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Abstract
The improvement of crop performance by increasing osmotic potential-adjusting 
ability is more significant in roots than other plant parts to avert stress. The role 
of osmotic adjustment in root elongating zone is to maintain turgor pressure to 
continue root elongation and root growth in drying soils, which enable the plant 
to maintain its transpiration by exploiting a greater volume of soil or utilize 
available water in a given soil volume more efficiently. In this chapter the various 
tolerance mechanism and diversity among the plants to combat is documented 
with numerous illustrations. In this last section role of plant metabolites for 
abiotic stress management is detailed out.
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5.1  Osmotic Adjustments and Crop Improvements

Osmotic adjustment is a mechanism in plants to tolerate osmotic stress by lowering 
the osmotic potential by the accumulation of solutes (Radin 1983), and to maintain 
the volume of protoplast and turgor pressure (Santakumuri and Berkowitz 1991). 
Osmotic adjustment is a function of either an increase in the net osmoticum deposi-
tion rate in the growing region and/or a reduction in the rate of tissue volume expan-
sion (Sharp et al. 1990). The former is more likely to represent an adaptive response 
that could contribute to growth maintenance (Sharp et al. 2004). Osmotic adjustment 
occurs in leaves, hypocotyls, roots, floral apex and spikelets under osmotic stress 
conditions (Turner and Jones 1980). In leaf mature zone, osmotic adjustment plays 
an important role for plant cell survival (Flower and Ludlow 1986), facilitates higher 
stomatal conductance (Düring and Dry 1995) and leaf expansion (Westgate and 
Boyer 1985) to sustain photosynthesis under water stress condition (Turner and 
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Jones 1980). Turner and Jones (1980) stated that osmotic adjustment in the root has 
a different role from that in the shoot, and Serraj and Sinclair (2002) stated that 
osmotic adjustment in root might be important in relation to crop production. As in 
leaf growth, root elongation is related with the turgor pressure in root elongation 
zone (Westgate and Boyer 1985; Frensch and Hsiao 1994). The role of osmotic 
adjustment in root elongating zone is to maintain turgor pressure to continue root 
elongation and root growth in drying soils, which enable the plant to maintain its 
transpiration by exploiting a greater volume of soil or utilize available water in a 
given soil volume more efficiently. The significance of osmotic adjustment in the 
elongated zone of the root is to promote desiccation tolerance and to initiate lateral 
roots that are responsible for efficient absorption and transport of water (Azhiri-
Sigari et al. 2000). Therefore, improving crop performance by increasing the ability 
to adjust osmotic potential in roots may be more important than other parts of the 
plant (Serraj and Sinclair 2002), although the process in roots has not been studied as 
extensively as in leaves. There are few reports in the root of osmotic adjustment. 
Sharp and Davies (1979) showed that even if osmotic potential decreased in condi-
tions of water stress, turgor potential and root growth were maintained (Sharp and 
Davies 1979; Westgate and Boyer 1985). On the other hand in leaf (Sharp and Davies 
1979) and stem (Westgate and Boyer 1985), extension rate and the development of 
leaf area were reduced by water deficit, due largely to the reduction in leaf turgor 
pressure. In order to reduce the osmotic potential, the accumulation of compatible 
solute (Voetberg and Sharp 1991) and the decrease in the rate of influx of water in the 
tissue and expansion of the tissue volume (Sharp et al. 1990) contributed to the semi-
nal root of maize. Turgor was recovered faster by osmotic adjustment in the cells 
deep inside the tissue compared to cells near the surface of the root, which showed 
that the phloem was a possible source of osmotic adjustment compounds (Frensch 
and Hsiao 1994). The root is the first organ exposed to deficit in water. The growth of 
leaves is highly sensitive to water stress and can be inhibited by a slight reduction in 
water potential in the tissue (Hsiao and Xu 2000). Therefore, it is assumed that 
osmotic adjustment in the root occurs before osmotic adjustment in the leaf to 
increase turgor pressure for continued root growth and water and nutrient absorption. 
The osmotic adjustment in the root is therefore expected to delay the onset of shoot-
ing water deficit, which reduces the activity of stomatal conductance and photosyn-
thetic activity. In order to clarify the role of root osmotic adjustment in maintaining 
plant growth in a water deficit condition, it is important to examine the transient 
changes in the concentration of solvents under stress.

5.1.1  Yield and Osmolyte Accumulation

Despite the widespread suggestion that osmotic accumulation (OA) is beneficial for 
increasing crop yields under conditions of water deficit, experimental data provide 
little support. Typically, crop yields of high osmotic-adjusting lines were compared 
to low osmotic-adjusting lines. The data published by Morgan on wheat (Morgan 
1995) and by Ludlow on sorghum (Ludlow et al. 1990) are the ones usually cited as 
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the critical references for the putative benefits of OA on crop yield. Morgan (1983) 
worked with wheat and initiated his yield and OA studies by evaluating different 
wheat lines for osmotic adjustment under greenhouse conditions using estimates of 
relative water content (RWC) at a given water potential value (−2•5 MPa) to select 
high osmotic adjustment lines. Unfortunately, no direct measurements of osmotic 
adjustment were made either in the greenhouse or in the field, and osmotic adjust-
ment was inferred from indirect correlations, which neglected possible variations in 
the elasticity module value. Babu et al. (1999) recently showed that different OA 
measurement methods do not necessarily yield consistent results. In the field of 
wheat lines selected for possible differences in osmotic adjustment (Morgan 1983), 
the grain yields were 44 g m−2 for lines identified with high OA and 29 g m−2 for lines 
with low OA. These results probably reflected an advantage during severe phase III 
survival in these particular experimental conditions. The difficulty is that these yield 
levels were so low that growers would consider even yield at 44 g m−2 to be a failed 
crop. In industrial agriculture, yields of at least 150 g m−2 and more likely 200–
400 g m−2 are likely to be required for viable production under dryland conditions. 
Morgan (1995) also reported comparisons of the yield of wheat grain under drought 
for low and high osmotic adjustment lines from 5 years of field experiments. Of the 
nine comparisons presented, only three pairs had a significantly higher yield in high 
osmotic adjustment lines which was limited to severe water deficits and very low 
grain yield. Three other comparison pairs had a small non-significant advantage for 
high osmotic-adjusting lines, and three pairs had a lower but non-significant yield for 
the high osmotic-adjusting group. Blum, Zhang and Nguyen (1999) recently reported 
comparisons of OA and yield between ten spring wheat cultivars, including two 
Morgan lines. Ludlow et al. (1990) reported a positive association between a high 
capacity for osmotic adjustment and grain yield in sorghum after anthesis. Apparently 
the higher yield was due to more and larger grains and was associated with a higher 
harvest index and distribution index. Interestingly, in this study, osmotic adjustment 
had almost no effect on dry matter at maturity. The main physiological effect of OA 
was then interpreted as turgor maintenance in the panicle, which could lead to con-
tinued metabolic activity during grain filling and thus a higher harvest index. This 
study may have reflected the particular case in which OA may have extended physi-
ological activity in the panicle prior to the rescue of the crop by rainfall. Results were 
also reported from the same sorghum lines as above for the contribution of osmotic 
adjustment to grain yield when subjected to severe pre-anthesis water deficits 
(Santamaria et al. 1990). The overall response was a higher average grain yield for 
high osmotic adjustment lines, mainly due to a higher number of grains and a higher 
harvest index. However, one pair of lines showed a non-significant yield advantage 
for the low osmotic-adjusting line compared to the three pairs, one pair showed that 
osmotic adjustment was associated with more water extraction, and the third pair 
showed that osmotic adjustment was associated with better panicle exertion. In a 
greenhouse test, the osmotic adjustment capacity of seven pea genotypes was mea-
sured and compared to the yield of grains obtained in field trials (Rodríguez-Maribona 
et al. 1992). Correlation between the capacity of osmotic adjustment and yield was 
only significant in the case of dry years, but not in a rainy year when drought was 
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only moderate and higher yields were achieved. The same results were obtained with 
chickpea (Morgan et  al. 1991), in that lines produced greater yields with high 
osmotic-adjustment capacity only when grown in environments of greatest stress 
where yields were low. In addition to the frequently cited studies, which are usually 
used as references to illustrate the beneficial effect of OA on grain yield, numerous 
reports do not show any effect of osmotic adjustment or even report negative effects 
on crop yields. Quisenberry et al. (1984) reported a significant negative correlation 
between the weight of the cotton shooting and the osmotic adjustment estimated by 
the osmotic potential of zero turgor. They concluded that a reduced growth potential 
could result if selection pressure is aimed at improving osmotic adjustment during 
drought. Grumet et al. (1987) reported that barley lines selected for high osmotic 
adjustment had slower growth, lower dry matter production and grain yield than lines 
with low osmotic adjustment. No yield benefit was found with osmotic adjustment in 
four sorghum cultivars under severe drought (Flower et al. 1990). Recently, Subbarao 
et al. (2000) reported that OA was positively correlated with grain yields at 72 and 
82 days after sowing (DAS) whereas OA at 92 DAS contributed negatively to the 
yield. Bolaños and Edmeades (1991) showed that correlations between osmotic 
adjustment and performance of tropical maize populations under drought were weak, 
inconsistent and non-significant. The CIMMYT maize program has apparently made 
the same assumption (Guei and Wassom 1993). A large amount of rice research has 
failed to demonstrate the benefit of OA in crop yield (Fukai and Cooper 1995). 
Overall, the exceptional results in the published literature show a positive correlation 
between osmotic adjustment and yield, which is usually achieved under severe 
drought stress when yields are too low to be of practical value.

5.2  Mechanism of Salt Tolerance in Plants

Depending on the severity and duration of the stress, salinity stress involves changes 
in different physiological and metabolic processes and ultimately inhibits crop 
production (Flowers 2004; Munns and Tester 2008; FAO 2009). Initially, soil 
salinity in the form of osmotic stress is known to suppress plant growth, followed by 
ion toxicity (Rahnama et al. 2010). During the initial phases of salinity stress, the 
ability to absorb water from root systems decreases and the loss of water from 
leaves is accelerated due to the osmotic stress of high salt accumulation in soil and 
plants, and therefore salinity stress is also considered to be hyperosmotic stress 
(Munns 2005). Osmotic stress in the initial phase of salinity stress causes various 
physiological changes, such as membrane disruption, nutrient imbalance, 
impairment of the ability to detoxify reactive oxygen species (ROS), differences in 
antioxidant enzymes and reduced photosynthetic activity, and decrease in stomatal 
aperture(Munns and Tester 2008; Rahnama et  al. 2010). Also considered a 
hyperionic stress is salinity stress. The accumulation of Na + and Cl− ions in tissues 
of plants exposed to soils with high NaCl concentrations is one of the most harmful 
effects of salinity stress. The entry of Na+/Cl− into the cells causes severe ion 
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imbalance and excessive absorption may cause significant physiological disorders. 
High concentrations of Na + inhibit the absorption of K + ions, which is an essential 
element for growth and development, leading to lower productivity and even death 
(James et al. 2011). ROS production, such as singlet oxygen, superoxide, hydroxyl 
radical and hydrogen peroxide, is increased in response to salinity stress (Apel and 
Hirt 2004; Mahajan and Ahmad et al. 2010; Ahmad and Prasad 2012). The formation 
of salinity-induced ROS can lead to oxidative damage in various cellular components 
such as proteins, lipids and DNA, which interrupts vital plant cellular functions. 
There are genetic variations in salt tolerance, and the degree of salt tolerance varies 
from species to species. Barley (Hordeum vulgare) is more tolerant to salt than rice 
(Oryza sativa) and wheat (Triticum aestivum) among the main crops. In the case of 
dicotyledons ranging from Arabidopsis thaliana, which is very sensitive to salinity, 
to halophytes such as Mesembryanthemum crystallinum, Atriplex sp., Thellungiella 
salsuginea (formerly T. halophila) (Abraham et  al. 2011; Pang et  al. 2010), the 
degree of variation is even more pronounced. Sumptuous research has been carried 
out in the last two decades to understand the mechanism of salt tolerance in model 
plant Arabidopsis (Zhang and Shi 2013). Genetic variations and differential 
responses to salinity stress in plants differing in stress tolerance enable plant 
biologists to identify physiological mechanisms, sets of genes, and gene products 
that are involved in increasing stress tolerance and to incorporate them in suitable 
species to yield salt tolerant varieties.

5.2.1  Physiological and Biochemical Mechanisms of Salt 
Tolerance

To survive in soils with high salt concentrations, plants develop various physiologi-
cal and biochemical mechanisms. The main mechanisms include, but are not limited 
to (FAO 2009), homeostasis and compartimentation of ions (Flowers 2004), trans-
port and absorption of ions (Munns and Tester 2008), biosynthesis of osmoprotec-
tants and compatible solutes, (James et al. 2011), activation of antioxidant enzymes 
and synthesis of antioxidant compounds (Rahnama et al. 2010), synthesis of poly-
amines, (Munns 2005). The research progress that clarifies these mechanisms is 
discussed below.

5.2.2  Ion Homeostasis and Salt Tolerance

The maintenance of ion homeostasis by ion absorption and compartimentation is 
not only crucial for normal plant growth, but is also an essential process for salt 
stress growth (Xiaomu et  al. 1995; Serrano et  al. 1999; Hasegawa 2013). 
Glycophytes and halophytes cannot tolerate high concentrations of salt in their 
cytoplasm, regardless of their nature. The excess salt is therefore either trans-
ported to the vacuole or sequestered in older tissues, which are eventually sacri-
ficed, protecting the plant against salinity stress (Reddy et al. 1992; Zhu 2003). 
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The main form of salt in the soil is NaCl, so the study of the transport mechanism 
of Na+ ion and it is the main focus of research is the study about the transport 
mechanism of Na+ ion and its compartmentalization. The Na+ ion that enters the 
cytoplasm is then transported to the vacuole via Na+/H+ antiporter. Two types of 
H+ pumps are present in the vacuolar membrane: vacuolar type H+-ATPase 
(V-ATPase) and the vacuolar pyrophosphatase (V-PPase) (De Lourdes Oliveira 
Otoch et  al. 2001; Wang and Ratajczak 2001; Dietz et  al. 2001). Of these, 
V-ATPase is the most dominant H+ pump present within the plant cell. During 
nonstress conditions it plays an important role in maintaining solute homeostasis, 
energizing secondary transport and facilitating vesicle fusion. Under stressed con-
dition the survivability of the plant depends upon the activity of V-ATPase (Dietz 
et al. 2001). In a study performed by De Lourdes Oliveira Otoch et al. (2001) in 
hypocotyls of Vigna unguiculata seedlings, it was observed that the activity of 
VATPase pump increased when exposed to salinity stress but under similar condi-
tions, activity of V-PPase was inhibited, whereas in the case of halophyte Suaeda 
salsa, V-ATPase activity was upregulated and V-PPase played a minor role (Wang 
and Ratajczak 2001). Increasing evidence demonstrates the roles of a Salt Overly 
Sensitive (SOS) stress signalling pathway in ion homeostasis and salt tolerance 
(Hasegawa et al. 2000; Sanders 2000). The SOS signalling pathway consists of 
three major proteins, SOS1, SOS2, and SOS3. SOS1, which encodes a plasma 
membrane Na+/H+ antiporter, is essential in regulating Na+ efflux at cellular level. 
It also facilitates long distance transport of Na+ from root to shoot. Overexpression 
of this protein confers salt tolerance in plants (Shi et al. 2000; Shi et al. 2002). 
SOS2 gene, which encodes a serine/threonine kinase, is activated by salt stress 
elicited Ca+ signals. This protein consists of a well-developed N-terminal cata-
lytic domain and a C-terminal regulatory domain (Liu et al. 2000). The third type 
of protein involved in the SOS stress signalling pathway is the SOS3 protein, 
which is a myristoylated Ca+ binding protein and contains a myristoylation site at 
its N-terminus. This site plays an essential role in conferring salt tolerance 
(Ishitani et al. 2000). C-terminal regulatory domain of SOS2 protein contains a 
FISL motif (also known as NAF domain), which is about 21 amino acid long 
sequence, and serves as a site of interaction for Ca2+ binding SOS3 protein. This 
interaction between SOS2 and SOS3 protein results in the activation of the kinase 
(Guo et al. 2004). The activated kinase then phosphorylates SOS1 protein thereby 
increasing its transport activity, which was initially identified in yeast (Quintero 
et  al. 2002). SOS1 protein is characterised by a long cytosolic C-terminal tail, 
about 700 amino acids long, comprising a putative nucleotide binding motif and 
an autoinhibitory domain. This autoinhibitory domain is the target site for SOS2 
phosphorylation. Besides conferring salt tolerance it also regulates pH homeosta-
sis, membrane vesicle trafficking, and vacuole functions (Oh et al. 2010; Quintero 
et al. 2011). Thus with the increase in the concentration of Na+ there is a sharp 
increase in the intracellular Ca2+ level which in turn facilitates its binding with 
SOS3 protein. Ca2+ modulates intracellular Na+ homeostasis along with SOS pro-
teins. The SOS3 protein then interacts and activates SOS2 protein by releasing its 
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self-inhibition. The SOS3-SOS2 complex is then loaded onto plasma membrane 
where it phosphorylates SOS1. The phosphorylated SOS1 results in the increased 
Na+ efflux, reducing Na+ toxicity (Martínez-Atienza et  al. 2007). Many plants 
have developed an efficient method to keep the ion concentration in the cytoplasm 
in a low level. Membranes along with their associated components play an inte-
gral role in maintaining ion concentration within the cytosol during the period of 
stress by regulating ion uptake and transport (Sairam and Tyagi 2004). Different 
carrier proteins, channel proteins, antiporters and symporters carry out the trans-
port phenomenon. Maintaining cellular Na+/K+ homeostasis is pivotal for plant 
survival in saline environments. Ma et al. (2012) have reported that Arabidopsis 
NADPH oxidases AtrbohD and AtrbohF function in ROS-dependent regulation of 
Na+/K+ homeostasis in Arabidopsis under salt stress. Plants maintain a high level 
of K+ within the cytosol of about 100 mM ideals for cytoplasmic enzyme activi-
ties. Within the vacuole K+ concentration ranges between 10 mM and 200 mM. The 
vacuole serves as the largest pool of K+ within the plant cell. K+ plays a major role 
in maintaining the turgor within the cell. It is transported into the plant cell against 
the concentration gradient via K+ transporter and membrane channels. K+ trans-
porters mediate high affinity K+ uptake mechanisms when the extracellular K+ 
concentration is low, whereas K+ channels carry out low affinity uptake when the 
extracellular K+ concentration is high. Thus uptake mechanism is primarily deter-
mined by the concentration of K+ available in the soil. On the other hand a very 
low concentration of Na+ ion (about 1 mM or less) is maintained in the cytosol. 
During salinity stress, due to increased concentration of Na+ in the soil, Na+ ion 
competes with K+ for the transporter as they both share the same transport mecha-
nism, thereby decreasing the uptake of K+. A large number of genes and proteins, 
such as HKT and NHX, encoding K+ transporters and channels have been identi-
fied and cloned in various plant species. During salt stress expression of some low 
abundance transcripts is enhanced which are found to be involved in K+ uptake. 
This was observed in the halophyte Mesembryanthemum crystallinum (Yen et al. 
2000). Transporters located on the plasma membrane, belonging to the HKT (his-
tidine kinase transporter) family, also play an essential role in salt tolerance by 
regulating transportation of Na+ and K+. Class 1 HKT transporters that have been 
identified in Arabidopsis protect the plant from the adverse effects of salinity by 
preventing excess accumulation Na+ in leaves. Similar results were observed in 
the experiment which was carried out with rice where class 1 HKT transporter 
removes excess Na+ from xylem, thus protecting the photosynthetic leaf tissues 
from the toxic effect of Na+ (Schroeder et al. 2013). Intracellular NHX proteins 
are Na+, K+/H+ antiporters involved in K+ homeostasis, endosomal pH regulation, 
and salt tolerance. Barragan et  al. (2012) showed that tonoplastlocalized NHX 
proteins (NHX1 and NHX2: the two major tonoplast-localized NHX isoforms) 
are essential for active K+ uptake at the tonoplast, for turgor regulation, and for 
stomatal function. In fact more such NHX isoforms have been identified and their 
roles in ion (Na+, K+, H+) homeostasis established from different plant species 
(e.g., LeNHX3 and LeNHX4 from tomato) (Galvez et al. 2012).

5.2 Mechanism of Salt Tolerance in Plants
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5.2.2.1  Compatible Solute Accumulation and Osmotic Protection
Compatible solutes, also known as compatible osmolytes, are a group of uncharged, 
polar and soluble organic compounds that do not interfere with cellular metabolism 
even at high concentrations. They include mainly proline (Hoque et al. 2007; Ahmad 
et al. 2010; Hossain et al. 2011; Nounjan et al. 2012; Tahir et al. 2012), glycine 
betaine (Khan et al. 2000; Wang and Nii 2000), sugar (Bohnert et al. 1995; Kerepesi 
and Galiba 2000), and polyols (Ford 1984; Dopp et al. 1985; Ashraf and Foolad 
2007; Saxena et al. 2013). Organic osmolytes are synthesised and accumulated in 
varying amounts amongst different plant species. For example, quaternary ammo-
nium compound beta alanine betaine’s accumulation is restricted among few mem-
bers of Plumbaginaceae (Hanson et al. 1994), whereas accumulation of amino acid 
proline occurs in taxonomically diverse sets of plants (Saxena et  al. 2013). The 
concentration of compatible solutes within the cell is maintained either by irrevers-
ible synthesis of the compounds or by a combination of synthesis and degradation. 
The biochemical pathways and genes involved in these processes have been thor-
oughly studied. As their accumulation is proportional to the external osmolarity, the 
major functions of these osmolytes are to protect the structure and to maintain 
osmotic balance within the cell via continuous water influx (Hasegawa et al. 2000). 
Amino acids such as cysteine, arginine and methionine, which constitute approxi-
mately 55% of total free amino acids, decrease when exposed to salinity stress, 
while the concentration of proline increases in response to salinity stress 
(El-Shintinawy and El-Shourbagy 2001). The accumulation of proline is a well-
known measure for salinity stress relief (Matysik et  al. 2002; Ben Ahmed et  al. 
2010). Intracellular proline, which accumulates during stressful salinity, not only 
provides stress tolerance, but also serves as an organic nitrogen reserve during stress 
recovery. Proline is either glutamate or ornithine synthesized. The primary function 
in osmotically stressed cell glutamate functions as the primary precursor. Two major 
enzymes are the biosynthetic pathway, pyrroline carboxylic acid synthetase and 
pyrroline carboxylic acid reductase. These two regulatory steps are used to overpro-
duce plant proline (Sairam and Tyagi 2004). It works as an O2 quencher revealing 
its antioxidant capability (Matysik et al. 2002). Ben Ahmed et al. (2010) observed 
that proline supplements increased salt tolerance in olives (Olea europaea) by 
improving some antioxidant enzyme activity, photosynthetic activity and plant 
growth and maintaining the appropriate status of plant water in salinity conditions. 
It has been reported that proline improves salt tolerance in Nicotiana tabacum by 
increasing the activity of enzymes involved in antioxidant defence system (Hoque 
et al. 2008). Deivanai et al. (2011) also showed that the growth of rice seedlings 
from seeds pretreated with 1 mM proline during salt stress improved. Glycine beta-
ine is an amphoteric quaternary ammonium compound found ubiquitously in micro-
organisms, higher plants and animals, and is electrically neutral over a wide range 
of pH levels. It is highly soluble in water, but also contains non-polar moiety in 
3-methyl groups. It interacts with both hydrophobic and hydrophilic domains of the 
macromolecules, such as enzymes and protein complexes, due to its unique struc-
tural characteristics. Glycine betaine is a non-toxic cellular osmolyte that increases 
the osmolarity of the cell during the stress period and therefore plays an important 

5 Stress Management: Sustainable Approach Towards Resilient Agriculture



239

role in mitigating stress. Glycine betaine also protects the cell by osmotic adjust-
ment (Gadallah 1999), stabilizes proteins (Makela et  al. 2000), and protects the 
photosynthetic apparatus against stress damage (Cha-Um and Kirdmanee 2010) and 
the reduction of ROS (Ashraf and Foolad 2007; Saxena et al. 2013). Glycine betaine 
accumulation occurs in a wide range of plants from different taxonomic back-
grounds. Glycine betaine is either choline or glycine synthesized in the cell. 
Synthesis of glycine betaine from choline is a 2-step reaction involving two or more 
enzymes. In the first step choline is oxidised to betaine aldehyde, which is then 
again oxidised in the next step to form glycine betaine. In higher plants the first 
conversion is carried out by the enzyme choline monooxygenase (CMO), whereas 
the next step is catalysed by betaine aldehyde dehydrogenase (BADH) (Ahmad 
et al. 2013). Another pathway, which is observed in some plants, mainly halophytic, 
demonstrated the synthesis of glycine betaine from glycine. Here glycine betaine is 
synthesized by three successive N-methylation and the reactions are catalysed by 
two S-adenosyl methionine dependent methyl transferases, glycine sarcosine 
N-methyl transferase (GSMT), and sarcosine dimethylglycine N-methyl transferase 
(SDMT). These two enzymes have overlapping functions as GSMT catalyses the 
first and the second step while SDMT catalyses the second and third step (Ahmad 
et al. 2013). Rahman et al. (2002) reported the positive effect of glycine betaine on 
the ultrastructure of Oryza sativa seedlings when exposed to salt stress. Under 
stressed condition (150 mM NaCl) the ultrastructure of the seedling shows several 
damages such as swelling of thylakoids, disintegration of grana and intergranal 
lamellae, and disruption of mitochondria. However, these damages were largely 
prevented when seedlings were pretreated with glycine betaine. When glycine beta-
ine is applied as a foliar spray in a plant subjected to stress, it led to pigment stabi-
lization and increase in photosynthetic rate and growth (Cha-Um and Kirdmanee 
2010; Ahmad et  al. 2013). Polyols are compounds with multiple hydroxyl func-
tional groups available for organic reactions. Sugar alcohols are a class of polyols 
functioning as compatible solutes, as low molecular weight chaperones, and as ROS 
scavenging compounds (El-Shintinawy and El-Shourbagy 2001). They can be clas-
sified into two major types, cyclic (e.g., pinitol) and acyclic (e.g., mannitol). 
Mannitol synthesis is induced in plants during stressed period via action of NADPH 
dependent mannose- 6- phosphate reductase. These compatible solutes function as a 
protector or stabilizer of enzymes or membrane structures that are sensitive to dehy-
dration or ionically induced damage. It was found that the transformation with bac-
terial mltd gene that encodes for mannitol-1-phosphate dehydrogenase in both 
Arabidopsis and tobacco (Nicotiana tabacum) plants confer salt tolerance, thereby 
maintaining normal growth and development when subjected to high level of salt 
stress (Binzel et al. 1988; Thomas et al. 1995). Pinitol is accumulated within the 
plant cell when the plant is subjected to salinity stress. The biosynthetic pathway 
consists of two major steps, methylation of myo-inositol, which results in formation 
of an intermediate compound, ononitol, which undergoes epimerization to form 
pinitol. Inositol methyl transferase enzyme encoded by imt gene plays major role in 
the synthesis of pinitol. Transformation of imt gene in plants shows a result similar 
to that observed in the case of mltd gene. Thus it can be said that pinitol also plays 
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a significant role in stress alleviation. Accumulation of polyols, either straight-chain 
metabolites such as mannitol and sorbitol or cyclic polyols such as myo-inositol and 
its methylated derivatives, is correlated with tolerance to drought and/or salinity, 
based on polyol distribution in many species, including microbes, plants, and ani-
mals (Bohnert et al. 1995). Accumulations of carbohydrates such as sugars (e.g., 
glucose, fructose, fructans, and trehalose) and starch occur under salt stress (Parida 
et  al. 2004). The major role played by these carbohydrates in stress mitigation 
involves osmoprotection, carbon storage, and scavenging of reactive oxygen spe-
cies. It was observed that salt stress increases the level of reducing sugars (sucrose 
and fructans) within the cell in a number of plants belonging to different species 
(Kerepesi and Galiba 2000). Besides being a carbohydrate reserve, trehalose accu-
mulation protects organisms against several physical and chemical stresses includ-
ing salinity stress. They play an osmoprotective role in physiological responses 
(Ahmad et al. 2013). Sucrose content was found to increase in tomato (Solanum 
lycopersicum) under salinity due to increased activity of sucrose phosphate syn-
thase (Gao et al. 1998). Sugar content, during salinity stress, has been reported to 
both increase and decrease in various rice genotype (Alamgir and Ali 1999). In rice 
roots it has been observed that starch content decreased in response to salinity while 
it remained fairly unchanged in the shoot. Decrease in starch content and increase 
in reducing and non-reducing sugar content were noted in leaves of Bruguiera par-
viflora (Parida et al. 2004).

5.2.3  Antioxidant Regulation of Salinity Tolerance

Abiotic and biotic stress in living organisms, including plants, can cause chloro-
plasts and mitochondria to overflow, deregulate or even disrupt electron transport 
chains. Under these conditions, molecular oxygen (O2) acts as an electron accepter, 
which results in ROS accumulation. Single oxygen (O2), hydroxyl radical (OH−), 
superoxide radical (O2−) and hydrogen peroxide (H2O2) are all highly oxidizing 
compounds and thus potentially harmful to the integrity of cells (Groß et al. 2013). 
Antioxidant metabolism, including antioxidant enzymes and non-enzymatic 
compounds, play a key role in the detoxification of salinity stress-induced 
ROS.  Salinity tolerance is positively correlated with the activity of antioxidant 
enzymes, such as superoxide dismutase (SOD), catalase (CAT), glutathione 
peroxidise (GPX), ascorbate peroxidase (APX), and glutathione reductase (GR) and 
with the accumulation of nonenzymatic antioxidant compounds (Asada 1999; 
Gupta et al. 2005). Gill et al. (2013) and Tuteja et al. (2013) have recently reported 
a couple of helicase proteins (e.g., DESD-box helicase and OsSUV3 dual helicase) 
functioning in plant salinity tolerance by improving/maintaining photosynthesis 
and antioxidant machinery. Kim et al. (2013) showed that the application of silicone 
(Si) to the root zone of rice influenced hormonal and antioxidant responses to 
salinity stress. The results showed that Si treatments increased the growth of rice 
plants significantly compared to salinity stress controls. Si treatments reduced the 
accumulation of sodium resulting in low electrolytic leakage and lipid peroxidation 
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compared to salinity stress control plants. In control plants, the response to enzy-
matic antioxidants (catalase, peroxidase and polyphenol oxidase) was more pro-
nounced than in Si-treated plants under stress of salinity. Anthocyanin is a flavonoid 
whose accumulation has been largely documented in plants exposed to salt stress. 
Van Oosten et al. (2013) isolated the anthocyanin-impairedresponse-1 (air1) mutant 
that is unable to accumulate anthocyanins under salt stress. The air1 mutant showed 
a defect in anthocyanin production in response to salt stress but not to other stresses 
such as high light, low phosphorous, high temperature, or drought stress. This speci-
ficity indicated that air1 mutation did not affect anthocyanin biosynthesis but rather 
its regulation in response to salt stress. The discovery and characterization of AIR1 
opens avenues to dissect the connections between abiotic stress and accumulation of 
antioxidants in the form of flavonoids and anthocyanins. Ascorbate is one of the 
major antioxidants present within the cell. Pea plants grown under saline (150 mM 
NaCl) stress showed an enhancement of both APX activity and Snitrosylated APX, 
as well as an increase of H2O2, NO, and S-nitrosothiol (SNO) content that can jus-
tify the induction of the APX activity. Proteomic data have shown that APX is one of 
the potential targets of PTMs mediated by NO−derived molecules (Begara-Morales 
et  al. 2014). Using recombinant pea cytosolic APX, the impact of peroxynitrite 
(ONOO−) and S-nitrosoglutathione (GSNO), which are known to mediate protein 
nitration and S-nitrosylation processes, respectively, was analysed. While peroxyni-
trite inhibits APX activity, GSNO enhances its enzymatic activity. The results pro-
vide new insight into the molecular mechanism of the regulation of APX, which can 
be both inactivated by irreversible nitration and activated by reversible S-nitrosylation 
(Begara-Morales et  al. 2014). Exogenous application of ascorbate mitigates the 
adverse effects of salinity stress in various plant species and promotes plant recovery 
from the stress (Agarwal and Shaheen 2007; Munir and Aftab 2011). Another anti-
oxidant in stress mitigation is glutathione, which can react with superoxide radical, 
hydroxyl radical, and hydrogen peroxide, thereby functioning as a free radical scav-
enger. It can also participate in the regeneration of ascorbate via ascorbate-glutathi-
one cycle (Foyer et  al. 1997). When applied exogenously glutathione helped to 
maintain plasma membrane permeability and cell viability during salinity stress in 
Allium cepa (Aly-Salama and Al-Mutawa 2009). Application of glutathione and 
ascorbate was found to be effective in increasing the height of the plant, branch num-
ber, fresh and dry weight of herbs and flowers, and the content of carbohydrates, 
phenols, xanthophylls pigment, and mineral ion content when subjected to saline 
condition (Rawia Eid et al. 2011). Many studies have found differences in levels of 
expression or activity of antioxidant enzymes; these differences are sometimes asso-
ciated with the more tolerant genotype and sometimes with the more sensitive geno-
type. Munns and Tester (2008) suggested that differences in antioxidant activity 
between genotypes may be due to genotypic differences in degrees of stomatal clo-
sure or other responses that alter the rate of CO2 fixation and differences that lead to 
processes that avoid photoinhibition and for which the plant has an abundant capac-
ity (Munns and Tester 2008). In their recent review, Roy et al. (2014) argued that 
plants have three main features that help them adapt to salinity stress: ion exclusion, 
tissue tolerance and salinity tolerance. Antioxidants appear to play a role in the 
mechanism of tissue and salinity tolerance.

5.2 Mechanism of Salt Tolerance in Plants
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5.2.4  Roles of Polyamines in Salinity Tolerance

Polyamines (PA) are small, low molecular weight, all encompassing, polycationic 
aliphatic molecules widely distributed throughout the plant kingdom. Polyamines 
play a variety of roles in normal growth and development, such as the regulation of 
cell proliferation, somatic embryogenesis, differentiation and morphogenesis, 
tubers and seed germination, flowers and fruit development, and senescence (Panicot 
et al. 2002; Knott et al. 2007; Gupta et al. 2013a, b). It also plays a crucial role in 
the tolerance of abiotic stress, including salinity, and polyamine levels are correlated 
with stress tolerance in plants (Kovacs et al. 2010). The PA biosynthetic pathway 
has been thoroughly investigated in many organisms including plants and has been 
reviewed in details (Rambla et  al. 2010). PUT is the smallest polyamine and is 
synthesised from either ornithine or arginine by the action of enzyme ornithine 
decarboxylase (ODC) and arginine decarboxylase (ADC), respectively 
(Hasanuzzaman et al. 2014). N-carbamoyl-putrescine is converted to PUT by the 
enzyme N-carbamoyl-putrescine aminohydrolase (Alcazar et al. 2010). The PUT 
thus formed functions as a primary substrate for higher polyamines such as SPD and 
SPM biosynthesis. The triamine SPD and tetramine SPM are synthesized by 
successive addition of aminopropyl group to PUT and SPD, respectively, by the 
enzymes spermidine synthase (SPDS) and spermine synthase (SPMS) (Alcazar 
et al. 2006). ODC pathway is the most common pathway for synthesis of polyamine 
found in plants. Most of the genes involved in the ODC pathway have been identified 
and cloned. However there are some plants where ODC pathway is absent; for 
instance in Arabidopsis polyamines are synthesized via ADC pathway (Kusano 
et al. 2007). All the genes involved in polyamine biosynthesis pathways have been 
identified from different plant species including Arabidopsis (Ge et  al. 2006). 
Polyamine biosynthesis pathway in Arabidopsisinvolves six major enzymes: ADC 
encoding genes (ADC1 and ADC2); SPDS (SPDS1 and SPDS2) and SAMDC 
(SAMDC1, SAMDC2, SAMDC3, SAMDC4) (Hanzawa et  al. 2002). On the 
contrary SPM synthase, thermospermine synthase, agmatine iminohydrolase and 
N-carbamoylputrescine amidohydrolase are represented by single genes only 
(Urano et  al. 2004). When the plant is exposed to salinity stress, an increase in 
endogenous polyamine levels has been reported. Polyamine catabolism regulates 
the level of intracellular polyamine. Polyamines are oxidatively catabolized by 
amine oxidases, including copper binding diamine oxidases and FAD binding 
polyamine oxidases. These enzymes play an important role in the tolerance of stress 
(Takahashi and Kakehi 2010). Changes in the level of cellular polyamine due to 
stress may have effects on stress, but do not demonstrate their role in counteracting 
stress. To understand, therefore, whether polyamines actually protect cells from 
damage caused by stress, the exogenous use of polyamines, which is expected to 
increase endogenous polyamine, has been investigated before or during stress. 
Application of exogenous polyamine has been found to increases the level of 
endogenous polyamine during stress; the positive effects of polyamines have been 
associated with the maintenance of membrane integrity, regulation of gene 
expression for the synthesis of osmotically active solutes, reduction in ROS 
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production, and controlling accumulation of Na+ and Cl− ion in different organs 
(Roychoudhury et al. 2011). It was observed that plant deficient in ADC1 and ADC2 
is hypersensitive to stress (Hussain et al. 2011). In Arabidopsis, expression of ADC 
and SPMS increases when exposed to salinity stress, whereas mutants of polyamine 
biosynthetic genes show sensitivity to salinity (Yamaguchi et  al. 2006). 
Overproduction of PUT, SPD, and SPM in rice, tobacco, and Arabidopsis enhances 
salt tolerance (Roy and Wu 2002). Salt stress regulates polyamine biosynthesis and 
catabolism by acting as a cellular signal in hormonal pathways thereby regulating 
abscisic acid (ABA) in response to stress (Shevyakova et al. 2013). Additionally, 
SPM and SPD are regarded as potent inducers of NO an important signaling 
molecule (Moschou et  al. 2008a, b) and its involvement in salinity tolerance is 
discussed below. It has been reported that exogenous application of polyamines 
could alleviate salt-induced reduction in photosynthetic efficiency, but this effect 
depends on polyamine concentration and types and level of stress (Duan et  al. 
2008). When the seedling of Sorghum bicolor treated with 0.25  mM SPM is 
subjected to salt stress it shows improvement in growth and partial increase in the 
activity of peroxidase and glutathione reductase enzyme with a concomitant 
decrease in the level of membrane lipid peroxidation (Chai et al. 2010). Li et al. 
(2013) performed 2-DE gel electrophoresis and MALDITOF/TOF MS with 
cytosolic proteins to understand the effect of exogenous SPD on proteomic changes 
under normal and NaCl stress of 3  days old cucumber seedling leaves. Many 
changes were observed in the levels of proteins involved in energy and metabolic 
pathways, protein metabolic, stress defense, and other functional proteins. They 
observed that increased salt tolerance by exogenous SPD would contribute to higher 
expressions of proteins involved in the SAMs metabolism, protein biosynthesis, and 
defense mechanisms on antioxidant and detoxification. Li et al. (2013) also argued 
that the regulation of Calvin cycle, protein folding assembly, and the inhibition of 
protein proteolysis by SPD might play important roles in salt tolerance.

5.2.5  Roles of Nitric Oxide in Salinity Tolerance

Nitric oxide (NO) is a small volatile gaseous molecule, which is involved in the 
regulation of various plant growth and developmental processes, such as root 
growth, respiration, stomata closure, flowering, cell death, seed germination and 
stress responses, as well as a stress signalling molecule (Zhao et  al. 2009). NO 
directly or indirectly triggers expression of many redox-regulated genes. NO reacts 
with lipid radicals thus preventing lipid oxidation, exerting a protective effect by 
scavenging superoxide radical and formation of peroxynitrite that can be neutralised 
by other cellular processes. It also helps in the activation of antioxidant enzymes 
(SOD, CAT, GPX, APX, and GR). Exogenous NO application has been found to 
play roles in stress mitigation (Hossain et al. 2010), but the effects depend on NO 
concentration. Exogenous application of sodium nitroprusside (SNP), a NO donor, 
on Lupinus luteus seedlings subjected to salt stress enhanced seed germination and 
root growth. Seed germination was promoted at concentrations between 0.1 and 
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800 𝜇M SNP in a dose-dependent manner. The stimulation was most pronounced 
after 18 and 24 h and ceased after 48 h of imbibition. The promoting effect of NO 
on seed germination persisted even in the presence of heavy metals (Pb and Cd) and 
NaCl. Kopyra and Gwóźdź (2003) further showed that the pretreatment of L. luteus 
seedlings for 24 h with 10 𝜇M SNP resulted in efficient reduction of the detrimental 
effect of the abiotic stressors on root growth and morphology. Pretreatment of maize 
seedlings with 100 𝜇M SNP increases dry matter of roots and shoots under salinity 
stress; however, when the concentration of SNP was increased to 1000 𝜇M shoot 
and root dry weight decreased (Zhang et al. 2006). Thus, this experiment highlighted 
both the protective effects of low NO concentration and the toxic effect of high NO 
concentration on plants. The positive effects of NO on salinity tolerance or stress 
mitigation have been attributed to antioxidant activities and modulation of ROS 
detoxification system. Improved plant growth under salinity stress by exogenous 
application of NO was associated with increases in antioxidant enzymes such as 
SOD, CAT, GPX, APX, and GR and suppression of malondialdehyde (MDA) 
production or lipid peroxidation. Effects of NO on salinity tolerance are also related 
to its regulation of plasma membrane H+-ATPase and Na+/K+ ratio (Bajgu 2014). 
NO stimulates H+-ATPase (H+-PPase), thereby producing a H+ gradient and offering 
the force for Na+/H+ exchange. Such an increase of Na+/H+ exchange may contribute 
to K+ and Na+ homeostasis (Zhang et al. 2006). Although NO acts as a signal mol-
ecule under salt stress and induces salt resistance by increasing PM H+-ATPase 
activity, research results from Zhang et  al. (2007) with calluses from Populus 
euphratica also indicated NO cannot activate purified PM H+-ATPase activity, at 
least in vitro. They initially hypothesized ABA or H2O2 might be downstream signal 
molecules to regulate the activity of PM H+-ATPase. Further results indicated H2O2 
content increased greatly under salt stress. Since H2O2 might be the candidate 
downstream signal molecule, Zhang et al. (2007) tested PM H+-ATPase activity and 
K to Na ratio in calluses by adding H2O2. The results suggested that H2O2inducing 
an increased PM H+-ATPase activity resulted in an increased K to Na ratio leading 
to NaCl stress adaptation.

5.2.6  Hormone Regulation of Salinity Tolerance

ABA is an important phytohormone whose application to plant ameliorates the 
effect of stress condition(s). It has long been recognized as a hormone, which is 
unregulated due to soil water deficit around the root. Salinity stress causes osmotic 
stress and water deficit, increasing the production of ABA in shoots and roots (Cabot 
et al. 2009). The accumulation of ABA can mitigate the inhibitory effect of salinity 
on photosynthesis, growth, and translocation of assimilates (Jeschke et al. 1997). 
The positive relationship between ABA accumulation and salinity tolerance has 
been at least partially attributed to the accumulation of K+, Ca2+ and compatible 
solutes, such as proline and sugars, in vacuoles of roots, which counteract with the 
uptake of Na+ and Cl− (Gurmani et  al. 2011). ABA is a vital cellular signal that 
modulates the expression of a number of salt and water deficit-responsive genes. 
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Fukuda and Tanaka (2006) demonstrated the effects of ABA on the expression of 
two genes, HVP1 and HVP10, for vacuolar H+-inorganic pyrophosphatase, and of 
HvVHA-A, for the catalytic subunit (subunit A) of vacuolar H+-ATPase in Hordeum 
vulgare under salinity stress. ABA treatment in wheat induced the expression of 
MAPK4-like, TIP 1, and GLP 1 genes under salinity stress (Keskin et al. 2010). 
Some other compounds having hormonal properties, such as salicylic acid (SA) and 
brassinosteroids (BR), also participate in plant abiotic stress responses (Fragnire 
et al. 2011). Under salinity stress endogenous level of SA increased along with the 
increase in the activity of salicylic acid biosynthetic enzyme in rice seedling 
(Sawada et al. 2006). Jayakannan et al. (2013) have recently shown that SA improves 
salinity tolerance in Arabidopsis by restoring membrane potential and preventing 
salt-induced K+ loss via a guard cell outward rectifying K+ (GORK) channel. 
Arabidopsis seedling pretreated with SA showed up regulation of H+-ATPase 
activity, thereby improving K+ retention during salt stress; SA pretreatment did not 
prevent accumulation of Na+ in roots but somehow helped to reduce the concentration 
of accumulated Na+ in the shoot (Jayakannan et al. 2013). The application of SA 
also promoted salinity tolerance in barley, as manifested by increases in the content 
of chlorophyll and carotenoid and maintaining membrane integrity, which was 
associated with more K+ and soluble sugar accumulation in the root under saline 
condition (El-Tayeb, 2005). Nazar et  al. (2011) have argued that SA alleviates 
decreases in photosynthesis under salt stress by enhancing nitrogen and sulfur 
assimilation and antioxidant metabolism differentially in mung bean cultivars. The 
negative effects of salinity may also be mitigated by BR (El-Mashad and Mohamed 
2012). Application of BR enhanced the activity of antioxidant enzymes (SOD, 
POX, APX, and GPX) and the accumulation of nonenzymatic antioxidant 
compounds (tocopherol, ascorbate, and reduced glutathione) (El-Mashad and 
Mohamed 2012). Both BRs and SA are ubiquitous in the plant kingdom, affecting 
plant growth and development in many different ways, and are known to improve 
plant stress tolerance. Ashraf et al. (2010) have reviewed and discussed the current 
knowledge and possible applications of BRs and SA that could be used to mitigate 
the harmful effects of salt stress in plants. They have also discussed the roles of 
exogenous applications of BRs and SA in the regulation of various biochemical and 
physiological processes leading to improved salt tolerance in plants.

5.3  Diversity in Germplasm Pool: Abiotic Stress 
Management

Producing sufficient food for the growing population is a major challenge, with 
climate change emerging as an additional threat to the food security and livelihood 
of millions of people (Abberton et al. 2016). Achieving significant yield gains in 
staple crops is essential because rising demand requires a twofold increase in crop 
production by 2050 (Tilman et al. 2011). The increasing frequency of droughts and 
heat stress is impacting crop productivity (Lesk et  al. 2016), and the increased 
frequency and severity of flooding events may cause yield loss in regions such as 
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Asia, where prolonged flooding of rice fields already substantially reduces yields 
(Mackill et al. 2012). In order to meet the challenges of increasing demand in a 
changing climate, new and improved crop cultivars must be produced more quickly. 
The main components of human diet and animal feed are cereals and grain legumes. 
Grain legumes also enrich nitrogen soil and improve the texture of the soil for other 
crops (Graham and Vance 2003). The discovery of semidwarfing genes has led to a 
sharp increase in yields in rice and wheat production worldwide (Trethowan et al. 
2007). However, dependence on a narrow range of elite cultivars has likely resulted 
in some negative effects on the productivity of agroecosystems (Dwivedi et  al. 
2016), although this assumption is present.

More recent evidence also suggests that productivity of major food crops is 
either stagnating or not increasing at the rate needed to ensure food security (Ortiz 
2015). Accelerated progress in plant breeding is required to better harness crop 
genetic resources and produce higher-yielding, climate-resilient cultivars. As the 
methods to assess functional diversity in crops have become more sophisticated 
during the last 100  years, our understanding of the mechanisms underlying this 
diversity has grown. Functional diversity refers to a component of biodiversity 
related to what organisms do in communities and ecosystems (Petchey and Gaston 
2006). The decreasing cost of highthroughput DNA sequencing has facilitated the 
recent rise of genome-wide methods such as genotyping by sequencing (Scheben 
et  al. 2017a) for assessing functional diversity of crops using single nucleotide 
polymorphisms (SNPs) (Huang and Han 2014). Common targets of breeding are 
yield-related traits such as abiotic stress tolerance, pest resistance and flowering 
time. The potential yield gains are substantial, considering that abiotic stress can 
reduce average yields of major crops by 50% (Bray et al. 2000) and pests can cause 
26–40% yield losses. The assessment and use of functional diversity in flowering 
time control pathways is also important for yield, especially as crop development 
control can improve adaptation to the predicted impact of climate change. The 
genomics era led to a rapid increase in sequence data capturing the genetic diversity 
underlying heritable target characteristics in elite cultivars, land breeds and wild 
relatives of crops. Although more than 100 plant genomes were already available in 
2015 (Michael and VanBuren 2015), more than half of which were crops, the 
functions of the vast majority of plant genes remain unknown (Rhee and Mutwil 
2014). Powerful and high-performance forward and reverse genetic techniques are 
needed to help clarify these unknown gene functions in order to support targeted 
breeding. Genetic mapping approaches also play an important role in the association 
of phenotypic genomic regions. Vast improvements in our understanding of the 
functional knowledge of crop genomes are an important prerequisite for targeted 
approaches to genome editing to access new breeding programs to diversity often 
limited by the natural diversity found in germplasm resources  (Scheben et  al. 
2017b). It is necessary to understand and shape the functional diversity of crops 
using genomic technologies will be necessary to ensure continuing yield increases 
to keep pace with growing global food demand.
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5.3.1  Plant Architecture and Edible Yield in Cereals

Domestication and subsequent artificial selection by humans has dramatically 
changed plant architecture, phenology and components of grain yield in many 
cereals, largely to address agronomic needs and to adapt the crops to various stress- 
prone environments. Candidate genes and SNPs associated with crop phenology, 
plant architecture, and yield-attributing traits are known in cereals. Several unique 
candidate gene regions related to plant growth and development and grain yield 
have been identified in maize (Farfan et al. 2015). Bouchet et al. (2017) found 34 
and 6 QTL for individual or combinatorial trait combinations in maize, respectively. 
They identified a QTL cluster in a 5 Mb region around Tb1 associated with tiller 
number and ear row number. The latter was positively correlated with flowering 
(days to anthesis for male and female flowering and anthesis to silking interval 
measured in days) and negatively correlated to grain yield. Kn1 and ZmNIP1 have 
been identified as candidate genes for tillering, along with ZCN8 for leaf number 
and Rubisco Activase 1 for kernel weight. A more upright leaf in maize has been 
shown to be influenced by variation in liguleless genes (Tian et al. 2011). A large 
GWAS study in rice detected 42 significant genotype– phenotype associations for 
plant morphology, grain quality, and root architecture traits, which in most cases 
were co-localized with QTL and candidate genes controlling the phenotypic 
variation of single or multiple traits (Biscarini et al. 2016). Several SNPs in rice 
were associated with plant and panicle architecture, biomass and yield (Rebolledo 
et al. 2016), while candidate genes in pathways regulating plant architecture overlap 
with QTL associated with panicle architecture traits (Rebolledo et  al. 2016). In 
wheat, candidate genes associated with SNPs were involved in carbohydrate 
metabolism, floral fertility, spike morphology and grain number, providing valuable 
targets for selection (Guo et  al. 2016). Significant marker-trait associations also 
provided insight into genetic architecture of flowering, plant height and grain weight 
in barley (Pasam et al. 2012). Individual QTL accounted, however, only for a small 
portion of phenotypic variation. In sorghum, several SNPs were associated with 
plant and inflorescence architecture traits, with many located within previously 
mapped QTL (Zhao et  al. 2016). Candidate genes KS3 (associated with seed 
number) and GA2ox5 (associated with plant height) were also reported (Zhao et al. 
2016). A QTL with a major effect corresponded to the priori known photoperiod 
response gene Ppd-H1 (Maurer et al. 2015).

5.3.2  Abiotic Stress Adaptation in Soybean

Multiple SNPs are reported to be associated with tolerance to drought and heat 
stress in soybean. Dhanapal et al. (2015) reported 39 SNPs associated with carbon 
isotope ratio (δ 13C), which is a surrogate trait to measure water use efficiency. The 
genomic distribution of these SNPs revealed that several are co-located and likely 
tag the same locus, suggesting that markers for δ 13C can be identified in soybean 
using GWAS. Dhanapal et al. (2016) reported 52 unique SNPs for total chlorophyll 
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content tagged on 27 loci across 16 chromosomes. While many of these putative 
loci were near genes previously identified or annotated as related to chlorophyll 
traits (Hao et  al. 2012), numerous SNPs marked chromosomal regions with 
unknownfunction genes. Under abiotic stress conditions, non-photochemical 
quenching (NPQ) protects plants from heat when more light is absorbed than 
photosynthesis can be used (Li et al. 2009). The reflectance of the canopy measured 
as a photochemical reflection index (PRI), suitable for high-performance field 
phenotyping, is a substitute for the measurement of NPQ (Gamon et  al. 1992). 
Thirty-one PRI-specific SNPs may provide an opportunity to improve photosynthesis 
in soybean in 15 loci on 11 chromosome-harboring candidate genes associated with 
NPQ, photosynthesis and sugar transport (Herritt et al. 2016).

5.3.3  Abiotic Stress Adaptation in Cereals

Cereal crops have been extensively investigated for SNPs and candidate genes asso-
ciated with abiotic stress adaptation. Ethylene levels have been linked to yield pen-
alty under heat stress in wheat, largely due to reduction in spike fertility and grain 
weight (Hays et al. 2007). Valluru et al. (2017) reported 5 and 32 significant SNPs 
associated with spike ethylene, and 22 and 142 significant SNPs associated with 
spike dry weight, in greenhouse and field studies, respectively. Some of these SNPs 
are close to SNPs associated with plant height, suggesting associations between 
plant height and spike related traits. This opens the possibility of gene discovery and 
breeding of wheat Aegilops tauschii has potential as an excellent source of abiotic 
stress tolerance. Qin et al. (2016) reported 25 SNPs and several putative candidate 
genes (enzyme, storage protein, and drought-induced protein) associated with 
drought adaptation, while Liu et al. (2015) found 13 SNPs and putative candidate 
genes related to P-deficiency tolerance. A major Al-tolerance gene SbMATE on 
chromosome 3 has been shown to be associated with grain yield in sorghum, where 
SbMATE specific SNPs under –P conditions contributed up to 16% genotypic vari-
ance (Leiser et al. 2014). Forty-eight genomic regions associated with Al tolerance 
were reported in rice, four of which co-localized with a priori known candidate 
genes, and two co-located with previously identified QTL (Famoso et al. 2011). In 
barley, a genomic region on chromosome 2H was associated with grain yield under 
heat stress, a region on chr 7H with grain yield, and a region on chr 4H and chr 7H 
with elevated CO2 under two factor treatments (high temperature and elevated CO2). 
None of the SNPs associated with single factor treatments were retrieved under two 
factor treatments, thus emphasizing the importance of multifactor treatments 
(Ingvordsen et al. 2015). Genic SNPs associated with environmental variations (but 
independent of geographical location) predicted genotype × environment interac-
tions for drought stress and aluminum toxicity in sorghum (Lasky et  al. 2015). 
Wissuwa et al. (2015) reported several SNP loci associated with phosphorus use 
efficiency (PUE) in rice on chromosomes 1, 4, 11, and 12. A minor indica-specific 
haplotype on chromosome 1 and a rare aus-specific haplotype on chromosome 11 
displayed the highest PUE, and could have potential for targeted introgression while 
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breeding for rice under P-limited cropping systems. Emerging evidence suggests 
that responses to stress combinations cannot be reliably predicted from the responses 
to individual stresses (Makumburage et al. 2013). An integrated approach is there-
fore needed to model the genetics of responses to a range of single and combined 
stresses. For example, association analysis report QTL with contrasting and with 
similar responses to biotic versus abiotic stresses, and below-ground versus above-
ground stresses. There is a need to conduct multi- trait GWAS to identify robust 
candidate genes for multiple stresses (Thoen et  al. 2016). The proliferation of 
genome wide association analyses has led to identification of candidate loci (often 
co-located with major QTLs or candidate genes) associated with abiotic stress adap-
tation, phenology and plant architecture, and edible yield. The identification of such 
loci can facilitate genomics-assisted breeding in cereal and legumes.

5.4  Integrated Metabolome Analysis for Abiotic Stress 
Management

Environmental stresses such as stresses on biotics and abiotics are serious threats to 
agricultural production (Lobell et  al. 2014). Abiotic stresses such as drought, 
salinity, cold, high light/UV-B, heat, air pollution, heavy metals, mechanical wounds 
and nutritional deficiencies (Vickers et al. 2009) lead to a global reduction in crops, 
leading to global economic costs(Suzuki et al. 2014). To understand and improve 
the stress responses and tolerances of crops, researchers have focused on the 
perception of signals, transcriptional regulation and expression of functional 
proteins in plants’ stress response mechanisms against abiotic stress (Hirayama and 
Shinozaki 2010). In addition, posttranslational, posttranscriptional and epigenetic 
regulations have been studied. The accumulation of small molecules with 
antioxidative activity in vitro has often been discussed with respect to the role they 
play in mitigating the accumulation of reactive oxygen species (ROS) induced by 
abiotic stresses. This discussion has progressed under the conjecture that the 
reaction in  vitro may occur in  vivo. Integrated ‘omics’ analysis centered on 
metabolomics (integrated metabolomics) can be a powerful technique to identify 
the functions of genes involved in the metabolic processes of plants (Saito 2013). 
Analytical methodologies for narrowing down potential genes and identifying their 
functions are relatively mature; transcriptome coexpression analysis and (un) 
targeted analysis in metabolomics using mutant lines have become commonplace 
(Saito et al. 2008). 

The development of aerobic organisms, including plants, depended on the devel-
opment of effective mechanisms to mitigate the damage of highly reactive and toxic 
ROS caused by abiotic stress, i.e. singlet oxygen, radicals of anion superoxide, 
hydrogen peroxide (H2O2), and hydroxyl radicals (OH) (Mittler et al. 2004). Since 
plant cells and organelles containing them (e.g. chloroplasts, peroxisomes, cytosol, 
mitochondria and vacuoles) are exposed to ROS (Miller et al. 2010), plants have 
developed two different biological processes to cope with ROS: Prevention or 
prevention of ROS formation and scavenging of ROS by enzymatic and 
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non- enzymatic processes, such as the accumulation of low-enzymatic processes, 
such as accumulation of low-enzymatic processes.

Ascorbic acid (AsA), glutathione (GSH), a-tocopherols, amino acids (e.g. pro-
line (Signorelli et al. 2014), sugars (Nishizawa et al. 2008), carotenoids (Havaux 
2014) and quinic acid derivatives (e.g. chlorogenic acid (Niggeweg et al. 2004) are 
antioxidants presumed to function in planta; however, it is unclear why plants 
produce such a wide variety of antioxidants. Along with the accumulation of 
metabolites exhibiting antioxidative activity, abiotic stresses also induce the 
production of various kinds of specialized metabolites. Of these, it has also been 
suggested that saponins (Okubo and Yoshiki 2000), glucosinolates (Natella et al. 
2014), phenolamides (Velikova et  al. 2007), phenylpropanoids (Shahidi and 
Chandrasekara 2010) and flavonoids (Agati et al. 2012) act as antioxidants in vivo 
on the basis of their in vitro antioxidative activity.

5.4.1  Integrated Metabolomics Experimentally Identifies 
Flavonoids as Antioxidants in Planta

Flavonoids that are common in the plant kingdom (Tohge et al. 2013) are responsive 
to almost all abiotic stresses. Given that flavonoid aglycones (e.g. phenylchroman- 
based and flavilium-based structures) generally exhibit antioxidative activity 
in  vitro, flavonoids are assumed to function as antioxidants in  vivo. It has been 
suggested that there is a spatio-temporal correlation between flavonoid accumulation 
and oxidative stress (Hernandez et al. 2009). In comparisons of natural varieties and 
mutant lines, integrated metabolomics is useful for identifying the functions of 
genes performing the biosynthesis of target specialized metabolites. The utilization 
of single gene knock-out/knock-down lines and overexpressing lines clarify the 
correlation between gene expression and metabolite accumulation, enabling the 
identification of the gene’s function in the integrated analysis oftranscriptomic and 
metabolomic data Saito et  al. 2013). These genetic lines can be also used in 
identifying the in vivo functions of target metabolites by investigating the phenotypes 
of plants. Recently, the antioxidative function of flavonoidsin planta was 
experimentally identified using a series of transgenic and mutant Arabidopsis lines 
(Nakabayashi et al. 2014). Wild-type Col-0 (Columbia-0), single overexpressors of 
MYB12/PFG1 (Production of flavonol glycosides1) or MYB75/PAP1 (Production 
of anthocyanin pigment1), double overexpressors of MYB12 and PAP1, and 
flavonoid-deficient MYB12 or PAP1 overexpressing lines — obtained by crossing 
tt4 (transparent testa4) and the individual MYB overexpressor — were subjected to 
an extensive integrated analysis using transcriptomics, hormonomics and 
metabolomics. This study excluded the possible effects of the overexpression of the 
MYBs, the expression of stress-related genes, and the alteration of phytohormones 
and additional metabolites other than flavonoids on enhancing stress tolerances. The 
enhanced stress tolerance in this report was solely due to the antioxidative chemical 
character of over accumulated flavonoids. It is inferred that the flavonoid 
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accumulation in accordance with abiotic stress exposure is a late response imple-
mented to protect plants (Kusano et al. 2011).

5.4.2   Role of Flavonoids in the Vacuole

The hypothetical insights regarding the role of antioxidative metabolites, particu-
larly flavonoids, may be further extended to understanding their role in the vacuole. 
H2O2 in the cytosol can easily enter into the vacuole (Bolouri-Moghaddam et al. 
2010). H2O2-dependent class III peroxidase near the inner side of tonoplasts cata-
lyzes the reaction that converts H2O2 to OH, which is known to react with almost all 
metabolites. AsA and GSH present in the vacuole (e.g. 4.19 mM AsA in Catharanthus 
roseus (Ferreres et al. 2011) and 0.03–0.70 mM GSH in Arabidopsis are general 
scavengers of H2O2 and OH (Queval et  al. 2011). In addition, sugars and water- 
soluble specialized metabolites that are stored in the vacuole are utilized as important 
antioxidants in plants (Peshev et al. 2013). The in vitro research on the OH-scavenging 
capacity indicates that sugars and water-soluble specialized metabolites may play a 
role in radical reactions occurring near the inner side of the tonoplast and in the 
vacuolar rumen (Peshev et  al. 2013). Interestingly, in Arabidopsis, the over 
accumulation of galactinol and raffinose, which are abiotic stress-responsive 
vacuole components (Obata and Fernie 2012) and display OH-scavenging activity 
in vitro, enhanced oxidative stress tolerance in vivo (Keunen et al. 2013). It has been 
hypothesized that flavonoids mediate the previously unknown key role of the 
vacuole in maintaining cellular H2O2 homeostasis despite the concentration of 
H2O2 in the vacuole being much lower than in other cell components (Agati et al. 
2012). It is estimated that the concentration of rutin (100 mM) in the vacuole is 
capable of reducing H2O2 at a rate of 0.045 mM s1, which is close to the rate of H2O2 
generation. Specialized metabolites in the vacuole have been partially qualified and 
quantified — 1.39 mM total chlorogenic acid (caffeoyl quinic acids) and 1.57 mM 
total phenolics in C. roseus (Ferreres et al. 2011) — suggesting that these highly 
accumulated compounds play an ROS-mitigating role in the vacuole. Reports of the 
in  vitro antioxidative activity of chlorogenic acid, flavonol glycosides, and 
anthocyanins against H2O2 and OH also suggest their role as antioxidants in the 
vacuole (Bi et al. 2014).

5.4.2.1  Chemical Challenges
Metabolomics can theoretically qualify and quantify vacuole metabolites at the 
same time. Recently, metabolomic profiling using gas chromatography-mass 
spectrometry (GC-MS) and liquid chromatography-mass spectrometry (LC-MS) 
enabled the simultaneous detection of 259 putative metabolites in barley vacuoles 
(Hordeum vulgare), including primary and specialized metabolites (Tohge et  al. 
2011). The metabolic dynamism between vacuolar and extravacuolar compartments 
was determined by a study using isolated vacuoles using the giant cells in algae 
Chara australis (Oikawa and Saito 2012). These research studies show that the 
vacuole metabolome can be characterized by combining metabolomics with 
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state-of  - the-art technologies and gain further insights into its functionality. 
However, they also indicate the difficulties associated with the qualification and 
quantification of the metabolome, in particular with regard to specialized metabolites, 
since, due to the specialization of their metabolites, reference materials (i.e. standard 
compounds or MS/MS spectra) are often not available for chemical assignment. 
Metabolomic strategies are improved in order to assign putative structural 
information to detected metabolites using a combination of retention times, exact 
masses, UV spectra and MS/MS patterns of known metabolites, according to the 
guidelines of the alphanumeric metrics of identification (Sumner et al. 2014), the 
plant science community (Fernie et  al. 2011) or the Metabolomics Standards 
Initiative (MSI) (Sumner et  al. 2007). According to levels 1 and 2 of the MSI 
guideline, chemically assigned metabolites are often used in integrated metabolomics 
studies. For unknown metabolites, MS/MS, UV and isotope analysis are performed 
to characterize metabolite features such as substructure, metabolite group or 
elemental composition. Utilizing the patterns of electrospray ionization-based MS/
MS spectra on known metabolites in the positive and negative ion modes allows the 
chemical assignment of unknown metabolites (Morreel et  al. 2014). The large 
amount of data on flavonoid Oglycosides (Afendi et al. 2012), flavone C-glycosides 
(Yang et  al. 2014), phenolamides (Handrick et  al. 2010), saponins (Pollier et  al. 
2011) and glucosinolates (Bottcher et al. 2008) yield a certain pattern of MS/MS 
fragmentation for each group of compounds. Characteristic UV spectra distinguish 
these metabolite groups (Oleszek 2002). Applying the information of exact mass 
and natural abundance to isotopes also allows the chemical assignment of elemental 
composition to unknown metabolites. Using the differences in exact mass and 
natural abundance of 32S and 34S, S-containing metabolites were profiled in 
Arabidopsis (Glaser et al. 2014) and onion (Allium cepa) (Nakabayashi et al. 2013). 
The unambiguous elemental compositions determined using the sulfur and carbon 
numbers in stable isotope labeling is powerful information that can be utilized in 
further experiments on chemical assignment. The precise information concerning 
the generally accepted metabolites assignments can be the precursor of their 
isolation and structure identification/elucidation to obtain standard compounds for 
quantification and qualification using general or recent technologies (Nakabayashi 
et al. 2013). So far, metabolomics-oriented and phytochemical genomics oriented 
studies have revealed 78 metabolites in Arabidopsis and rice (Oryza sativa) 
(Yonekura-Sakakibara et al. 2014). Recently, the preparative LC–MS and LC–solid 
phase extraction– nuclear magnetic resonance–MS (LC–SPE–NMR–MS) systems 
have been made available for high-throughput analysis (Sturm and Seger 2012). 
The combination of empirical and computational approaches is expected to 
streamline the identification of metabolite structures (Nakabayashi et al. 2013).

5.4.2.2  Biological Challenge
Genome sequencing using next-generation sequencers is a great promise for the 
generation of biosynthesis and vacuolar metabolite roles of mutants. For the 
manipulation of primary and specialized metabolisms, gene expression and genome 
engineering technologies have recently been available. Virus-induced gene silencing 
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techniques (VIGS) are used for biosynthetic gene mutants that define the metabolic 
pathways of g-aminobutyric acid in tomatoes (Solanum lycopersicum) (Bao et al. 
2014) and vindoline in C. Besseau et al. 2013). Transcription-like effector nuclease 
(TALEN) technology has been used to disrupt a biosynthetic cholesterol gene, sterol 
side chain reductase 2, in potatoes (Solanum tuberosum) (Sawai et  al. 2014). In 
plants and crops, the clustered regularly interspaced short palindromic repeat 
(CRISPR) /CRISPR-related protein 9 (Cas9) technology (Belhaj et al. 2013) was 
used to edit the tt4 gene in Arabidopsis (Mao et al. 2013). In primary and specialized 
metabolisms, fusion proteins consisting of nuclease dead Cas9 and activator/
repressor domains are expected to regulate targeted gene expression (Mahfouz et al. 
2014). To identify the roles of not only flavonoids in the vacuole, but also other 
specialized metabolites, a series of mutants are required. Moreover, consideration 
of the evolution of the path would result in increasingly interesting information, 
especially with regard to gene clusters of certain specialized metabolites (Nutzmann 
and Osbourn 2014).

5.5  Plant Metabolites and Abiotic Stress Tolerance

Responses to environmental stresses alter the metabolism of plants in a variety of 
ways, including the production of compatible solutes (e.g., proline, raffinose and 
glycine betaine), which can stabilize proteins and cellular structures or maintain cell 
turgor by osmotic adjustment, and redox metabolism to remove excess levels of 
ROS and restore the balance of cell redox(Janska et  al. 2010). Glycine betaine 
improves stress tolerance caused by chilling, frost, salt, drought and high levels of 
light (Chalker-Scott 2002). Under different adverse environmental conditions, non- 
protein amino acid c-amino butyric acid (GABA) rapidly accumulates to high levels 
(Kinnersley and Turano 2000). In many plant species, proline accumulates due to 
various environmental stresses, including drought, high salinity and heavy metals 
(Kavi-Kishor et al. 2005). Flavonoids are one of the largest classes of plant phenolics 
that carry out various functions in plant systems, including pigmentation, defense 
and scavenging ROS as antioxidants (Harborne and Williams 2000). In particular, 
the response to UV light stress tends to increase flavonoids (Lavola et al. 2000). In 
this section, the role of plant metabolites with particular reference to secondary 
compounds during abiotic stress tolerance is presented in the published literature.

5.5.1  Drought Stress

Tolerant plants initiate defense mechanisms against water shortages to deal with 
drought (Chaves and Oliveira 2004). Plants show a variety of physiological and 
biochemical responses to the prevailing drought stress at the cellular and whole 
organism levels (Farooq et al. 2009). These mechanisms include osmotic adjustment 
by accumulation of compatible solutes such as proline, betaine glycine, polyols, 
sugar alcohols and soluble sugars (mannitol, sorbitol, sucrose, fructans, glutamate 
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and oligosaccharides). Plants have also developed enzymatic antioxidant systems to 
cope with the stress of drought and to prevent oxidative damage. Low-molecular 
osmolytes, including glycine betaine, proline and other amino acids, organic acids 
and polyols, are essential for cellular functions under drought. Plant growth 
substances such as salicylic acid, auxins, gibberellins, cytokininine and ABA 
modulate the response to drought in plants. Polyamines, citrulline and several 
enzymes act as antioxidants and reduce water deficit adverse effects (Chaves and 
Oliveira 2004).

5.5.2  Salt Stress

Salinity is one of the most important abiotic factors in many arid and semi-arid 
environments around the world limiting productivity (Msanne et al. 2011). A major 
threat to global food security is soil salinity. Up to 20% of the irrigated land of the 
world, which produces a third of the world’s food, is affected by salt. In addition, 
salinity stress is a major worldwide problem for the soil ecosystem (Sima et  al. 
2009). Plants respond to these stresses through various biochemical and physiological 
processes, including reduced stomatological performance, carbon fixation and 
efficiency of light harvesting mechanisms, cell growth repression, and increased 
respiration and accumulation of osmolytes and proteins involved in stress tolerance 
(Szabados and Savoure 2010). Plants must synthesize compatible organic solutes 
such as proline, glycine betaine, trehalose, sorbitol, mannitol, pinitol and sucrose in 
cytosol to combat osmotic stress imposed by high salinity (Liang et al. 2008). In 
order to counteract the negative effects of salinity stress, plants have developed 
stress management strategies involving antioxidants such as ascorbic acid, 
glutathione, vitamin E, flavonoids, carotenoids(Ahmed 2009) and antioxidant 
enzymes, such as SOD, CAT, guaiacol peroxidase, APX, monodehydroascorbate 
peroxidase, and dehydroascorbate peroxidase (Arora et al. 2002). Exogenous use of 
ascorbic acid has been reported to mitigate the effect of salinity in different crops. 
Proline is considered to act as an osmolyte, a ROS scavenger and a molecular 
chaperone that stabilizes the protein structure, thereby protecting cells against 
damage caused by salt stress(Hale and Orcutt 1987).

5.5.3  Temperature Stress

Plant temperature stress can be divided into the effects of high-temperature, chilling 
and freezing damage caused by temperature (Arora et al. 2002). Temperature is an 
important factor in the survival of living organisms, and when water, the biological 
solvent, freezes to ice, living species face significant challenges. High-temperature 
stress is often associated with reduced water availability under field conditions. 
Increased heat stress leads to overproduction of various organic and inorganic 
osmolytes and accumulation. These osmolytes protect plants against stress by 
cellular osmotic adjustment, ROS detoxification, biological membrane protection 
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and enzyme/protein stabilization (Verbruggen and Hermans 2008). The production 
of ROS, causing oxidative damage to cells and tissues, is one of the main effects of 
heat stress (Simoes-Araujo et  al. 2003). The production of phenolic compounds 
such as flavonoids and phenylpropanoids is caused by high temperature stress 
(Morrison and Stewart 2002). Similarly, the accumulation of soluble sugars under 
heat stress in sugarcane has been reported, which has a significant impact on heat 
tolerance. Heat stress disturbed the relationship between leaf water and the 
conductivity of the root (Morales et al. 2003). HSPs are exclusively involved in the 
response to heat stress. The expression of stress proteins is an important adaptation 
to the stress of the environment. In addition, other proteins such as glycine betaine, 
an amphoteric quaternary amine, play an important role in high-temperature plants 
as compatible solutes (Sakamoto and Murata 2002). GABA acts as a compatible 
solution, among other osmolytes. Anthocyanins, a subclass of flavonoid compounds, 
are highly modulated by high temperatures in plant tissues (Shaked-Sachray et al. 
2002).

5.5.4  Cold Stress

Cold stress affects plant growth and development adversely. Most temperate plants 
gain freezing tolerance through a cold acclimation process (Thomashow 1999). 
Low temperature stress causes the accumulation of phenolic compounds that protect 
chilled tissues from damage caused by free oxidative stress induced by radicals. 
Cold stress also increases the amount of water-soluble phenolics and their subsequent 
incorporation into the cell wall as suberin or lignin (Ippolito et  al. 1997). Many 
researchers report the effects of low temperature on phenolic metabolism and have 
shown that under chill stress, phenolic metabolism is improved. The accumulation 
of sucrose and other simple sugars caused by cold acclimation also helps to stabilize 
the membrane and protects the membranes against freezing damage (Ippolito et al. 
1997). Fructans reduce the freezing point during cold stress due to their high 
concentration in vacuoles, contributing to the change in osmotic potential and 
increasing plant resistance (Van den Ende et al. 2002). The accumulation of fructane 
in non-freezing conditions (cold acclimatization) was usually correlated with an 
increase in freezing tolerance (Pontis 1989). Freezing tolerance is the ability to 
withstand the formation of extracellular ice and prevent intracellular ice. 
Extracellular freezing results in freezing dehydration due to the removal of water 
from the cytoplasm to the growing ice crystals. As freeze-dehydration continues, the 
content of the cells is increasingly concentrated (Levitt 1980).

5.5.5  Chilling Stress

Chilling (low but non-freezing temperature) is one of the world’s most severe abi-
otic stress factors that restrict plant growth and productivity. In addition to ultra-
structural changes, chilling also leads to a series of physiological, biochemical and 
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molecular changes, such as photosystem I photo inhibition (Kudoh and Sonoike 
2002) and increased accumulation of hydrogen peroxide (H2O2) in chilled 
leaves(Zhou et al. 2004). Endogenous phytohormones, including ABA (Anderson 
et  al. 1994), as well as polyamines and their biosynthetic or responsive genes 
(Moschou et al. 2008a, b), have been modulated in order to allow plants to adapt to 
chilling stress. In addition, the expression of some cold-regulated genes is one of the 
most successful strategies developed by plants to adapt to chilling stresses. In chill-
ing stress, polyamines are involved (Moschou et al. 2008a, b). Zhang et al. (2009) 
reported on the effect of treatment with chilling on cucumber polyamines. The sper-
midine content in leaves increased markedly in cucumber during chilling. Chilling 
damage in response to cold may be prevented by the accumulation of polyamine 
(He et al. 2002). In addition, agmantine and putrescine have also been reported in 
seedlings of Pringlea antiscorbutica (Hummel et al. 2004).
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