO cooperate in the germination process during excessive 
salinity. It was shown that the precursor of ethylene (ACC) is able to increase NO 
content (Yingchao et al.  2013 ). 

 Ethylene has been studied in terms of alleviation of salt stress-induced inhibition 
of seed germination in cucumber ( Cucumis sativus  L.). As it was expected, seed 
germination was signifi cantly inhibited by salt stress, but this negative effect was 
reduced by the precursor of ethylene biosynthesis (ACC). On the other hand, ACC 
did not affect the growth of radicles under salt stress. Also, exogenous glutamate 
(Glu) was observed as an alleviating agent during  the   inhibition of seed germination 
and radicle growth induced by salt stress. The positive effect of  L -Glu on seed ger-
mination was smaller when two antagonists of ethylene synthesis, aminoethoxyvi-
nylglycine (AVG) and CoCl 2 , were applied. This fact indicates that ethylene is 
involved in the suppression of seed germination under salt stress and that  L -Glu 
interacts with ethylene and modulates seed germination under salt stress (Chang 
Chenshuo et al.  2010 ). 

 Ethylene and nitric oxide (NO) were studied in terms of their protective action 
that modulates ion homeostasis in  Arabidopsis  calli under salt stress. The ethylene- 
insensitive mutant was more prone to salt stress than the wild variety. The treatment 
in the ethylene-insensitive mutant using 100 mM NaCl caused a greater Na +/ K +  ratio 
and a lower plasma membrane H + -ATPase activity in calli in comparison to calli in 
the wild variety. Under NaCl stress the NO accumulation and ethylene production 
appeared at the beginning. NO production induced ethylene emission in wild calli. 
Application of exogenous ACC or sodium nitroprusside (a NO donor) mitigated the 
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negative effects of NaCl only in the ethylene-sensitive variety. The results showed a 
lower Na + /K +  ratio and a higher plasma membrane H + -ATPase activity in calli of the 
wild variety, but not in calli of the mutant. Additionally, the expression of PM H + -
ATPase genes was induced by ethylene when salt stress started. Summing up, eth-
ylene and NO act together to increase H + -ATPase activity under salt stress. They 
both promote maintenance of ion homeostasis (Wang Huahua et al.  2009 ).   

4.5.3     Jasmonates 

4.5.3.1     Jasmonates in Plant Development 

 Jasmonates, i.e.,  jasmonic acid (JA)   and its derivatives, e.g., methyl jasmonate 
(MeJA), play a crucial role in plant development, in biotic and  abiotic stresses  . 
Figure  4.4  presents the chemical structure of jasmonic acid. Jasmonic acid (JA) and 
its conjugates with amino acids, especially with  L -isoleucine, are involved in numer-
ous plant responses to almost all types of stresses (drought, salinity, UV,  ozone  , 
cold, high temperatures, osmotic stress). They act in arbuscular mycorrhizal fungi 
and plant growth-promoting rhizobacteria (PGPR). Also jasmonates are vital in the 
development of plant organs, embryos, seedlings, roots, trichomes, tuber, and seed 
germination. Moreover, gravitropism, leaf movements, and plant deterioration with 
age are dependent on these compounds (Wasternack and Hause  2013 ; Wasternack 
 2014 ).

4.5.3.2        Biosynthesis of Jasmonate 

 The main pathway of jasmonate biosynthesis starts from membrane lipids. 
α-Linolenic acid is released from the membrane by means  of   phospholipase A1. 
Linolenic acid is oxygenated to 13-(S)-hydroxy linolenic acid (13-HPOT) by lipox-
ygenase. 13-HPOT is transformed to 12-oxophytodienoic acid (OPDA) by allene 
oxide synthase (AOS) and allene oxide cyclase (AOC). OPDA is reduced and fol-
lows three steps of α-oxidation and  jasmonic acid (JA)   is produced. JA is converted 
to methyl jasmonate by JA carboxyl methyltransferase (JMT) (Dar et al.  2015 ).  

  Fig. 4.4    Chemical 
structure of jasmonic  acid         
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4.5.3.3     Jasmonates During Salt Stress 

 Jasmonates are active as  signaling molecules   during signal transduction when  abi-
otic stresses   take place (Wasternack  2014 ). During salt stress, the content of endog-
enous jasmonates increases (Javid et al.  2011a ,  b ). In tomato cultivars salt stress 
induced a higher level of JA in the salt-tolerant variety at the beginning of salt stress. 
In the case of the salt-sensitive variety, JA content was decreased after one day of 
salt stress (Javid et al.  2011a ,  b ). Similarly, in salt-sensitive rice, the content of JA 
was higher than in salt-tolerant rice (Javid et al.  2011a ,  b ). Besides the levels of 
jasmonic acid, the content of its conjugates with  L -isoleucine is increased as well 
(Wasternack  2014 ).  The   signaling pathway which involves jasmonates is connected 
with a specifi c protein family, known as jasmonate ZIM domain (JAZ) proteins. 
They are negative regulators of jasmonic acid-induced gene expression. JAZ pro-
teins undergo ubiquitination via the SCF  COI1  complex. The abbreviation COI1 
stands for coronatine insensitive1 and it is an F-box protein. The abbreviation SCF 
is a Skp1/Cullin/F-box complex, which is an E3 ubiquitin ligase. The F-box protein 
is able to indicate specifi c target proteins, which are proteasomal degraded. The 
SCF  COI1  complex consists of the bond of the ligand for the COI1-JAZ interaction, 
an enantiomer of jasmonate and (+)-7-iso- L -isoleucine. This enantiomeric form is 
accumulated under physiological and stress conditions. When JA/JA-Ile content is 
low, the promoters of JA-responsive genes are not activated by transcription factors 
(MYC2), because repression takes place. When JAZ proteins undergo proteasomal 
degradation, transcription factors, such as the MYC or MYB families, are released, 
and they are linked to promoters of JA-responsive genes. During  JA   signaling, there 
is an important SCF COI1 -JAZ co-receptor complex. This complex has a function of 
the JA receptor, the JAZ protein, and the transcription factors (MYC2) (Wasternack 
 2014 ). The mitigation of salt stress by jasmonates was studied in species  Glycine 
max ,  Oryza sativa ,  Pisum sativum ,  Hordeum vulgare , and  Iris hexagona  (Dar et al. 
 2015 ). The JA  signaling   cooperates with other hormones, e.g., salicylic acid, auxins, 
or  gibberellins   via cross talk.  

4.5.3.4     The Effect of Exogenous Jasmonates on Adaptation to Salt Stress 

 It has been observed that exogenous application of jasmonates can help plants to 
cope with salinity and the effects of salt stress are less severe (Javid et al.  2011a ,  b ). 
The application of exogenous JA (or an increased level of endogenous JA) is assisted 
by the synthesis of large amounts of proteins, known as JIPs. 

 The results of salt stress and the application of JA were studied in the case of two 
different rice ( Oryza sativa  L.) cultivars, i.e., Dongjinchalbyeo (DJC, salt tolerant) 
and Dongjinbyeo (DJ, salt sensitive). As a result of salt stress, their roots were 
shorter and the concentration of abscisic acid was lower. The ABA concentrations in 
the salt-tolerant cultivar progressively increased when NaCl amounts increased, 
whereas in the salt-sensitive cultivar, the ABA concentrations decreased at 80 mM 
NaCl. In shoots JA concentrations in the salt-tolerant cultivar were lower than in the 
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salt-sensitive cultivar. Post-application of JA (24 and 48 h after NaCl) was more 
benefi cial for the recovery from salt stress than the application at 24 h and 48 h 
before salt stress or in the middle of salt stress. Also JA treatment caused a decrease 
of Na uptake in the salt-sensitive cultivar and an increase in Ca and Mg contents. 
Leaf water potential, leaf photosynthetic rate, and maximum quantum yield of pho-
tosystem II (PSII) improved after the  JA   application. The exogenous JA 
 post- application is helpful in the recovery of rice from salt stress, more effectively in 
the case of the salt-sensitive cultivar. The infl uence of JA application on the balance 
of other endogenous plant hormones has been suggested as well (Kang et al.  2005 ).   

4.5.4      Brassinosteroids   

4.5.4.1     Brassinosteroids in Physiological Processes 

 Brassinosteroids (BRs) are a large group of phytohormones with the structures of 
polyhydroxysteroids. They are present in most parts of plants as free compounds or 
bounded up with sugars or fatty acids. About 70 of brassinosteroids have been 
extracted from plants (Bajguz and Hayat  2009 ). One of the fi rst discovered repre-
sentatives is brassinolide, which was extracted from  Brassica napus . Its chemical 
structure is presented in Fig.  4.5 .

   Brassinosteroids are agents in various physiological processes such as growth, 
seed germination, rhizogenesis, senescence, and leaf abscission.    The effects of 
brassinosteroids are pleiotropic (Javid et al.  2011a ,  b ). Plant varieties, which are 

  Fig. 4.5    Chemical structure of  brassinolide         
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lacking BR biosynthesis and signaling, are scrubby, with short hypocotyls, stems, 
and dark green leaves, and delayed aging is observed (Chung and Choe  2013 ). 

 Besides the participation in plant physiology, e.g., plant development, cell divi-
sion, and cell elongation in stems or roots, brassinosteroids are active in stress 
responses (Ahammed et al.  2015 ; Fariduddin et al.  2013 ).  

4.5.4.2     Brassinosteroids During Salt Stress 

 The mechanism of the stress response and the regulation of stress-responsive gene 
expression require further investigations. Probably, brassinosteroids interact and 
give impulses for other hormones. The cross talk between brassinosteroids and 
other hormones takes place in plants (Ahammed et al.  2015 ). The expression of 
hormone biosynthetic genes and signaling intermediates varies. BRs increase the 
ethylene content. Also additive effects of BRs were observed with  gibberellins   and 
synergistic with auxin on stem segment elongation (Bajguz and Hayat  2009 ). 

 For example, abscisic acid (ABA) is a signaling  molecule   of salt stress, which 
inhibits the action of brassinosteroids. The mechanism is not fully understood, 
although it is known that ABA and BRs act antagonistically on their target genes at 
or after the BIN2 (BR-insensitive 2) step in BR signaling, and as a result plants 
adapt to salinity conditions.  BRs   suppress the expression of the ABA-responsive 
genes  to   improve ABA-dependent stress tolerance (Chung et al.  2014 ). 

 Physiological responses of BRs under salt stress include infl uences on photosyn-
thesis, the antioxidant system, and ion homeostasis (Fariduddin et al. 2013). First of 
all, BRs defend the photosynthetic system against any reduction in the activity of 
photosynthetic enzymes such as RuBisCO. Secondly, photosystem II (PSII) is pro-
tected and its yield is increased by BRs. 

 The application of BRs reduces the excessive levels  of   ROS and minimizes lipid 
peroxidation under salt stress. BRs protect plant cells against the accumulation of 
high concentrations of sodium ions. BRs activate the high-affi nity K +  transporters, 
so the K + /Na +  ratio is higher. Also the uptake of Ca 2+  and K +  is increased by BRs; as 
a result the ratios of Ca 2+ /Na +  and K + /Na +  are higher as well.  

4.5.4.3     The Effect of Exogenous Brassinosteroids on Adaptation 
to Salt Stress 

 One of the techniques to reduce salt stress is exogenous application of some plant 
growth regulators (Ashraf et al.  2010 ). When brassinosteroids are used, they reduce 
the effects of salt stress and modify antioxidant enzymes. For example, the activity 
of catalase in  Arachis hypogaea  was higher following foliar treatments of 
28- homobrassinolide (28-HBL) and 24-epibrassinolide (24-EBL) (Fariduddin et al. 
2013). When salt stress occurs, BRs maintain the content of chlorophyll. Also the 
activity of  nitrate   reductase is increased by brassinosteroids (Javid et al.  2011a ,  b ). 
This enzyme is responsible for  nitrogen   supply in plants. 24-Epibrassinolide (EBR) 
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infl uences positively the growth and photosynthesis in wheat under salt stress 
(Fariduddin et al. 2013). 

 It was observed that BR application increased growth and seed yield of rapeseed, 
cotton, and rice. Moreover, germination is improved in  Eucalyptus camaldulensis  
and  Oryza sativa  (Bajguz and Hayat  2009 ). In general, the application of BRs helps 
plants to grow at excessive salt concentrations (Javid et al.  2011a ,  b ). 

 Wheat germ agglutinin (WGA) is a cereal lectin; its content is higher when biotic 
and  abiotic stresses  , such as salt stress, occur.    The treatment using  BRs   reduces 
WGA concentration in roots; thus BRs might serve a protective role (Bajguz and 
Hayat  2009 ). 

 EBR was studied as a potential remedy for salt stress in salt-tolerant and salt- 
sensitive pea genotypes. EBR treatment signifi cantly increased the leaf water status 
and production of osmolytes (Shahid et al.  2015 ). 

 The results of brassinolide (BL) treatment on cotton growth were analyzed. 
Cotton roots, both in cv. Sumian 12 (salt sensitive) and cv. Sumian 22 (salt tolerant), 
were subjected to NaCl stress (200 mM). Too high salinity caused an increase in 
Na + ,  proline  , and malondialdehyde concentrations, while protein contents in the 
roots decreased in both varieties. The application of BL alleviated growth inhibition 
of cotton, reduced the accumulation of Na + , and increased proline concentration. 
The positive effects of BL were more evident in the salt-sensitive variety. The analy-
sis showed that BL infl uenced the gene expression in roots of the salt-sensitive 
variety under salt stress. Summing up, BL applied to cotton roots is able to amelio-
rate NaCl stress by improving the activity of roots, physiological processes, and 
gene expression (Shu Hongmei et al.  2015 ). 

 There are a variety of papers concerning advantages of BR application in order 
to ameliorate salt stress (reviewed by Ahammed et al.  2015 ). The benefi cial effects 
were observed in the case of oilseed rape (Efi mova et al.  2014 ),  Cucumis sativus  L. 
(Fariduddin et al.  2014 ), basmati rice (Sharma et al.  2013 ), eggplant  Solanum mel-
ongena  L. (Ding et al.  2012 ),    lettuce (Ekinci et al.  2012 ), and strawberry (Karlidag 
et al.  2011 ).   

4.5.5     Salicylic Acid 

4.5.5.1     Role of Salicylic Acid in Biological Processes 

 Salicylic acid (SA, 2-hydroxy benzoic acid, Fig.  4.6 ) – produced by a wide range of 
prokaryotic and eukaryotic organisms – is a  phenolic   compound of hormonal nature, 
consisting of an aromatic ring bearing a hydroxyl group or its functional  derivative  , 
which is synthesized by plants (Chen et al.  2009 ; Seyfferth and Tsuda  2014 ). SA 
acts as a key regulator of the signaling network in plants under abiotic and biotic 
stresses, such as low and high temperature, salts, and oxidative conditions (Gunes 
et al.  2007 ; Noreen et al.  2009 ; Hara et al.  2012 ; Fu and Dong  2013 ; Miura and Tada 
 2014 ). Indeed, SA exerts stimulatory effects on various physiological processes 
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related to plant growth and development and plays key signaling roles in thermo-
genesis and disease resistance (Vlot et al.  2009 ; Robert-Seilaniantz et al.  2011 ; 
Pieterse et al.  2012 ; Chandran et al.  2014 ). The SA signaling pathway is highly 
interconnected with other phytohormone signaling, such as  jasmonic acid (JA),   eth-
ylene (ET), and abscisic acid (ABA) (Robert-Seilaniantz et al.  2011 ; Pieterse et al. 
 2012 ; Derksen et al.  2013 ). For example, JA and ET signaling negatively regulates 
SA biosynthesis at the transcriptional level (Chen et al.  2009 ; Zheng et al.  2012 ).

   Szalai et al. ( 2005 ) tested maize plants under NaCl conditions (50 and 100 mM). 
In leaves and roots collected after the 1st, 3rd, and 7th days of salt treatment, there 
were no changes in endogenous free and bound salicylic acid levels and in catalase 
and ascorbate peroxidase activities. 

 Recently, SA-induced expression has been shown for 59 proteins in cucumber, 
which were identifi ed for their involvement in various cellular responses and meta-
bolic processes, including antioxidative reactions, cell defense, photosynthesis,    car-
bohydrate metabolism, respiration and energy homeostasis, protein folding, and 
biosynthesis (Hao et al.  2011 ).  

4.5.5.2     Exogenous Application of Salicylic Acid Under Salinity 

 Several studies refer the application of exogenous salicylic acid to improved resis-
tance to salt stress in various types of plants (Szalai et al.  2005 ; Hussein et al.  2007 ; 
Kaydan et al.  2007 ; Azooz  2009 ; Noreen et al. 2009; Khan et al.  2010 ; Shahba et al. 
 2010 ; Noreen et al.  2011 ; Ghafi yehsanj et al.  2013 ; Ismail  2013 ; Karlidag et al. 
 2009 ; Khan et al.  2015 ; Singh et al.  2015 ). 

 The impact of salinity (140 mM NaCl) and SA application (0.2 mM) on physi-
ological processes in two faba bean genotypes (115 and 125) was tested (Azooz 
 2009 ). Salt stress induced high K + /Na +  ratios in shoots and roots with changes in dry 
weight and tissue water contents, while the SA application alleviated the effect of 
salinity in both cultivars, and in some cases better results were obtained than in the 
untreated plants. In a similar study, Khan et al. (2010) examined the role of SA (0.1, 
0.5, and 1.0 mM) in tolerance of salinity (50 mM NaCl) in mung bean. The best 
results manifested in the maximum decrease in the contents of Na + , Cl − , H 2 O 2 , and 
thiobarbituric acid-reactive substances (TBARSs) and in an increase  of   N, P, K, and 

  Fig. 4.6    Chemical 
structure of salicylic acid       
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Ca contents; activities of antioxidant enzymes, glutathione content, photosynthesis, 
and yields were recorded in the case of plants treated with 0.5 mM SA. 

 Hussain and coworkers ( 2007 ) investigated the addition of salicylic acid (200 
ppm) on growth parameters in maize plants under salinity conditions (2000 and 
4000 ppm NaCl). Spraying plants with SA improved all tested parameters, i.e., 
plant height, the number and area of green leaves, stem diameter, and dry weight of 
stems, leaves, and the whole plants. In other studies – apart from growth parame-
ters – the level of phenolic compounds was also tested in 2-week-old maize plants 
growing under salinity conditions (0, 50, 100, 150, and 200 mM NaCl) and treated 
with salicylic acid (0.5 mM) (Singh et al.  2015 ). After salt treatment, the results 
showed reduction in plant dry weight, leaf relative water content and contents of 
photosynthetic pigments, and an increase in total  phenolics  . Exogenous application 
of SA resulted in an increase of growth parameters and decreased phenolic contents. 
Among all phenolics, ferulic acid was dominant. Also Ismail ( 2013 ) investigated the 
effect of exogenous application of salicylic acid (200 ppm) in maize plants under 
different salt concentrations (20, 40, 60, 100 mM NaCl) by analyzing such param-
eters as shoot and root lengths,    fresh and dry weights, leaf area, antioxidant enzy-
matic activities, chlorophylls a and b, total chlorophyll, and chlorophyll stability 
index. Salinity reduces the abovementioned growth parameters and enzyme con-
tents, while SA treatment improved them. In the case of a low NaCl concentration 
(20 mM), the toxic effects were completely eliminated by SA application. 

 The biochemical characteristics of salt-stressed wheat plants after the application 
of salicylic acid were demonstrated by Ghafi yehsanj et al. ( 2013 ) and Kaydan et al. 
( 2007 ). In the fi rst study, two levels of salinity (75 and 150 mM NaCl) and two SA 
concentrations (200 and 400 mg/L) were tested. With increasing salinity the protein 
and insoluble sugar contents and shoot and root weight were reduced, while soluble 
sugar,  proline  , and malondialdehyde (MDA) concentrations were increased. After 
the application of SA, the above parameters were improved, while an exogenous 
application of SA without salt stress caused no changes in the levels of proline, 
soluble and insoluble sugars, and MDA. Kaydan et al. ( 2007 ) tested the addition of 
salicylic acid (10 −2 , 10 −4 , 10 −6  mol/L) under salinity (8 dS/m) and its impact on 
growth parameters, osmotic potential, and photosynthetic pigments in wheat plants. 
Exogenous SA increased emergence percentage, osmotic potential, shoot and root 
dry weight, the K + /Na +  ratio, and the contents of photosynthetic pigments (chloro-
phylls a and b, carotenoids), thus indicating a positive role of hormone application. 

 In a study conducted by Shahba et al. ( 2010 ), the effect of salicylic acid (0.5, 1.0, 
and 1.5 mM) on tomato germination, growth, and photosynthetic pigments under 
different salt stress levels (25, 50, 75, and 100 mM) were investigated. The germina-
tion rate decreased with increasing salinity. At low salt concentrations (25 and 50 
mM), SA application leads to a decrease in germination percentage. 

 Studies concerning the effect of salicylic acid on physiological parameters under 
salinity were also carried out in two sunfl ower cultivars (Hisun-33 and SF-187) 
(Noreen et al.  2009 ,  2011 ). After foliar application of SA (10, 200, and 300 mM) 
under salt stress conditions (120 mM), an increase was observed in the levels of 
pigments (chlorophylls a and b), activities of antioxidant enzymes (superoxide 
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 dismutase, catalase, and peroxidase), growth, leaf turgor potential, and leaf and root 
Ca 2+  concentrations. Among applied SA levels, 200 and 300 mM were relatively 
more effective than the level of 100 mM in improving chlorophyll content, leaf 
turgor potential, and leaf and root Ca 2+  concentrations. 

 Karlidag and coworkers ( 2009 ) assessed the impact of different applications of 
SA (0.25, 0.50, 1.0 mM) on growth and yield parameters of strawberry under salt 
stress (35 mM NaCl) and greenhouse conditions. In stressed plants treated with SA, 
an increase was demonstrated in root and shoot fresh and dry weight, levels of chlo-
rophyll, and all nutrients ( N  , P, K, Ca, Mg, Zn, Cu, Fe) in leaves and roots, with the 
highest  values   at 1.0 mM salicylic acid. 

 Recent available literature includes studies on less popular plants in the context 
of NaCl and SA treatment, such as fenugreek (Babar et al.  2014 ), vetch (Namdari 
and Baghbani  2013 ), violet (Hussain et al.  2011 ), garden cress (Habibi and Abdoli 
 2013 ), or basil (Delavari Parizi et al.  2011 ; Mohammadzadeh et al.  2013 ). 

 In their study Babar et al. ( 2014 ) demonstrated that foliar application of salicylic 
acid (100 mg/L) on two cultivars (Deli Kabul and Kasuri) of fenugreek under salt 
stress conditions (100 mM NaCl) mitigated reduction in growth biomass, gas 
exchange attributes, and chlorophyll content. 

 Low seed germination and seedling emergence are the main problems in saline 
areas. Seed priming treatment with SA (0.5 mM) was tested on the early growth of 
smooth vetch under different levels (50, 100, 150 mM NaCl) of salt stress (Namdari 
and Baghbani  2013 ). After SA application a signifi cant emergence and growth of 
18-day-old seedlings were observed, which was associated with lesser oxidative dam-
age. In addition, the activity of ascorbate peroxidase, superoxide dismutase, and gluta-
thione reductase was increased, while catalase activity was not dependent on the SA 
application. To investigate seed germination rates, the seedling vigor index, and growth 
parameters of garden cress, three levels of NaCl (50, 100, and 150 mM) and SA (500, 
1000, and 1500 μM) were applied (Habibi and Abdoli  2013 ). Application of different 
levels of salicylic acid did not signifi cantly increase seedling fresh weight and length. 
At a low SA concentration (500 μM), the germination percentage was increased, but 
with the increasing SA concentration, germination percentage was decreased. 

 The role of exogenous application of salicylic acid (30 mg/L) under salinity con-
ditions (5 dS/m) in violet plants was investigated using three treatments: the control 
(unstressed plants), NaCl, and NaCl + SA (Hussain et al. 2011). In the combination 
with NaCl + SA, a strong reduction was observed in the accumulation of Na + , K + , 
Ca 2+ , Cl − , glycine betaine, and total soluble sugars, and an increase was recorded in 
plant and root lengths and plant fresh and dry weights. 

 Mohammadzadeh et al. ( 2013 ) tested the response of four basil cultivars 
(Shandabad Tabriz, Shiraz, Isfahan, and Sabzevar) to the application of salicylic 
acid (0.5 mM) under salt stress conditions (50, 100, and 150 mM NaCl) by analyz-
ing morphological parameters. After SA addition all traits (root and stem lengths, 
stem diameter, the number of  branches   and leaves, and leaf area) were positively 
affected, except for internode length and root fresh weight/shoot fresh weight. In 
turn, Delavari Parizi et al. ( 2011 ) investigated the effect of SA (0.01, 0.1, 0.5, 1.0, 
1.5, 2.0, and 3.0 MM) and salinity (100 and 200 mM NaCl) on Na +  and K +  contents 
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in basil plants. In plants treated with both levels of NaCl, the level of the Na +  ion 
increased and that of K +  decreased. Among the SA levels applied, the concentra-
tions of 0.01 and 0.1 mM were selected for further analyses. When basil plants were 
treated with SA (0.01 and 0.1 mM), Na +  concentration decreased and K +  concentra-
tion increased in their experiment.   

4.5.6      Cytokinins   

4.5.6.1     Cytokinins in Biological Processes 

 Cytokinins (CKs) are phytohormones, which regulate numerous biological pro-
cesses, including responses to environmental stresses, via a complex network of CK 
signaling (Ha et al.  2012 ). Cytokinins found in plants are adenine derivatives substi-
tuted at the N6-position with either an isoprenoid or an aromatic side chain (Fig.  4.7 ). 
In both groups, there are small variations in side-chain structure, such as the absence 
or presence of hydroxyl groups and their stereoisomeric position (Sakakibara  2006 ; 
Dolezal et al.  2007 ). Cytokinins play an important role in the development and 

  Fig. 4.7    Chemical structures of some naturally occurring  cytokinins         
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growth of both root and shoot systems. Processes regulated by cytokinins include 
senescence, apical dominance, branching, fl owering, and seed germination. These 
molecules also regulate responses to various stimuli such as water and nutrient avail-
ability, light conditions, and infection (Werner and Schmülling  2009 ).

    Cytokinins   are major leaf senescence-inhibiting hormones, since senescence is 
delayed after the exogenous application or the overproduction of CKs in transgenic 
plants (Cowan et al.  2005 ; Rivero et al.  2007 ; Ghanem et al.  2011 ). Also cytokinins 
are especially important in regulating cell division and expansion (Kurakawa et al. 
 2007 ; Argueso et al.  2009 ) and delaying senescence (Guo and Gan  2007 ). 

 Studies conducted by Javed and coworkers ( 2011a ,  b ) indicated that an increase 
in the rice grain yield, 1000-grain weight, and fi lled-grain percentage are associated 
with an increase in the contents of starch, sucrose, glucose,  and   fructose in grain 
caused by the exogenous application of indole-3-acetic  acid   and kinetin. Salinity- 
induced leaf growth inhibition and premature senescence were correlated with 
decreased root, xylem sap, and leaf bioactive CK concentrations (Albacete et al. 
 2008 ; Ghanem et al.  2010 ). Root-synthesized CKs may regulate shoot responses 
under salinity, conferring better growth and fruit yield and increasing shoot xylem 
CK concentrations (Albacete et al.  2009 ).  

4.5.6.2     Exogenous Application of Cytokinins Under Salinity Conditions 

 The signifi cance of endogenous cytokinin alteration for growth and development of 
salt-stressed maize and pea plants (50, 100, 150 mM NaCl) was investigated by 
Atanassova et al. ( 1996 ). Zeatin and isopentenyl adenine and their ribosides were 
measured in roots and leaves under control and salinity conditions. The high con-
centration of cytokinins may be the decisive factor infl uencing plants during early 
formation and fl owering at different stress conditions. 

 Ghanem et al. ( 2011 ) tested root-synthesized cytokinins and whether specifi c root-
localized transgenic  IPT  (a key enzyme for cytokinin biosynthesis) gene expression 
could substantially improve tomato ( Solanum lycopersicum  L.) plant growth and 
yield under salinity (100 mM NaCl). Research showed that a transient root  IPT  induc-
tion increased root, xylem sap, and leaf bioactive cytokinin concentrations two- to 
threefold without shoot  IPT  gene expression.    In addition, the induced root IPT gene 
expression increased root-to-shoot CK transport improving salt tolerance by increas-
ing vegetative and fruit growth and also delaying leaf senescence and maintaining 
stomatal conductance. This approach may be applied in the cultivation of other crops.   

4.5.7     Auxins 

4.5.7.1     Role Auxins in Biological Processes 

 Indole-3-acetic  acid   (IAA, Fig.  4.8 ) is the most frequently found natural auxin and 
plays a major role in plant morphogenesis, including tropistic growth, root pattern-
ing, vascular tissue differentiation, auxiliary bud  formation  , and fl ower organ 
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development (Hamdia and Shaddad  2010 , Zhao  2010 , Javid et al.  2011a ,  b ; Jung 
and Park  2011 ; Mano and Nemoto 2012; Rosquete et al. 2012; Nakhooda et al. 
 2012 ; Du et al.  2013 ; Sauer et al. 2013). IAA is produced in meristematic tissues 
through tryptophan-dependent and tryptophan-independent biosynthetic pathways 
(Kazan  2013 ). Auxin signaling interacts with the signaling pathways of all other 
known plant hormones and is also proposed to have a role in regulating the com-
munication both within the same plant (root-shoot communication) and between 
different plants (root-root communication) (Kazan  2013 ).

4.5.7.2        Exogenous Application of Auxins Under Salinity 

 Akbari et al. ( 2007 ) showed that the application of auxin increased hypocotyl length, 
seedling fresh and dry weights, and hypocotyl dry weight in three wheat cultivars 
under salinity conditions. A similar study conducted by Khorasani and coworkers 
( 2015 ) showed that auxin increased plumule length, seedling fresh and dry weight, 
and plumule dry weight, but did not infl uence seed germination percentage or radi-
cle length. Many auxin-signaling genes are responsive to stress responses (Javid 
et al.  2011a ,  b ; Du et al.  2013 ). 

 Auxin also plays a role in seed germination, a crucial stage in the life history of 
plants, and salt tolerance during germination (Birgit et al.  2005 ; Akbari et al.  2007 ). 
In a study conducted by Jung and Park ( 2011 ), transgenic plants overexpressing 
microRNA160 (miR160) or its target transcription factor gene  Auxin Response 
Factor10  ( ARF10 ) were used to support the contribution of auxin to seed germina-
tion. To verify the notion that auxin plays a negative regulatory role in seed germi-
nation under high salinity, the transgenic plants overexpressing the  YUCCA3  
( YUC3 ) gene, which encodes an auxin biosynthetic enzyme, were generated. It was 
observed that seed germination of the  YUC3 -overexpressing plants was more sensi-
tive to high salinity. Based on these studies, it was found that auxin signals are 
incorporated into the NTM2-mediated salt signal transduction pathway in modula-
tion of seed germination under high salinity. 

 In a similar study, seeds of three wheat cultivars (Mahdavi, Pishtaz, Shiraz) were 
used to investigate the effects of different salinity levels (0, −0.6, −1.2 MPa) and 
auxin concentrations (0, 1, 2 mg L −1 ) on their germination rate, radical and hypocotyl 
lengths,    seedling fresh and dry weight, and radical and hypocotyl dry weight (Akbari 
et al.  2007 ). Positive effects of auxin were shown in the case of some germination 
traits (hypocotyl length, seedling fresh and dry weight, and hypocotyl dry weight). In 
addition, the  IAA   hormone did not infl uence seed germination percentage. 

  Fig. 4.8    Chemical 
structure of indole-3-acetic 
 acid         
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 Khorasani et al. (2015) tested three wheat cultivars (Sepahan, c-84-8, and c-83- 1) 
in terms of the effects of salt stress (0, 4, and 8 dSm-1 NaCl) and auxin (0, 0.5, and 1 
ppm) on germination factors. Results showed that an increasing NaCl concentration 
reduced germination percentage, radicle length, plumule length, seedling fresh and dry 
weight, and plumule dry weight. In turn, auxin increased plumule length, seedling 
fresh and dry weight, and plumule dry weight, but did not infl uence seed germination 
percentage or radicle length. In a similar study, the effects of different levels of salinity 
(0, 40, 80, and 120 mM of NaCl) and indole-3-acetic acid on the early growth and 
germination of wheat seedlings were investigated (Abdoli et al.  2013 ). Application of 
IAA at the cell division stage of grain growth caused a signifi cant increase in seedling 
growth parameters under tested salinity levels. The interaction between the application 
of IAA and salinity levels signifi cantly affected the fi nal germination percentage. 

 One method of mitigating the effects of stress is exogenous application of phytohor-
mones (alone or in mixture). A foliar application of growth regulators as a commercial 
mixture with  gibberellins  , auxins, and  cytokinins   (0 mL L −1  – control – and 5 mL L −1  
at the beginning of fl owering (BF) and 5 mL L −1  at the vegetative stage + the beginning 
of fl owering) on bean under different salt stress levels (0, 1000, and 2000 ppm of NaCl) 
was used (Torres-Gracia et al.  2009 ). The analysis showed that salinity tolerance could 
be induced by the addition of exogenous growth regulators such as gibberellins, auxins, 
and cytokinins, which inhibited the synthesis of ABA and ethylene, increased fruit size, 
and delayed leaf senescence. Darwesh ( 2014 ) also applied SA (at 400 ppm once a 
week) and  IAA   (30 ppm once a week) during two successive seasons on date palm 
 Phoenix dactylifera  L. cv. Bartomouda exposed to salt stress at 14000 ppm. The treat-
ments with SA and IAA enhanced most growth parameters, i.e., plant height,    leaf 
number, fresh and dry weight of leaves, and plant tolerance to salinity. 

 Kim et al. ( 2006 ) investigated the effects of soaking in two plant hormones, gib-
berellic acid (GA 3 ) (10 μM) and  indole-3-acetic acid (IAA)   (20 μM), on dehulled 
rice seeds exposed to low NaCl (20 mM) stress. The IAA- and GA 3 -soaked rice 
seeds showed relatively high amounts of endogenous IAA under salt stress; in par-
ticular, the IAA content increased more markedly in GA 3 -soaked rice seeds than in 
IAA-soaked rice seeds. 

 The infl uence of salt stress on plant hormones, ABA and auxin (IAA, indole- 3- 
butyric acid – IBA), in two maize cultivars differing in salt resistance (a salt- resistant 
hybrid and a sensitive hybrid) was tested by Zorb and coworkers ( 2013 ). Results 
showed that the salt-resistant maize signifi cantly increased IBA concentrations in 
growing leaves and maintained IAA concentration in roots.   

4.5.8      Gibberellins   

4.5.8.1     Biosynthesis of Gibberellins and Their Role in Biological 
Processes 

 Gibberellins (GAs) are a class of phytohormones, commonly known as gibberellic 
acids, that impact various aspects of plant growth and development (Fleet and Sun 
 2005 ; Gupta and Chakrabarty  2013 ). Gibberellic acid plays a key role in seed 
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germination through coordinating interactions with other growth hormones and 
external signals. These compounds are also produced by some species of lower 
plants, fungi, and bacteria. Gibberellic acids are tetracyclic diterpenoid compounds 
(Fig.  4.9 ) and stimulate trigger transitions from the meristem to shoot growth, juve-
nile to adult leaf stage, and vegetative to fl owering and grain development along 
with the interaction of different environmental stress factors (Verelst et al.  2010 ; 
Gupta and Chakrabarty  2013 ; Colebrook et al.  2014 ). Their names – gibberellin A 1 , 
gibberellin A 2 , and gibberellin A 3  – are derived from the fungus  Gibberella fujikuroi , 
from which they have been isolated (Kawaide  2006 ). GAs are synthesized via the 
terpenoid pathway requiring three enzymes,    terpene synthase, cytochrome P450 
monooxygenase, and 2-oxoglutarate-dependent dioxygenases, located, respectively, 
in plastids, the endomembrane system, and the cytosol (Hedden and Thomas  2012 ).

4.5.8.2        Exogenous Application of Gibberellins Under Salinity 

 Tuna and coworkers ( 2008 ) showed that foliar application of gibberellin A 3  (50 
ppm) counteracted  some   of the adverse effects of NaCl (100 mM) salinity with the 
accumulation of  proline  , which maintained membrane permeability and increased 
macro- and micronutrient levels. 

 The effect of salinity on rice and the role of GA 3  application (150 ppm) were 
observed in two salt-tolerant rice cultivars (Pokkali and MR219) grown at various 
salt concentrations (0, 50, 100, 150, and 200 mM) in a greenhouse experiment 
(Misratia et al.  2013 ). Results showed the best salinity alleviating the role of GA 3  in 
the case of moderate salinity stress at 50 and 100 mM NaCl. 

 In a similar study, the role of gibberellic acid was tested on two wheat cultivars 
(Sohag 3 and Giza 168) in improving their salt stress tolerance (Shaddad et al. 
 2013 ). The plants were grown under different salt concentrations (0.0, 50, 100, 150, 
200 mM) and then treated with 100 ppm GA 3 . The hormonal supplementation alle-
viated salt stress as observed from the increase in protein contents in the different 
organs, improved growth parameters, contents of photosynthetic pigments, and con-
sequently yields of two wheat cultivars (Sohag 3, sensitive to salinity, and Giza 
168 – tolerant). 

 Ghodrat and Rousta ( 2012 ) investigated the role of exogenous gibberellic acid 
(0, 1.5, 2.5, and 5 mg L −1 ) in germination and growth of corn under different levels 
of salt stress (0, 5, 10, 12, and 15 dsm −1 ). Results showed that priming with low 
concentrations of GA 3  had no effect on seed germination; however, in some concen-
trations GA 3  could increase shoot and root lengths (the most important parameters 
for salt stress), dry weight, fresh weight, and tissue water content. Based on these 
experiments, an appropriate concentration of gibberellic acid may be suggested 
which has the greatest effect on growth parameters. 

 Low concentrations of gibberellic acid (5 μM) or spermine (50 μM) were used in 
tests on mung bean ( Vigna radiata  L. Wilczek) under different NaCl contents (25, 
50, and 100 mM) (Ghosh et al.  2015 ). The combined effect of salinity and low GA 3  
concentration in the test plants showed a signifi cant alteration (an increase in seed-
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ling elongation,    biomass production, chlorophyll content, and a decrease in all anti-
oxidant enzymatic activities)    and may play an important role in salt uptake. 

 Maggio et al. ( 2010 ) tested effects of gibberellic acid (0 and 100 mg L −1 ) applica-
tion on tomato exposed to three levels of salinity (28, 55, 88 mM Na and 55, 111, 
177 mM Cl). GA 3  treatment reduced stomatal resistance and enhanced plant water 
use (by 30 %) at low salinity. Results showed that exogenous applications of GA 3  
may compensate for the salt-induced growth defi ciency and consequently facilitate 
plant adaptation to a saline environment. 

 The effects of gibberellic acid (5 ml of 10 −5  M hormone for each plant) on growth, 
physiology, and yield of mustard ( Brassica juncea  L. Czern and Coss) cv. Varuna 
under salinity conditions (25 and 50 mM NaCl) were studied by Shah ( 2007 ). 
Hormone treatment mitigated the adverse effects of salt stress, with a greater ame-
lioration response in the case of 50 mM NaCl. 

 In a hydroponic experiment, it is indicated that supplementing exogenous gib-
berellic acid – GA 3  (100 ppm) – plays an important role in enhancing nutrient 
uptake and in counteracting growth inhibition of sugarcane under salt stress (EC 0 
and 9 dSm −1 ) (Shomeili et al.  2011 ). In a similar study, exogenous GA 3  application 
in soybean signifi cantly promoted plant length and plant fresh/dry biomass, while it 
was markedly hindered by NaCl-induced salt stress (Hamayun et al.  2010 ). 
Phytohormonal analysis of soybean showed that the level of bioactive gibberellins 
(GA 1  and GA 4 ) and jasmonic  acid   increased in GA 3 -treated plants, while the endog-
enous abscisic acid and salicylic acid contents declined under the same conditions. 
Also Abdel-Hamid and Mohamed ( 2014 ) demonstrated that the application of GA 3  
(0 and 100 μM) counteracts salinity (0, 100, and 300 mM) by improving membrane 
permeability and nutrient levels in leaves and also induced physiochemical changes 
responsible for the induction of salt tolerance in two cultivars of barley. It is 
 noteworthy that exogenous applications of GA 3  could be a useful tool in promoting 
seedling growth and establishment under salt stress conditions. 

 Seed germination and establishment are  the   most sensitive stages to  abiotic 
stresses   (Patade et al.  2011 ; Ansari et al.  2012 ). The effect of salicylic acid (50 ppm) 
and gibberellin (50 ppm) on enzymatic activity and germination characteristics of 
wheat seeds under salt stress (at osmotic potentials of 0 (as control), − 4, −8, −12, 
and −16 bar) was tested by Tabatabaei ( 2013 ). Hormone priming improved germi-
nation percentage, germination index, normality seedling percentage, and seedling 
 length   and also increased catalase and ascorbate peroxidase levels as compared to 
the untreated seeds.   

  Fig. 4.9    Chemical 
 structure   of gibberellic 
 acid         
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4.5.9     Nitric Oxide 

4.5.9.1     Role of Nitric Oxide in Biological Processes 

 Nitric oxide (NO) is a short-life bioactive gaseous molecule in plants and plays a 
central role in a variety of physiological processes including germination, senes-
cence, fl owering, ripening of fruits, and response to various abiotic and biotic 
stresses, such as bacterial disease (Delledonne et al.  1998 ), drought (Gracia-Mata 
and Lamatina  2001 ), high temperature (Hasanuzzaman et al.  2012 ), salinity (Ruan 
et al.  2002 ; Uchida et al.  2002 ; Ruan et al.  2004a ; Zheng et al.  2010 ; Manai et al. 
 2014 ), and UV radiation (Mackerness et al.  2001 ). Studies demonstrated that NO 
promoted the accumulation of  proline   and the probable protective effect of NO 
against salt-induced oxidative damage to wheat seedlings, but poorly documented 
how NO regulates proline accumulation and its role in the ABA pathway underlying 
proline accumulation under salinity conditions. 

 Ruan et al. ( 2004b ) investigated the relationship of NO and ABA in the process 
of proline accumulation responding to salt stress. It was shown that NO could acti-
vate the synthesis of endogenous ABA and the level of proline was signifi cantly 
elevated by exogenously supplied ABA in wheat seedling leaves under 150 mmol/L 
NaCl salt stress after 4 days of treatment.  

4.5.9.2     Effect of Exogenous Application of Nitric Oxide Under Salinity 

 Several studies indicate that the application of exogenous nitric oxide alleviates 
oxidative stress caused by salt. The protective role of NO  treatment   was tested in 
various plants such as tomato, pepper, wheat, barley, rice, maize, soybean, man-
grove, or chamomile (Li et al.  2008 ; Zheng et al. 2010; Fallahi and Khajeh Hosseini 
 2011 ; Nalousi et al.  2012 ; Nasrin et al.  2012 ; Simaei et al.  2012 ; Kausar et al.  2013 ; 
Ali and Ismail  2014 ; Chen et al.  2014 ; Egbichi et al.  2014 ; Habib and Ashraf  2014 ; 
Manai et al.  2014 ; Kaya et al.  2015 ; Sanam et al.  2015 ). In studies conducted by Ali 
and Ismail ( 2014 ), the application of NO (10 μM of sodium nitroprusside) improved 
tomato fruit quality in the face of salinity (100 mM NaCl) by enhancing the synthe-
sis of health-promoting compounds ( phenolic   compounds, fl avonoids, and alka-
loids) in tomato fruits along with signifi cant changes in other quality parameters. In 
addition, exogenous application of NO improves plant K +  contents, while decreas-
ing Na +  concentration, thereby maintaining the K + /Na +  ratio in plants (Zheng et al. 
 2009 ; Chen et al.  2013 ), and enhances chlorophyll content; activities of CAT, POD, 
and SOD; and levels of soluble proteins and total free  proline   in the salt-stressed 
plants (Kausar et al.  2013 ). 

 The protective role of nitric oxide (by spraying with different levels of sodium 
nitroprusside, SNP – 0.05, 0.10, and 0.15 mM – as the NO source) in wheat plants 
exposed to salinity (150 mM) was tested by Kausar et al. ( 2013 ). The NO treatment 
of wheat enhanced the activities of antioxidant enzymes (superoxide dismutase, 
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peroxidase, and catalase) and increased levels of proline, chlorophyll, and soluble 
proteins, showing a protective role against salt-induced oxidative damage. In addi-
tion, growth and yield parameters were improved only in unstressed plants. 

 To investigate the alleviating role of NO in barley under salinity conditions, Li 
and coworkers ( 2008 ) tested three treatments (50 μM SNP, 50 mM NaCl, 50 μM 
SNP + 50 mM NaCl) compared to the control. Similarly to previous studies, they 
found that a simultaneous application of SNP and NaCl increased the activities of 
antioxidant enzymes, protecting plants against salt stress-induced negative changes. 
Moreover, NO induced an increase of ferritin accumulation to chelate larger num-
bers of ferrous ions. Sanam et al. ( 2015 ) also observed an increase in activities of 
enzymes and protein contents when two rice cultivars (Khazar and Goohar) were 
treated with 50 μM SNP + 50 mM NaCl. Habib and Ashraf ( 2014 ) also tested plants 
of four rice cultivars (KS-282, IRRI-6, Shaheen Basmati, and Basmati PB-95) sup-
plemented with NaCl (80 mM) and three levels of NO (0, 0.1, 0.2 mM). Salinity 
caused a signifi cant increase in leaf water contents and osmotic  potentials   and a 
decrease in leaf turgor potential and relative water content. After seed treatment 
with nitric oxide, leaf osmotic and water potentials and shoot and root Cl −  and Na +  
concentrations decreased with a simultaneous increase in leaf relative water con-
tent, leaf turgor potential K +  and Ca 2+  contents, and K + /Na +  ratio in shoots and roots 
of rice cultivars under salinity conditions. 

 Soybean, one of the most important plants used as a source of protein and oil in 
its seeds, is moderately sensitive to salinity. High salt stress signifi cantly reduces 
seed germination, seedling growth, and yield. An effective action in mitigating the 
effect of salt stress is provided by nitric oxide application, sometimes in combina-
tion with other phytohormones (Egbichi et al.  2014 ; Simaei et al.  2012 ). In their 
study Egbichi et al. ( 2014 ) tested six experimental variants: the control, 10 μM 
2,2’(hydroxynitrosohydrazono)bis-ethanimine – DETA/NO as a donor of NO – 10 
μM DETA, 80 mM NaCl, 10 μM DETA/NO + 80 mM NaCl, and 10 μM DETA + 80 
mM NaCl. Results showed that long-term salinity over a 16-day period negatively 
affected soybean plants, while supplementation with DETA/NO increased shoot, 
root, and nodule weights, nodule number, as well as the enzymatic activity of ascor-
bate peroxidase. 

 Simaei and coworkers ( 2011 ;  2012 ) showed a protective role of NO (100 μM 
SNP) and SA (100 μM) in soybean under salinity conditions (100 mM NaCl). After 
the application of phytohormones + SNP, the activities of polyphenol oxidase and 
phenylalanine ammonia lyase increased, thus reducing the damaging effects of salt 
stress by enhancing the activity of antioxidative systems. 

 Kaya et al. ( 2015 ) tested the effect of NO + thiourea (TU) treatment (two levels 
of NO + TU: 3 + 400 mg/L and 6 + 500 mg/L) as seed soaking treatment and foliar 
application in two maize cultivars (Apex 836 and Dk 5783) under salinity condi-
tions (100 mM NaCl). Seed treatment was more effective than foliar application in 
terms of improvement in fresh weight. In both types of treatment,  N   and P contents 
increased and leaf Na +  contents decreased. Results indicate that exogenous applica-
tion of NO + TU in maize plants should increase  resistance   to salinity by improving 
plant growth. 
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 The role of exogenous application of SNP in  ROS   production and lipid peroxida-
tion in salt-treated mangrove (as the species with high salinity tolerance) was dem-
onstrated by Chen et al. ( 2014 ). In the fi rst stage of the experiment, different levels 
of SNP (0, 10, 50, 100, 500, and 5000 μM) and NaCl (0, 100, 350, and 500 mM) 
were tested to select appropriate concentrations. In the second stage, three combina-
tions in three replicates were tested: (1) 100 μM SNP, (2) 350 mM NaCl, and (3) 
100 μM SNP + 350 mM NaCl. Results indicated the protective role of NO against 
oxidative damage in leaves of mangrove by reducing hydrogen peroxide levels, 
lipid peroxidation, and increase in reduced glutathione and polyphenol contents. 

 In another study Nalousi et al. ( 2012 ) investigated the impact of exogenous SNP 
as the NO donor (0, 25, 50, and 75 mM SNP) in germination and seedling growth 
of bell pepper under salinity conditions (0, 4, 6, and 8 ms/cm 3  NaCl). As in the pre-
vious research, the presence of NO decreased lipid peroxidation in plant leaves and 
increased the activities of superoxide dismutases and peroxides. In addition, seed 
germination was promoted at concentrations between 0.2 and 0.8 mM SNP. 

 Research conducted by Guo et al. (2008) concerned  Kosteletzkya virginica  – a 
native species in the southeastern USA – treated with SNP (0.06 mM) and NaCl 
(100, 200, 300, and 400 mM NaCl) in order to verify their impact on dry weight, 
antioxidant enzymatic activities,  proline   accumulation, lipid peroxidation, and dis-
tribution of sodium in plants. After SNP application under salinity conditions, the 
researchers recorded an increase in dry weight, catalase, peroxidase, and superoxide 
dismutase activities and proline accumulation and a lower ratio of Na + /K + , which 
might protect plants against oxidative membrane damage and translocation of Na +  
from roots to shoots. 

 Tests with various doses of  nitrogen   (0, 120, 240, and 360 kg/ha  urea  ) on wheat 
(cv. Gascogen) under salinity conditions (0, 121.5, 243, 364.5, and 486 mM NaCl) 
showed that nitrogen at low levels of salt has a positive or negligible effect on ger-
mination and growth factors, while at high salinity levels, its effect was negative 
(Fallahi and Khajeh Hosseini  2011 ).   

4.5.10     Strigolactones, Their Hormonal Functions, 
and Ameliorative Role Under Salt Stress Conditions 

 Strigolactones (SLs, Fig.  4.10 ) are a small group of sesquiterpene lactones pro-
duced from carotenoid precursors mainly in plant roots  initially   identifi ed as seed 
germination stimulants for parasitic weeds (Dun et al.  2009 ; Marzec et al.  2013 ; 
Cavar et al.  2014 ; Van Ha et al.  2014 ). SLs are also known as a chemical signal 
between plant roots and arbuscular mycorrhizal fungi (AMF) (Akiyama et al.  2005 ; 
Lopez-Raez et al.  2011 ; Aroca et al.  2013 ); their hormonal functions likely predate 
the evolution of the signaling role in the rhizosphere (Delaux et al.  2012 ). In addi-
tion, SLs contribute to a number of crucial processes in plant growth and develop-
ment, namely, in the shaping of plant architecture, which is of major agronomic 
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  Fig. 4.10    Chemical structure of several naturally occurring strigolactones       
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importance, as it is closely related to the potential grain yield and adaption to fl uc-
tuating environmental conditions. SLs are secondary metabolites derived from a 
carotenoid precursor (Matusova et al.  2005 ). To date, more than 15 natural SLs have 
been characterized from various plant species, and they all share a common four- 
cycle skeleton (A, B, C, and D), with cycles A and B bearing various substituents 
and cycles C and D being lactone heterocycles connected by an ether-enol bond 
(Fig.  4.10 ) (Liu et al.  2013 ). Plants produce so small amounts of SLs in the roots and 
lower part of shoots that they are very diffi cult to determine (Xie et al.  2010 ).

   Arbuscular mycorrhizal (AM) symbiosis can alleviate salt stress in plants. Aroca 
and coworkers ( 2013 ) investigated the effects of salinity (0, 40, and 80 mM NaCl) 
on lettuce plant performance and production of strigolactones and assessed its infl u-
ence on mycorrhizal root colonization under three different salt concentrations. The 
results show a correlation between strigolactone production, ABA content, AM root 
colonization, and salinity level, which suggests that AM symbiosis alleviates salt 
stress by altering the hormonal profi les and affecting physiology in the host plant. 

 Recent research suggests that genetic modulation of SL content/response could 
provide a new, potential approach to reduce the negative impact of salt stress on 
crop productivity (Van Ha et al.  2014 ).   

4.6     Conclusion and Future Prospects 

 Salt stress is associated with decreases in auxin,  cytokinin  ,  gibberellin  , and SA in 
the plant tissues and an increase in ABA and  JA  . These changes in phytohormone 
 are   thought to be an initial process controlling growth reduction due to salinity. 
Therefore, reduction in plant growth under  abiotic stress   can be mitigated by exog-
enous application of plant growth regulators. Different strategies are tested to maxi-
mize plant growth under salt stress conditions. One of them is to produce salt-tolerant 
genotypes of different crops which is much technical and time consuming. In con-
trast, application of plant growth regulators (plant hormones, minerals, amino acids, 
quaternary ammonium compounds, polyamines, and vitamins) is economic and 
effective to improve plant tolerance to salinity. Future studies are to be designed 
keeping real-world scenario in mind, where more than one biotic and/or abiotic 
stress may coexist. Understanding complex cross talk between multiple stresses and 
phytohormones will help to shape future crop management and genotype improve-
ment strategies.     
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