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Preface 

This book aims to bring out a comprehensive collection of scientific research on 
different plants under drought and salt stress conditions. The main focus of this book 
is to elaborate the mechanisms operative in plants under stress and how various 
biological factors mitigate the adverse effects for better plant productivity. This book 
covers all physiological, biochemical, and molecular mechanisms operating under 
drought and saline stresses. The current status and impact of drought and salinity on 
various crop plants have been elaborated in different chapters. Agricultural lands are 
either turning barren or becoming more saline and drought prone with increasing 
temperatures, decreasing water tables, untimely rainfall, and other environmental 
factors. In India, salt-affected soils occupy an area of about 6.73 million ha of which 
saline and sodic soils constitute roughly 40% and 60%, respectively. All these 
factors, individually or cumulatively, ultimately affect plant growth and develop-
ment, thus impacting crop productivity and causing monetary loss. The inbuilt 
plant’s ability with modified/acclimatized mechanisms has been described in various 
chapters with stepwise descriptions. The role of various plant growth-promoting 
agents including nano-particles, micro-organisms, metabolites, or phytohormones in 
mitigating the adverse effects of drought and salinity has been explained precisely. 
The authors have briefly compiled updated information on the use of speed breeding, 
proteomics, epigenetics, and transcriptomics in different crops along with high-
throughput technologies with the cross talk of various network mechanisms. 

This book will be helpful for readers in knowing salinity and drought at physio-
logical, biochemical and genetic molecular levels to understand plant behavior under 
stress conditions. The authors, being plant physiologists, have wonderfully explored 
the plant’s mechanisms operative under stress conditions from which students may 
cultivate new information on new ideas by relating the current requirement of plant 
research. National and international agricultural scientists, as well as policy makers, 
will also find this to be a useful read for understanding the plant system under 
stressful environments.
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vi Preface

All the authors have made efforts to present the information in a well-structured 
way to elaborate the concepts in an easy way. This book focuses on the area of future 
research, driving us all towards new developments in the changing climate scenario. 
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Occurrence of Salinity and Drought 
Stresses: Status, Impact, and Management 1 
Pooja Gupta Soni, Nirmalendu Basak, Arvind Kumar Rai, 
Parul Sundha, Priyanka Chandra, and Rajender Kumar Yadav 

The world’s population is expected to reach nine billion by 2050 (FAO 2009), and 
the climate is also changing. Abiotic and biotic stresses are the major challenges in 
crop production worldwide, and climate change will likely lead to more severe 
abiotic and biotic stress conditions (Cobb et al. 2013). By the year 2050, 50% of 
all arable lands will be consequently threatened by global climate changes, low water 
availability, and salinization (Wang et al. 2003). Salinity and drought are the most 
severe abiotic stresses that threaten crop productivity worldwide (Guo et al. 2014). 
Drought is expected to increase in frequency and severity in the future due to climate 
change, mainly due to decreases in regional precipitation but also because of 
increasing evaporation driven by global warming (Lobell et al. 2008). Drought 
affects more than 10% of arable land, causing desertification, especially in arid 
and semiarid areas, while salinization is rapidly increasing on a global scale, 
declining average yields for most major crops (Bray et al. 2000). Soil salinization 
is one of the severe forms of soil degradation, which can arise from natural causes 
and human-mediated activity, such as irrigation in arid and semiarid regions 
(Rengasamy et al. 2010). 

Water stress is found to be the most important limiting factor controlling primary 
production in terrestrial environments. Water stress is a limited water supply to plant 
roots, which reduces plants’ transpiration rate. It is mainly caused by water deficit as 
a result of drought conditions or soil salinity. The effects of drought in agriculture are 
aggravated due to the depletion of water resources and the increased food demand
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from an alarming world population growth (O’Connell 2017). Drought is one of the 
most common environmental stresses affecting plant growth and development and is 
a challenge to agricultural researchers. Water comprises about 80–95% of the fresh 
biomass of the plant body and plays a vital role in various physiological processes, 
including many aspects of plant growth, development, and metabolism (Brodersen 
et al. 2019; Abbasi and Abbasi 2010). The drought’s unpredictable nature depends 
upon various factors, such as uneven and erratic distribution of rainfall, high 
evapotranspiration demand, and low water-holding capacity around the rhizosphere 
(Passioura and Angus 2010; Devincentis 2020). Water stress numerously affects 
plants’ growth and development. These changes depend on the severity, duration, 
and time course of water stress (Bradford and Hsiao 1982). Drought stress often 
induces stomatal closure that restricts the diffusion of CO2 into the leaf or is due to 
non-stomatal limitations, which leads to a decrease of carbon assimilation and other 
processes of photosynthesis (Ashraf and Harris 2013; Guan et al. 2015; Paul et al. 
2016).
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More than 800 million ha of land worldwide are salt-affected, which has impor-
tant consequences for the productivity of crops. Salinity is major stress limiting the 
increase in the demand for food crops. More than 20% of cultivated land worldwide 
(~about 45 ha) is affected by salt stress, and the amount is increasing day by day. 
Increased soil salt concentrations decrease the ability of plants to take up water 
leading to apparent water limitation or can lead to the accumulation of salt in the 
shoots, which negatively affects growth by impairing metabolic processes and 
decreasing photosynthetic efficiency, partly through stomatal closure (Flowers and 
Yeo 1995; Maser et al. 2002; Munns 2002; Roy et al. 2014). Salinity affects almost 
all aspects of plant development, including germination, vegetative growth and 
reproductive development, and decreasing water and nutrient uptake 
(Akbarimoghaddam et al. 2011; Singh and Chatrath 2001). Salinity can affect 
plant functions via two main mechanisms (Munns and James 2003; Munns and 
Tester 2008; Arzani and Ashraf 2016): (1) via inducing external osmotic pressure 
around the roots in the soil, which decreases the uptake of water leading to 
symptoms similar to those caused by drought, and (2) via toxic effect of salt ions, 
mostly Na+ and Cl-, which accumulate in the plant tissues, mostly in the leaves. Soil 
salinity is known to repress plant growth through osmotic stress, which is then 
followed by ion toxicity (James et al. 2011; Rahnama et al. 2010). During the initial 
phases of salinity stress, the water absorption capacity of root systems decreases, and 
water loss from leaves is accelerated due to the osmotic stress of high salt accumu-
lation in soil and plants, and therefore salinity stress is also considered hyperosmotic 
stress. 

Within an agricultural context, drought is a prolonged period of deficient precipi-
tation that negatively impacts crop growth or yield. An increasingly warming climate 
is expected to intensify the frequency and severity of drought in the near future. As a 
consequence of the ongoing global climate changes, low water availability and 
salinization are expected to affect up to 50% of all arable lands by the year 2050 
(Wang et al. 2003), which will hamper efforts to meet the dramatically increasing 
demand for food predicted by the same year (Cobb et al. 2013). Salinity affects



almost all aspects of plant development, including germination, vegetative growth, 
and reproductive development. Soil salinity imposes ion toxicity, osmotic stress, 
nutrient (N, Ca, K, P, Fe, Zn) deficiency, and oxidative stress on plants, thus limiting 
water uptake from soil. The adverse effects of salinity on plant development are 
more profound during the reproductive phase. Therefore, it is necessary to improve 
management techniques to reduce the damage caused by drought and salinity. These 
management strategies are being useful for stress management in arid and semiarid 
climates. 
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1.1 Impact of Drought and Salinity 

1.1.1 Drought 

Drought, or lack of or insufficient rain for an extended period, causes a considerable 
hydrologic (water) imbalance and, consequently, water shortages, stream flow 
reduction, groundwater depletion, soil moisture, and crop damage. It occurs when 
evaporation and transpiration (water movement in the soil through plants into the air) 
exceed precipitation for a considerable period. Drought is the most severe physical 
hazard to agriculture in nearly every part of the world. Drought is expected to 
increase in frequency and severity in the future due to climate change, mainly due 
to decreases in regional precipitation but also because of increasing evaporation 
driven by global warming (Lobell et al. 2008). Several factors can cause plant water 
deficit, including inadequate precipitation, high evaporative demand, decreased 
groundwater level, and water retention by soil particles (Gimenez et al. 2005; 
Salehi-Lisar and Bakhshayeshan-Agdam 2016). Three main mechanisms that reduce 
crop yield by soil water deficit include (1) reduced canopy absorption of photosyn-
thetically active radiation, (2) decrease in radiation use efficiency, and (3) reduced 
harvest index (Earl and Davis 2003). 

1.1.1.1 Plant Growth and Development 
Drought stress is a limiting factor that alters plant growth and development aspects. 
The qualitative and quantitative attributes of plant growth result from interactive 
phenomena among genetic, physiological, ecological, and morphological 
characteristics under drought conditions (Wang et al. 2003; Farooq et al. 2009). 
Drought events limit plant performances in different developmental stages. Seed 
germination is the primary aspect of growth sensitive to drought stress. Germination 
is one of the most sensitive plant growth stages to water deficit (Farooq et al. 2009). 
Drought delays germination onset (El-Midaoui et al. 2001) with a substantial 
decrease in sunflower germination (Sajjan et al. 1999). Ample soil moisture is 
required to initiate the germination process. Imbibition by seeds is the first step, 
which depends on the water potential gradient between seed and soil. Any decrease 
in soil water potential causes a linear decline in seed germination (Wen 2015). 

Water scarcity outbreaks are due to the occurrence of less or the absence of 
rainfall resulting in low soil moisture content and low water potential in aerial parts



of the plant, such as leaves and stems (Ristvey et al. 2019). A decrease in growth rate 
under drought could be attributed to the inhibition of cell elongation because the 
water flow is interrupted from the xylem to the surrounding cells (Nonami 1998). 
Furthermore, shoot growth seemed to be more adversely affected than root growth 
(Bassiri et al. 1977). The soil moisture stress causes a decrease in seed germination, 
shoot length, fresh and dry weights of seedlings, shoot and root dry matter, and 
relative growth rate in safflower (Hojati et al. 2011). The roots strive to uptake more 
water through their expansion, which ultimately adapts plants to minimize stomatal 
water loss when there is a water deficit (Martínez-Vilalta and Garcia-Forner 2017). 
Typical drought stress symptoms in plants include leaf rolling, stunning plants, 
yellowing leaves, leaf scorching, and permanent wilting (Corso et al. 2020). More-
over, plant response to a given water deficit is strongly dependent on the previous 
occurrence and intensity of other drought stress events (Adnan et al. 2020; Battaglia 
et al. 2020; Hafez et al. 2015) and the presence of other stresses (Thomason and 
Battaglia 2020). 
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Water stress results in a decrease in the photosynthetic assimilation of carbon 
dioxide. This decrease is due to two reasons. First, the restricted diffusion of carbon 
dioxide in the leaf is due to the stomatal closure, and second, carbon dioxide 
metabolism is inhibited due to water stress. Experiments conducted on cowpea 
show that the decrease in carbon dioxide assimilation due to water stress is mainly 
due to stomatal closure, which reduces internal carbon dioxide and restricts water 
loss through transpiration (Souza et al. 2004). Drought stress after germination has 
systematic effect on growth with a reduction of water potential, relative water 
contents (Ünyayar et al. 2004), and turgor of plant cells (Benlloch-González et al. 
2015), which elevates the concentration of solutes in the cytosol. These changes 
decrease cell elongation, thus leading to growth inhibition (Lisar et al. 2012). 
Growth inhibition is followed by less carbon assimilation, imbalanced mineral 
nutrition, and accumulation of abscisic acid (ABA), which causes wilting of plants 
(Farooq et al. 2012; Lisar et al. 2012). The adverse effects of drought stress on 
mineral nutrition and metabolism result in reduced leaf area and disruption of 
assimilate partitioning. 

1.1.1.2 Plant Water Relations 
Certain factors influence water relations, including the leaf water potential, leaf and 
canopy temperature, transpiration rate, and stomatal conductance. Exposure to 
drought stress disturbs all these factors in plants. However, stomatal conductance 
is most affected (Farooq et al. 2009). The increase in stomatal resistance reduces the 
rate of transpiration and, therefore, leads to an increase in leaf temperature because 
the process of transpiration is the crucial mechanism that controls leaf temperature 
(Arbona et al. 2013; Sapeta et al. 2013). Water potential is considered a reliable 
indicator of plants’ response to water stress and decreases the water loss through 
stomata, which maintain the turgor pressure (Siddique et al. 2000; Terzi and 
Kadioglu 2006; Bayoumi et al. 2008). Plant water potential (PWP) and turgor are 
decreased under water-limited conditions; thus, plants cannot function correctly 
under these conditions (Zlatev and Lidon 2012; Osakabe et al. 2014; Zare et al.



2011). Drought stress decreases the water supply to the xylem, which reduces an 
adequate nutrient supply to the phloem, thus resulting in lower water potential. The 
relative water content (RWC) is decreased in the initial consequence of drought 
stress (Farooq et al. 2009). The lower RWC reflects substantial reductions of leaf 
water potential, which lead to the closing of stomata. A significant reduction in the 
leaf water potential and transpiration rate was observed under drought conditions, 
ultimately increasing the leaf and canopy temperature (Turner et al. 2001). The 
higher leaf temperature denatures various proteins and enzymes and reduces mem-
brane permeability, and resultantly, multiple facets of plant metabolism are affected. 
These changes are the main reasons for the disturbance in photosynthesis, respira-
tion, mineral nutrition, and synthesis of proteins and amino acids (Sapeta et al. 2013; 
Tiwari and Yadav 2020). 
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In summary, drought stress decreases the water supply to the xylem which 
decreases an adequate nutrient supply to the phloem, thus resulting in lower water 
potential. However, huge variability exists among different genotypes for 
maintaining water potential mainly due to the ability of water absorption and root 
system. A decrease in leaf water potential may provoke osmotic adjustment, which 
helps maintain leaf hydration at low leaf water potential. Leaf relative water content 
and leaf water potential in plants were affected by water deficit. 

1.1.1.3 Mineral Uptake and Assimilation 
Drought stress decreases transpiration rates and impairs active transport and mem-
brane permeability, reducing crop plants’ absorbing power (Kramer and Boyer 
1995). Thus, the nutrient transport from root to shoot is restricted due to the weak 
absorbing power of the crop plants under drought stress. Drought stress also reduces 
the nutrient uptake by the roots and their translocation in the plant due to low 
transpiration rates, diminished active transport, and impaired membrane permeabil-
ity (Hu and Schmidhalter 1998). Drought stresses significantly impacts the nutrient 
relations of plants. Many essential nutrients, including nitrogen, silicon, magnesium, 
and calcium, are uptaken by roots along with water; the drought conditions limit the 
movement of these nutrients via diffusion and mass, which leads to retarded plant 
growth (Barber 1995). Plants increase roots’ length and surface area and change their 
architecture to capture less mobile nutrients (Lynch and Brown 2001). The soil 
moisture deficit at times reduces the growth of the roots and, hence, reduces the 
uptake of less mobile nutrients such as phosphorus (Garg 2003). Drought stress 
reduces soil N mineralization, which ultimately lowers N availability. A decreased 
transpiration due to drought stress is the other factor that lowers N transport from 
roots to the shoots (Tanguilig et al. 1987). The P uptake is hampered under moisture 
deficit conditions (Pinkerton and Simpson 1986). The primary reason for reduced P 
uptake is the restricted translocation of P to shoots, even under mild drought stress 
(Resnik 1970). The N and K utilization under drought stress at different growth 
stages is influenced by several factors, including physiochemical characteristics of 
the soil, duration, and intensity of drought relative to phenology, and the organism’s 
evolutionary history (Killingbeck 2004; Silla and Escudero 2006).
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The stomatal closure is hampered by lower K supply because of loss of epidermal 
cell turgidity (Rahbarian et al. 2011) as stomatal closure needs back pressure exerted 
by fully turgid epidermal pavement cells, whereas the K accumulation is responsible 
for the required pressure (Roelfsema and Hedrich 2002; Habibi 2013). Root-microbe 
interactions also play an essential role in the nutrient relations of a plant. The 
impaired carbon and oxygen flux to the nodules and N accumulation under drought 
stress inhibited the N-fixing ability of certain legumes (Ladrera et al. 2007). The 
composition and activity of the soil microbial colonies are negatively affected by the 
soil water deficit, which eventually disturbs the plant nutrient relations (Schimel 
et al. 2007). In conclusion, drought significantly reduces mineral uptake and disturbs 
nutrient balances (Gunes et al. 2008). Nutrient imbalances ultimately seriously affect 
various growth and developmental processes. However, plant species and genotypes 
within species vary in their response to water deficit stress in this regard (Garg 2003). 

1.1.2 Salinity 

Salinity is the primary environmental stress source that restricts agricultural produc-
tivity and sustainability in arid and semiarid regions by reducing the germination rate 
and delaying germination and subsequent seedling establishment. Salt negatively 
affects crop production worldwide. Crops exhibit a spectrum of responses under salt 
stress. Salinity not only decreases the agricultural production of most crops but also 
affects soil physicochemical properties and the ecological balance of the area. The 
saline condition causes many adverse effects on plant growth due to the low osmotic 
potential of the soil solution (osmotic stress), specific ion effects (salt stress), 
nutritional imbalances, or a combination of these factors (Ashraf 2004). All these 
factors cause adverse effects on plant growth and development. Salinity affects 
almost all aspects of plant development, including germination, vegetative growth, 
and reproductive development. Soil salinity imposes ion toxicity, osmotic stress, 
nutrient (N, Ca, K, P, Fe, Zn) deficiency, and oxidative stress on plants, thus limiting 
water uptake from the soil. This number could be increased in the future due to 
increased land salinization due to contaminated artificial irrigation, climate change, 
and unsuitable land management. Salinity is a significant stress responsible for the 
inhibition of seed germination or reduction in germination percentage and a delay in 
crop germination time. 

1.1.2.1 Plant Growth and Development 
Salinity is the most important abiotic stress that inhibits growth and productivity of 
crops, and it is one of the world’s primitive and most widely distributed environ-
mental challenges. Salinity is defined as the presence of an excessive concentration 
of soluble salts in the soil which suppresses plant growth (Zaki 2011). The drastic 
effect of salt stress can be seen in terms of yield loss. The primary effects related to 
crop yield can be germination, which either decreases or sometimes ceases under 
extreme saline conditions. Soil salinity has an overall detrimental impact on plants’ 
health. High levels of soil salinity can significantly inhibit seed germination and



seedling growth, due to high osmotic potential outside the seed inhibiting the 
absorption of water or the toxic effect of Na+ and Cl- (Khajeh-Hosseini et al. 
2003). Salt stress had adverse effects on the functioning and metabolism of plants 
considerably hindering the productivity (Khan and Srivastava 1998). Salinity has 
diverse outcome on plants; for example, salt in the soil solution diminishes the 
accessibility of water to the roots, and the salt reserved in the plant will rise to toxic 
effect in several tissues of plants (Munns et al. 1995). Plant growth depends on 
photosynthesis; therefore, environmental stresses affecting growth also affect pho-
tosynthesis (Taiz and Zeiger 1998). Iyengar and Reddy (1996) attributed decreases 
in photosynthetic rate as a result of salinity to a number of factors: dehydration of 
cell membranes which reduces their permeability to CO2. High salt concentration in 
soil and water creates high osmotic potential which reduces the availability of water 
to plants. A decrease in water potential causes osmotic stress, which reversibly 
inactivates photosynthetic electron transport via the shrinkage of intercellular 
space. Salt toxicity is caused particularly by Na+ and Cl-. According to Banuls 
et al. (1990), Cl inhibits photosynthetic rate through its inhibition of NO3-N uptake 
by the roots. Stomata closing reduces the CO2 supply. The reduction in stomatal 
conductance results in restricted availability of CO2 for carboxylation reactions 
(Brugnoli and Bjorkman 1992). Iyengar and Reddy (1996) reported that stomatal 
closure minimizes loss of water by transpiration, and this affects chloroplast light 
harvesting and energy conversion systems, thus leading to alteration in chloroplast 
activity. 
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1.1.2.2 Effects on Plant Water Uptake 
Salinity is an important environmental factor that can severely inhibit plant growth 
and agricultural productivity. In addition to the toxic effects of the sodium and 
chloride ions, salinity disturbs the plant’s water relations due to decreased availabil-
ity of water from soil solution due to lowered osmotic potential (Munns 2005). Root 
is the primary site for plants to uptake water. Root hydraulic conductance represents 
water uptake capacity and mainly depends on the driving force, root anatomy, and 
root water permeability (Steudle 2000; Sutka et al. 2011). Osmotic stress is the first 
stress experienced when a plant is exposed to saline soil; it immediately influences 
plant growth (Horie et al. 2011). One of the primary responses of plants to osmotic 
stress is a decrease in root hydraulic conductance (Lp) (Boursiac et al. 2005). High 
concentrations of salt in solution result in increased osmotic stress, which limits 
water absorption by the plant and in turn affects leaf water content, stomatal 
conductance (gs), leaf growth, and photosynthesis (Boursiac et al. 2005; Munns 
and Tester 2008). High concentrations of salts outside the roots result in increased 
osmotic stress, which induces root water uptake difficulties, causing leaf water 
imbalance and ultimately reducing plant growth (Boursiac et al. 2005; Munns and 
Tester 2008). 

Salinity has a dual effect on plant growth via an osmotic effect on plant water 
uptake and specific ion toxicities. Osmotic stress and ionic toxicity both affect all 
major plant processes (Yadav et al. 2011). Plants are able to take up water and 
essential minerals because they have a higher water pressure than the soil under



normal conditions. When salt stress occurs, the osmotic pressure of the soil solution 
is greater than that in plant cells. Thus, the plant cannot get enough water (Kader and 
Lindberg 2010). By decreasing the osmotic potential of the soil solution, plant access 
to soil water is decreased, because of the decrease in total soil water potential. As the 
soil dries, the concentration of salt in the soil solution increases, further decreasing 
the osmotic potential. In order to maintain water uptake from a saline soil, plants 
must osmotically adjust. When plants are exposed to osmotic stress, their immediate 
response is to close the stomata to decrease the transpiration rate and thereby to 
reduce water loss (Cornic 2000). The closure of the stomata also reduces CO2 

fixation and decreases the photosynthetic rate. In order for plant growth to continue, 
however, the plant must maintain an optimal stomata aperture. Due to salt stress, 
cells will have decreased turgor and its stomata will close to conserve water. 
Stomatal closing can lead to less carbon fixation and the production of reactive 
oxygen species (ROS) such as superoxide and singlet oxygen. Reactive Oxygen 
Species disrupt cell processes through damage to lipids, proteins, and nucleic acids 
(Parida and Das 2005). 
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The osmotic and ionic stress induced by salinity can halt plant growth as the plant 
focuses its energy on conserving water and improving ionic balance. With the 
reduction in water potential gradient between soil and plant under soil moisture 
deficit conditions, the uptake capacity of roots becomes limiting. Root hydraulic 
conductivity decreases under drought, limiting roots’ water uptake capacity from the 
soil (Zhu et al. 2021). Aquaporin controls the root hydraulic conductivity, and 
generally under moisture deficit condition, the expression of genes coding for 
aquaporin is downregulated, which ultimately lowers down the root water uptake 
capacity (Mukarram et al. 2021). Under stress, due to continuous transpiration loss 
and lower soil moisture, the xylem cavitation gradually increases which ultimately 
reduces the hydraulic conductance in plants and blocks the water movements in the 
plant (Mukarram et al. 2021). 

1.1.2.3 Effect on Mineral Uptake, Nutrient Imbalance, and Specific Ion 
Toxicity 

Plants absorb nutrients from the soil through water, which provides a medium for 
nutrients to move within the soil matrix and from soil to plants. Soil moisture deficit 
condition decreases the nutrient uptake from soil. The reduction in nutrient uptake 
may attribute to a decrease in the nutrient supply through mineralization, reduction 
in diffusion, and mass flow of nutrients in the soils (Bista et al. 2018). The kinetics of 
nutrient uptake by the roots also reduced the rate of nutrient uptake under drought 
stress (Luo et al. 2018). The reduced translocation of nutrients from root to shoot 
also contributes to a reduction in the nutrient status of different plant parts (Luo et al. 
2018). The microbial growth in the rhizosphere is also affected under deficit soil 
moisture, which ultimately affects the nutrient uptake by roots (Karlowsky et al. 
2018). 

Salt accumulation in the root zone causes the development of osmotic stress and 
disrupts cell ion homeostasis by inducing both the inhibition in uptake of essential 
elements such as K+ ,  Ca2+ , and NO3

- and the accumulation of Na+ and Cl-.
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Accumulation of injurious ions may inhibit photosynthesis and protein synthesis, 
inactivate enzymes, and damage chloroplasts and other organelles (Paranychianakis 
and Chartzoulakis 2005). These effects are more critical in older leaves, as they have 
been transpiring the longest so they accumulate more ions (Munns et al. 2002). Plant 
deficiencies of several nutrients and nutritional imbalances may be caused by the 
higher concentration of Na+ and Cl- in the soil solution derived from ion competi-
tion (i.e., Na+ /Ca2+ , Na+ /K+ , Ca2+ /Mg2+ , and Cl-/NO3

- in plant tissues) (Grattan 
and Grieve 1992). Ca deficiency symptoms are common when the Na+ /Ca2+ ratio is 
high in soil water. Soil salinity significantly reduces plant phosphorus (P) uptake 
because phosphate ions precipitate with Ca ions (Bano and Fatima 2009). Some 
elements, such as sodium, chlorine, and boron, have specific toxic effects on plants. 
Excessive sodium accumulation in cell walls can rapidly lead to osmotic stress and 
cell death (Munns 2002). Plants sensitive to these elements may be affected at 
relatively low salt concentrations if the soil contains enough of the toxic element. 
Because many salts are also plant nutrients, high salt levels in the soil can upset the 
nutrient balance in the plant or interfere with the uptake of some nutrients (Blaylock 
1994). 
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Salinity has direct effects on the nutrient imbalance between soil and plant. The 
most important harmful effect of salinity is the sodium and chloride ion accumula-
tion in plant tissues and soil (Nishimura et al. 2011). High sodium ion (Na+ ) 
concentration has an antagonistic effect on potassium (K+ ) ions (Jung et al. 2009). 
Moreover, N uptake reduction by the plant has also been observed under high salt 
conditions (Abdelgadir et al. 2005). Similarly, salinity has an antagonistic effect 
on P, K+ , Zn, Fe, Ca2+ , and Mn, while it has a synergistic effect on N and Mg in field 
crops such as rice (Jung et al. 2009; Garcia et al. 2010). The entrance of sodium and 
chloride ions into the plant cell from the soil causes ion imbalance in plant and soil, 
and excessive uptake of these ions by plants causes many problems related to the 
physiology of plant tissues such as root, leaf, grain, fruit, or fiber (James et al. 2011). 
Similarly, the reduction of plant osmotic potential, excessive uptake of Na+ and Cl-

in the cell, and disruption of cell metabolic functions are due to ion toxicity (James 
et al. 2011). Excessive sodium ion in plant tissues harms the cell membrane and plant 
organelles, resulting in cell death of plant (Siringam et al. 2011). 

Ionic toxicity occurs when concentrations of salts are imbalanced inside cells and 
inhibit cellular metabolism and processes. Sodium ions at the root surface disrupt 
plant nutrition of the similar cation potassium by inhibiting both potassium uptake 
and enzymatic activities within the cell. Ion toxicity is the result of replacement of 
K+ by Na+ in biochemical reactions, and Na+ and Cl- induced conformational 
changes in proteins. For several enzymes, K+ acts as a cofactor and cannot be 
substituted by Na+ . High K+ concentration is also required for binding tRNA to 
ribosomes and thus protein synthesis (Zhu 2002). Ion toxicity and osmotic stress 
cause metabolic imbalance, which in turn leads to oxidative stress (Chinnusamy 
et al. 2006). Specific ion toxicity, which results from the excessive uptake of certain 
ions, is the primary cause of growth reduction under salt stress (Chinnusamy et al. 
2005). Toxic ions in salt-affected soils are usually sodium, chloride, and sulfate 
(Ghassemi et al. 1995; Munns and Tester 2008). Excessive sodium ion (Na+ )



accumulation causes ion toxicity and interferes with plant metabolism, while accu-
mulation of potassium ion (K+ ) can alleviate Na+ toxicity by adjusting osmotic 
potential through ion balance. Many physiological studies have demonstrated that 
Na+ toxicity is not only due to toxic effects of Na+ in the cytosol but also because K+ 

homeostasis is disrupted possibly due to the ability of Na+ to compete for K+ binding 
sites. Similarly, the reduction of plant osmotic potential, excessive uptake of Na+ and 
Cl- in the cell, and disruption of cell metabolic functions are due to ion toxicity 
(James et al. 2011). Excessive sodium ion in plant tissues harms the cell membrane 
and plant organelles, resulting in cell death of plant (Siringam et al. 2011). 
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1.2 Management Strategies 

1.2.1 Drought 

In the theory of evolution by Darwin, he describes “survival of the fittest” which 
means that a fit individual survives and others diminish. Only those crops which are 
successful under a harsh environment can withstand stress. It is crucial for crop 
scientists to develop strategies to make the crop plants fit for harsh environmental 
conditions under climate change. Various management strategies have been opted by 
different scientists in different agroclimatic regions to improve crop performance 
under drought stress. These strategies are discussed critically in the following 
section. These approaches have significant potential to overcome the drastic effects 
of drought, but their application is mostly limited to lab conditions. 

1.2.1.1 Use of Mineral Nutrients and Organic Manures 
Water stress induces a reduction in plant tissue water levels and subsequently affects 
leaf water potential, leaf elongation, leaf photosynthesis, protein synthesis, N metab-
olism, and cell membrane properties which leads to a reduction in plant productivity 
(Shangguan et al. 2000). Mineral nutrients are usually taken from soils as inorganic 
ions required for plant growth and development. Under drought conditions, nutrient 
uptake is impaired due to reduced soil moisture, leading to the slow diffusion of 
mineral nutrients from the soil to the root surface. Hence, the translocation speed to 
the leaves is also reduced. Drought induces early closure of stomata, thus reducing 
the transpiration rate, and also limits the transport of nutrients from the root to the 
shoot. Thus, drought stress reduces the availability and transport of nutrients in the 
soil matrix and plant tissues (Silva et al. 2011). However, adequate nutrition of 
plants under water deficit may improve the performance of crops. N and K are 
primary macronutrients required by plants in large amounts and govern several 
developmental processes such as photosynthesis, translocation of photosynthates 
from roots to shoots, protein synthesis, stomatal closure, water use efficiency, and 
regulation of enzymes (Salami and Saadat 2013). The application of nitrogen 
significantly improved crop performance under drought stress. N also plays a 
significant role in preventing plasma membrane damage and osmotic adjustment. 
N application under drought stress increases N, K, Ca, and glycine betaine



concentrations in leaf tissues. Drought stress enhances malondialdehyde (MDA) 
concentration in leaves, while nitrogen supplementation reduces MDA in both 
control and water-stressed plants (Saneoka et al. 2004). Under drought stress, 
nitrogen supply improves photosynthetic pigment contents and photosynthetic 
capacity by increasing leaf area (LA), enhancing photosynthetic efficiency, and 
alleviating photo-damage under water stress (Wu et al. 2008). Crops significantly 
enhance their water usage ability and help in drought resistance with phosphorus 
application (Hansel et al. 2017). Under drought stress P nutrition increases the root 
growth (Singh and Sale 1998), increases stomatal conductance and faster the nitrate 
reductase activity (Oliveira et al. 2014), leaf area and photosynthesis (Singh et al. 
2006), higher cell-membrane stability and water relations (Kang et al. 2014). 
Potassium is well-known for its osmoregulatory functions in crops. It regulates 
stomatal conductance and water uptake; the optimum K application increases 
WUE (Jatav et al. 2014). Potassium fertilization facilitates plant tolerance via 
different mechanisms such as osmotic adjustment, maintaining the activity of 
aquaporins and hence water uptake, cell elongation, promotion of root growth and 
cell membrane stability, stomatal regulation, as well as detoxification of reactive 
oxygen species resulting in improved drought stress tolerance (Wang et al. 2013). 
These nutrients enhance the tolerance against drought stress by improving protein 
synthesis, stomatal regulation, homeostasis, and osmoregulation through quenching 
the ROS (Cakmak 2005). Organic manures are another viable option that improves 
drought tolerance when applied alone or in combination with synthetic fertilizers 
(Esmaeilian et al. 2012). These manures are a beneficial source of significant 
nutrients and affect the temporal dynamics of nutrient availability through improving 
soil physicochemical properties (Paul and Beauchamp 1993). Vermicomposts have 
consistently improved seed germination, growth, and development more than 
converting mineral nutrients into more plant-available forms. Taleshi et al. (2012) 
detected that seed yield and yield components increased with the application of 
vermicomposts under water stress. 
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1.2.1.2 Seed Priming 
Drought stress exposure adversely affects plant growth and productivity via 
non-normal physiological processes. Various seed priming techniques have been 
experimented to mitigate the adverse effect of drought stress on plant performance. 
Priming is an alternative technique to overcome these limitations and serves as a 
means to boost the stress tolerance potential of plants (Sen and Puthur 2020a; 
Thomas and Puthur 2020). Seed priming is a pre-sowing seed treatment that allows 
the controlled hydration of seeds to imbibe water and go through the first stage of 
germination but does not allow radical protrusion through the seed coat (McDonald 
2000). Pre-sowing seed priming consists of priming the seeds in water with or 
without organic and inorganic salts in a controlled environment, followed by 
shade drying before sowing. The hydration process is performed using different 
techniques, e.g., immersion of seeds in water (hydropriming), osmotic solution 
(osmotic priming), chemicals (chemical priming), or hormones (hormonal priming) 
(Nawaz et al. 2013).
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Priming can improve germination by enhancing the physiological metabolism 
like the activity of alfa amylase and increase in soluble and proline contents during 
germination without involving any lag phase or activation period, which increases 
seedling vigor in normal and stress conditions (Singhal and Bose 2020). Seed 
priming helps to ameliorate drought stress by adopting several strategies such as 
early mobilization of seed food reserves, elongation of embryo cells, endosperm 
weakening, etc., which enhances the pre-germination metabolic activities resulting 
in uniform and high germination percentages (Chen and Arora 2013). Priming has a 
critical function in improving germination and growth in a variety of crops under 
various abiotic stressors (Paparella et al. 2015; Zheng et al. 2016; Hussain et al. 
2017). It activates numerous stress-responsive genes, enabling earlier germination 
and greater abiotic stress tolerance (Manonmani et al. 2014; Paparella et al. 2015; 
Wojtyla et al. 2016). Seed priming induces mild plant stress and activates stress-
responsive genes and proteins, like late embryogenesis abundant (LEAs), that 
potentially cause drought stress tolerance (Chen and Arora 2013; Sen and Puthur 
2020b; Thomas and Puthur 2020). Seed treatments prior to germination induce a 
particular physiological state called primed state, which augments several cellular 
responses (Wojtyla et al. 2016). As a result, plants are equipped to respond quickly 
to further stress exposure (Farooq et al. 2020). The seedlings emerging from primed 
seeds are characterized by early and uniform germination, and an overall enhance-
ment in various growth features can be noted in its life span (Jisha et al. 2013; Huang 
et al. 2020; Khalaki et al. 2021). 

Seed priming is an easy and non-monitoring technique that shows noticeable 
results in improving plant establishment and growth development, particularly under 
abiotic stress conditions. Therefore, seed priming can be used to ameliorate the 
negative effects of drought stress on germination, growth, and yield of crops to a 
significant extent. 

1.2.1.3 Application of Plant Antitranspirants 
Water deficit is one of the main abiotic stresses, restricting the growth and produc-
tivity of plants and causing alternations in plant physiology and biochemistry (Bakry 
et al. 2016). Nearly 95–98% of the water absorbed by the plant is lost in transpiration 
(Prakash and Ramachandran 2000; Gaballah et al. 2014). Antitranspirants are 
chemical compounds that favor reduced transpiration rates from plant leaves by 
reducing the size and number of stomata and gradually hardening them to stress 
(Ahmed and Ahmed 2014; El-Khawaga 2013). Applying plant antitranspirants is 
one of the main tools to balance leaf transpiration and water loss prevention (Goreta 
et al. 2007). It is a substance involved in increasing drought stress resistance. Foliar 
sprays markedly increase all growth parameters and relative water content and may 
reduce transpiration. Based on the mode of action, antitranspirants are classified into 
three types. The metabolic or stomata closing type such as exogenous abscisic acid 
(ABA) reduces transpiration by physiologically inducing stomatal closure 
(AbdAllah et al. 2018). The reflective class (e.g., kaolin) enhances leaf surfaces’ 
light reflectance properties to minimize leaf temperature and consequently the 
transpiration rate (Glenn 2012). The third group, called the film-forming

https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/alpha-amylase
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/proline
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/endosperm


antitranspirants (e.g. di-1-p-menthene), as used here, reduce transpiration by physi-
cally blocking stomatal pores when a spray application has dried on the leaf surface 
(Palliotti et al. 2010). Kaolin spray was found to decrease leaf temperature by 
increasing leaf reflectance and to reduce transpiration rate more than photosynthesis 
in many plant species grown at high solar radiation levels (Nakano and Uehara 
1996). Film-forming and reflecting antitranspirant were found to be nontoxic and 
have a longer period of effectiveness than metabolic types. Kaolin spray reduces leaf 
temperature through rising leaf reflectance which decreases the transpiration rate 
more than the photosynthesis of plants grown at high solar radiation levels (Nakano 
and Uehara 1996). Studies by Cantore et al. (2009) reported that on tomato and 
potato, the foliar application of kaolin suspension reduces plant stress which is 
essential for the best plant growth, yield, and quality. Water stress substantially 
impacts yield. Hence, the application of antitranspirant immediately prior to this 
stage may conserve water and improve grain set which could outweigh the photo-
synthetic limitations (Kettlewell et al. 2010). 
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1.2.1.4 Planting Density and Planting Date 
Beyond the use of water deficit, another option to increase yield is the planting 
density technique. Optimization of plant density is the main strategy for increasing 
yield. The increase in planting density should be carefully chosen so that intraspe-
cific competition does not happen and it results in the best use of available resources 
for grain growth and yield. Higher planting densities have enabled earlier canopy 
closure, which increases the season total light interception per ground area (Thornley 
1983) and also reduces soil evaporation (Richards 1991) which otherwise helps limit 
water available for transpiration that supports photosynthesis. Nielsen et al. (2002) 
and Parker et al. (2016) pointed out that too early maize planting was associated with 
potentially under-optimal soil and weather planting conditions, while too late plant-
ing exposes plants to a reduced growing season length, low temperatures, and 
low-income solar radiation. Crop dry biomass and kernel weight decrease with 
delayed planting date due to low and decreasing temperature and radiation during 
the grain filling stage (Andrade et al. 1993). 

1.2.2 Salinity 

Soil salinization is a serious land degradation problem in most coastal regions 
worldwide due to the use of saline water for irrigation (Chi et al. 2021; Huang 
et al. 2022; Sun et al. 2020). Appropriate land management is an important prereq-
uisite for improving the soil quality and productivity of saline soil (Basak et al. 
2022). There are two groups of management strategies against salinity: first one is 
natural adaptation responses toward salinity, and second are human-made manage-
ment strategies to handle the salinity stress in field crops or plants. Salinity occurs 
because of excessive accumulation of soluble salts via soil chemical properties and 
irrigated water. As a result of salinity stress and ion (Na+ and Cl) toxicity, the 
disturbance of ion imbalance occurs. The natural management strategies by the



plants to salinity stress are based on three strategies: (1) exclusion of Na+ from the 
cytoplasm due to low uptake or pumping out of the ion from the cell by active 
mechanisms, (2) requisitioning of Na+ into the vacuole, and (3) preferential accu-
mulation in the leaf tissues. Among the human-made management strategies, the 
salinity problems can manage plant growth by adopting agronomic strategies such as 
water and nutrient management to improve soil health, plant growth, and input use 
efficiency (IUE) under salinity (USSLS 1954). 
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1.2.2.1 Physical Management of Saline Soil 
1. Scraping: When soluble salt accumulates on the soil surface, scraping helps to 

remove salts. The salts accumulated on the surface can be removed by mechanical 
means. This is the simplest and most economical way to reclaim saline soils if the 
area is very small, e.g., small garden lawn or a patch in a field. This improves 
plant growth only temporarily as the salts accumulate again and again. 

2. Subsoiling: Soil in deep layers has less salt content compared to above layers. 
Subsoiling breaks the top custard soil and makes more permeable. Subsoiling is 
“deep ripping” to improve soil properties at deeper layers where a dense soil layer 
(or hard pan) exists, thereby limiting the penetration of roots and water 
infiltration. 

3. Deep plowing: Chisel plow is needed for deep plowing in order to increase the 
permeability for better leaching. 

4. Leveling: Surface leveling is to get uniform leaching entire land should be 
levelled avoiding unnecessary wastage of water. 
Flushing: Washing of surface salts by flushing water. This is especially practica-
ble for soils having a crust and low permeability. However, this is not a sound 
method of practice. 

5. Sand mixing: Permeability was very low in heavy clay soil. Applying and mixing 
sand in soil with 30–40% clay content increases the permeability and gets higher 
leaching efficiency. 

6. Leaching: When soil elements, after dissolving with water, go down from the 
upper parts to the lower level, it is called leaching. Dissolve and translocate the 
soluble salts downward below 45–60 cm. This water, along with the water supply 
to crops, takes away salts after dissolving them. That is why more water is 
required in this method. This process is mostly adopted in the dry season. The 
fields are divided into small fragments through bunding on the boundary so that 
water is conserved there, reducing the effect of salts. This salt accumulation can 
be controlled by applying water in addition to the ET water requirement of the 
crop. This extra water will usually push the salts below the root zone. The 
amounts of water required for leaching (leaching requirement—LR) can be 
calculated by standard procedures (Ayers and Westcot 1985). 
Leaching requirement: The amount of water needed to remove the excess soluble 
salts from the saline soils is called the leaching requirement or the fraction of the 
irrigation water that must be leached through the root zone or soil profile to 
control soil salinity at any specific level (salt balance):
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Leaching Requirement LRð Þ= 
ECiw 

ECdw 
= 

Ddw 

Diw 

where 
EC = electrical conductivity in dS m-1 

iw = EC of irrigation water in dS m-1 

dw = EC of drainage water in dS m-1 

Ddw = depth of drainage water in in. 
Diw = depth of irrigation water in in. 

7. Drainage: An effective and good drainage system is required to flush excess salts 
from the root zone. It requires lowering the groundwater table and effectively 
leaching salts from the root zone. “Biodrainage” is also practiced as it involves 
growing certain trees along the canal or field boundaries, of which water demand 
is very high. It controls salinity and rising water tables. 

8. Subsurface drainage: It is used to remove excess water present in the root zone. It 
brings down the water table and provides air circulation in the root zone. Tiles 
improve subsurface drainage. Besides this, tube wells are also installed in the area 
of the shallow water table to improve vertical drainage which helps in lowering 
water table. 

1.2.2.2 Chemical Method 

Gypsum Application 
Sodium content and presence of carbonate and bicarbonate of the soil increased ESP 
more than 15 or pH more than 8 (saline-sodic soil) for replacing the Na+ by Ca2+ and 
subsequent leaching of Na+ . Gypsum is primarily used on Na-affected soils as a 
source of Ca2+ ions to displace Na+ ions, which tend to disperse soil particles and 
restrict water infiltration. The resulting displaced Na+ ions are leached readily from 
the soil profile. Gypsum is a neutral salt that does not directly reduce pH. However, it 
can indirectly lower the pH of sodic soils by reducing the hydrolysis reactions 
associated with Na+ ions on the exchange complex. 

Nutrient Addition 
Salt-affected soils suffer from many troubles around the world, such as limited crop 
production due to their abiotic stresses, particularly in arid and semiarid regions 
(Nan et al. 2016; Zhang et al. 2017). Proper plant nutrition is one of the most 
important strategies to alleviate this salt stress in crop production. In general, plants 
uptake their nutrients from the soil solution and/or by foliar application for plant 
growth, development, and other processes. The bioavailability of these soil nutrients 
is totally controlled by many factors, including soil characterization (e.g., soil pH, 
salinity, nutrient biogeochemical cycles, and physicochemical processes) and envi-
ronmental and climatic changes. Concerning the effects of soil salinity on the 
nutrition of plants, nutrient plant disturbances reduce plant growth by affecting the 
transport and partitioning of different nutrients. Soil salinity also may cause 
deficiencies or imbalances in plant nutrients, due to the competition of Na+ and



Cl- with many plant nutrients such as Ca2+ , K+ , and NO3
--N. Plant nutrients give 

the plants full power during their entire life and help plants ameliorate different 
stresses including abiotic and biotic. The use of fertilizers in somewhat greater 
quantities than normal in saline soils is beneficial. Application of nutrients like 
NPK and magnesium reduces the toxicity effects of saline soil and raise optimum 
crop growth and yield. Nitrate reduces chloride uptake, while potassium reduces Na 
uptake (Martinez and Cerda 1989). K+ foliar and soil application significantly 
reduces the toxic effect of saline soil by maintaining the water balance and ion 
ratio (Golezani and Abriz 2018). Normally, deficit of zinc, iron, manganese, and 
nitrogen elements is found in saline soils. Hence, productivity can be increased by 
the use of these elements. Foliar selenium and silicon in combination or alone 
improved transpiration rate, water relations, photosynthetic attributes, chlorophyll 
contents, and the growth of wheat seedlings under stressed conditions. This increase 
is due to the accumulation of osmoprotectants (e.g., proline, soluble protein, and 
soluble sugar) and the increase in antioxidant enzyme activity (Sattar et al. 2017). 
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1.2.2.3 Organic Manure 
Soil salinization is a serious land degradation problem in most coastal regions 
worldwide due to the use of saline water for irrigation (Chi et al. 2021; Huang 
et al. 2022; Sun et al. 2020). Appropriate soil management is an essential prerequi-
site for improving the soil quality and productivity of saline soil. Soil management 
practices include tillage, mulching, and crop residue management. In general, a large 
amount of organic residue and waste are produced in the world every year; more 
importantly, the improper disposal of these organic residues has led to severe 
environmental pollution and nutrient losses (Bai et al. 2016; Hazrati et al. 2020; 
Jia et al. 2018). Recycling these organic residues to farmland is a common agricul-
tural practice for increasing soil fertility and agricultural productivity during decades 
(Meena et al. 2016; Sun et al. 2020; Wu et al. 2021). Organic amendments, such as 
livestock manure, plant residue and waste, and bioorganic fertilizer, are better 
practices to reclaim saline soil by alleviating soil salinity, improving soil fertility, 
and promoting crop growth (Chen et al. 2021; Cui et al. 2021; Huang et al. 2019; 
Leogrande and Vitti 2018; Wu et al. 2019). Straw mulching is very promising option 
for farmers to control soil salinity as it reduces soil water evaporation and regulates 
soil water and soil movement. Straw mulching seems to decrease the salt content on 
the surface of the soil by regulating the salt vertical distribution, which could reduce 
the salt damage to the crops, enhance their yields, and reduce the risk of soil 
salinization and erosion. Mulching with crop residues or live crops reduces the 
evaporation of moisture from the soil surface compared to barren soil. It reduces 
salts’ upward pull from groundwater table (Siyal et al. 2001). Organic manure has a 
high water-holding capacity. When a sufficient amount of organic manure is added, 
the water holding capacity of soil increases. As a result, the conductivity of the soil 
solution decreases.

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/crop-residue
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/soil-salinity
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/water-evaporation


(continued)
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1.2.2.4 Seed Priming 
Salt stress substantially reduces and delays germination in crops due to salinity-
induced osmotic stress and toxic effects of Na+ and Cl- ions on germinating seeds. 
Different strategies are used to improve the salinity tolerance of other cultivated 
crops; one of the best approaches is seed priming, which has been evaluated as an 
active method to alleviate salinity stress (Munns and Gilliham 2015; Banerjee and 
Roychoudhury 2018; Farooq et al. 2019). Seed priming is a short-term and prag-
matic approach to coping with salt stress. In seed priming, seeds can imbibe in low 
water potential, permitting partial imbibition without radicle protrusion. Seed 
priming enables faster and better germination in plants under stressful conditions. 
Primed seeds can activate the signal pathways during the early growth stage and 
trigger a faster stress response. This condition stimulates many of the metabolic 
processes involved with the early phases of germination, and it has been noted that 
seedlings from primed seeds emerge faster, grow more vigorously, and perform 
better in adverse conditions (Cramer 2002). 

1.2.2.5 Selection of Crops and Crop Rotations 
Using salt-tolerant crops is one of the most important strategies to solve the problem 
of salinity. Salt-tolerant agricultural crops are recommended to grow in salt-affected 
soils to reduce crop yield losses under saline conditions. Salt-tolerant varieties have 
been developed which grow very well in these soils. Salt-tolerant crops and cultivars 
capable of increasing in unreclaimed or partially reclaimed soils represent such a 
strategy. Salt-tolerant cultivars give stable yields and significantly reduce the need to 
apply amendments to enhance soil productivity (ICAR–CSSRI 2015). 

On the basis of crop tolerance to the quality of irrigation water or soil salinity, the 
crops can be classified in four groups. 

1 Highly tolerant 
crops 

Barley, sugar beet, date palm, cotton 

2 Tolerant Wheat, rice, sorghum, maize, tapioca, mustard, coconut, spinach, 
Amaranthus, pomegranate, guava, ber 

3 Semi-tolerant Ash gourd, bitter gourd, brinjal, cabbage, cluster bean, pea, lady’s finger, 
muskmelon, onion, potato, dolichos, sweet potato, tomato, turnip, water 
melon 

4 Sensitive Radish, carrot, tomato, potato, onion, coriander, cumin, mint, grape, 
sweet orange 

S. No. Crops Varieties 

1 Rice CSR10, CSR13, CSR23, CSR27, Basmati CSR30, CSR36, CSR43, 
CSR46, CSR49, CSR52, CSR56, CSR60, and CSR76 

2 Wheat KRL283, KRL213, KRL210, KRL19, KRL 1-4 

3 Mustard CS 60, CS 58, CS 56, CS 54, CS 52 

4 Chickpea Karnal Chana-1 

5 Lentil PDL-1, PSL-9
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S. No. Crops Varieties 

6 Dhaincha CSD 137, CSD 123 

These soils should not be kept fallow, but cultivation should be continuously 
done according to crop rotation. Crops should be sown which can bear salts, mainly 
beet, potato, barley, wheat, cotton, etc. 

1.2.2.6 Irrigation Practices (Method of Water Application 
and Frequency of Irrigation) 

Water management is very crucial to manage salt-affected soils. Efficient irrigation 
through modification in irrigation scheduling and decreasing water consumption 
may reduce salinization process. The irrigation method and volume of water applied 
have a pronounced influence on salt accumulation and distribution. Flood irrigation 
and an appropriate leaching fraction generally move salts below the root zone. 
Different irrigation methods like drip irrigation, sprinkler irrigation, and furrow-
irrigated plot are helpful in reducing the saline condition. Drip irrigation is consid-
ered the most efficient because it applies water precisely at the root zone. The water 
application is more or less uniform and can be operated frequently. It maintains high 
soil matric potential (SMP) in the root zone and thus compensates for the decreased 
osmotic potential caused by irrigation with saline water (Goldberg et al. 1976). Drip 
irrigation has the potential of increased yield under saline soil conditions. In drip-
irrigated plots, water moves away from the emitter and salts concentrate where the 
water evaporates. Unlike flood irrigation, drip irrigation might increase the risk of 
salinization of upper soil horizons but prevents salt from leaching to groundwater 
(Marchand and Abd El Hadi 2002). Similar results can be obtained with a properly 
managed sprinkler irrigation system. In furrow-irrigated plots, water moves from the 
furrow into the bed via capillary flow. When adjacent furrows are irrigated, salts 
concentrate in the center of the intervening bed. Manipulating bed shape and 
planting arrangement are often used to avoid salt damage in furrow-irrigated row 
crops. 

When adopted, an irrigation system should permit frequent, uniform, and efficient 
water application with as minimum percolation loss as possible, but without 
curtailing essential leaching requirements. In addition, a good irrigation system 
should also avoid using saline water at the seed germination stage (a very sensitive 
stage). Where appropriate and good quality water is also available, farmers should 
practice using recycled water for irrigation. Salinity affects the sprouting of seeds. 
Hence, during the first irrigation, more quantity of water should be supplied to 
neutralize the effect of salts. Thereafter, even during subsequent irrigation, along 
with reducing the quantity of water, even the duration between two irrigations 
should be reduced so that soil does not get dry and the dissolution of salts continues 
in the soil. Deficit irrigation involves the application of water below full crop water 
requirements, so that a mild crop water stress is allowed with bearable effects on 
yield. Deficit irrigation strategies save water but also have the potential to improve



the management of soil salinity by better control of rising water tables and by 
reducing the ingress of salts by irrigation water. 
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1.3 Conclusions 

Salinity and drought are two of the most serious abiotic stresses that threaten crop 
productivity worldwide. Drought affects more than 10% of arable land, causing 
desertification, especially in arid and semiarid areas, while salinization is rapidly 
increasing on a global scale, declining average yields for most major crops. Drought 
is the most severe hazard to agriculture in nearly every part of the world. Drought 
stress is well recognized as a limiting factor that alters multiple aspects of plant 
growth and development. Salinity not only decreases the agricultural production of 
most crops but also affects soil physicochemical properties and ecological balance of 
the area. Therefore, it is necessary to improve management techniques to reduce the 
damage caused by drought and salinity. Therefore, a holistic approach considering 
the different management options to deal with drought and salinity stress may be a 
win-win approach in the future. Therefore use of mineral nutrients and organic 
manures, seed priming, application of plant antitranspirants, planting density, plant-
ing date, selection of tolerant crops, varieties, crop rotation, method of water 
application, and frequency of irrigation play critical roles in plant adaptation to 
salinity and drought stress. These management strategies are useful for stress 
management in arid and semiarid climates. 
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Abstract 

Increased crop failures caused by unpredictability in the weather pose an imme-
diate threat to livelihood systems dependent on agriculture that are already at 
threat from a significant increase in the number and intensity of different stress 
factors. Stress factors include combinations of abiotic and biotic stressors that 
simultaneously or sequentially impact plants and microbiomes, causing a signifi-
cant decrease in plant growth, yield, and overall health. Recent research reveals 
that, with the increasing number and complexity of stressors simultaneously 
impacting the plant, growth and survival decline dramatically. New studies 
bring to light the fact that plant reactions to multiple stresses differ from individ-
ual stress reactions. Additionally, plants have regulated responses to both indi-
vidual stress and combinations of stresses and make necessary physiological and 
molecular changes for its survival and sustainability of output. Plants exhibit 
shared responses which are common to individual and combination of stresses. 
Learning mechanisms are crucial for understanding how plants adapt under 
multiple stresses. The knowledge of these responses can be utilized for the 
development of crop varieties with broad spectrum stress tolerance. 
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2.1 Introduction 

Plants are simultaneously subjected to a variety of biotic and abiotic stressors in the 
field, which reduce crop yield and productivity. Numerous abiotic stressors, 
especially heat, cold, drought, and salinity, have a negative impact on plants (Zhu 
2016; Qin et al. 2020). Stress combinations rather than individual stresses have been 
recognized as serious hazards faced by plants and caused high agroeconomic losses 
(Rizhsky et al. 2004; Mittler 2006; Kissoudis et al. 2014; Suzuki et al. 2014; 
Mahalingam 2015; Ramegowda and Senthil-kumar 2015; Lohani et al. 2020). 
Simultaneous occurrence of different abiotic stresses results in deployment of 
stress-adaptation strategies which are different and sometimes contrasting to those 
seen under individual stresses. For example, under combined drought and heat 
stress, Arabidopsis thaliana plants accumulate sucrose instead of proline (Rizhsky 
et al. 2004). The enhanced transpiration to cool leaf surface during heat stress 
aggravates the effects of concurrent drought and salinity because increased transpi-
ration rate leads to more water loss and increased uptake of salts (Rizhsky et al. 
2002; Mittler 2006). So, focus is diverted toward understanding of plant responses 
under combined stress conditions to develop plants with better adaptation under field 
conditions. 

2.2 Prevailing Stress Responses in Plants 

Stressors or complex stress events lead to the various stress-response phases such as 
the following: 

1. Response phase: alarm reaction (beginning of stress) 
(a) Deviation of the functional norm 
(b) Decline of vitality 
(c) Catabolic processes exceeding anabolism 

2. Restitution phase: stage of resistance (continuing stress) 
(a) Adaptation processes 
(b) Repair processes 
(c) Hardening (reactivation) 

3. End phase: stage of exhaustion (long-term stress) 
(a) Stress intensity too high 
(b) Overcharge of the adaptation capacity 
(c) Chronic disease or death 

4. Regeneration phase: partial or full regeneration of the physiological function, 
when the stressor is removed and the damage was not too high 

The plants respond to the onset of stress by altering one or more physiological 
processes, such as photosynthesis, the movement of metabolites, and/or the uptake 
and translocation of ions. The plants diverge from their typical physiological stan-
dard as a result of this drop in metabolic activity, which lowers their vitality. Plants



with low or no stress tolerance systems and consequently low resistance minima will 
experience acute damage and senescence quickly. However, most plants will start 
their stress coping mechanisms during this alarm period, including adjusting their 
metabolic fluxes, starting their repair processes, and making long-term metabolic 
and morphological changes. The general alarm syndrome (GAS), which is an 
optimal physiological stage under the influence of the stressor and corresponds to 
the plants’ greatest resistance, will lead to a hardening of the plants by establishing a 
new physiological norm. The stage of exhaustion (end phase), in which physiology 
and vitality gradually deteriorate, appears when long-term stress and a stress dose 
overload the plants’ stress coping mechanism. Cells will eventually die as a result of 
this extreme damage. However, the plants regenerate and adapt to new physiological 
norms when the stresses are removed at the appropriate moment before the senes-
cence processes take over. The time and stage of exhaustion, at which the stressors 
are removed from the plant, determines to which new physiological standard, within 
the range of resistance minimum and maximum, the plants will follow. Plant 
resistance to stress can be subdivided into escape (successful reproduction before 
the onset of severe stress), avoidance (maintenance of a high plant water status 
during stress, e.g., caused by stomatal closure, trichomatous nature, reduced leaf 
area, senescence of older leaves, etc. or by increased root growth), and tolerance (the 
maintenance of plant function at limited water availability and/or the recovery of 
plant water status and plant function after stress) that may involve osmotic 
adjustments but may also be the result of rigid cell walls or small cells. Water 
transport within a plant occurs under tension as determined by soil water availability, 
atmospheric vapor pressure deficit, and creating turgor pressure within cells. Physi-
ological adjustments that maintain turgor pressure are important under changing 
environmental conditions. All of these factors are influenced by the activity of 
various transporters such as aquaporins, which are integral membrane proteins that 
function as channels to transfer select small solutes and water (Maurel et al. 2008; 
Vandeleur et al. 2014). 
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Different abiotic stresses such as cold, heat, drought, flooding, and salt can cause 
common cell disturbances and secondary stresses, including membrane damage, 
oxygen reactive species generation and damage, protein denaturation, and osmotic 
stress at a cellular level. The versatility of the response to different unfavorable 
conditions in plants is related to an intricate network that comprises different levels, 
such as cellular, physiological, and morphological defenses. Some authors suggest 
that the most generalized cellular responses in plants rely on cuticle, membrane lipid 
desaturation for membrane remodeling, activation of antioxidant enzymatic and 
nonenzymatic systems against ROS (reactive oxygen species), induction of molecu-
lar chaperones, and accumulation of osmolytes compatible with cell demand 
(He et al. 2018). 

Most of the mechanisms for sensing and triggering adaptive responses to multiple 
abiotic stresses are associated with changes in proteins and lipids in biological 
membranes. Adverse conditions impose ultrastructural changes in biomolecules, 
which are sensed by receptors or specialized proteins, converging, typically, to 
Ca2+ accumulation in cytosol, as well as REDOX imbalances. These signals activate



kinase cascades and other secondary events that stimulate phosphorylation/dephos-
phorylation cascades, culminating on TF activation and gene expression remodeling. 
Several enzymes involved in the biosynthesis of osmolytes, pigments, 
thermoprotectants, and other secondary metabolites are also activated, in addition 
to ROS detoxifying enzymes, which attempt to reestablish redox homeostasis in 
cells subjected to stress. At the systemic level, morphological changes are detected in 
the root and leaves, such as the proliferation of lateral roots in response to drought, 
and biochemical changes, such as the secretion of phytochelatins in response to 
heavy metals, as well as stomatal reclusion and closure, in addition to reduction of 
leaf area and abscission. If acclimation response mechanisms are not efficient 
enough to restore plant homeostasis, cells trigger early senescence, redirecting 
nutrient flow to reproductive tissues and seed generation through their stress-
triggered cell death programs. 
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2.3 Plant Responses Under Individual Stresses 

Plants generally apply unique strategies to counteract an individual stress. For 
example, under heat stress, transpiration increases to reduce the canopy temperature, 
which is attributed to increased leaf number and surface (Pandey et al. 2015). In 
contrast, under drought stress, plants undergo acclimatization by reducing water 
deprivation and increasing water uptake mediated by reduced vegetative growth and 
enhanced root system (Prasad et al. 2008; Pandey et al. 2015). However, under saline 
stress, plants have to counteract osmotic stress by accumulating/synthesizing com-
patible osmolytes or by compartmentalizing toxic ions such as sodium and chloride 
in vacuole (Kumar et al. 2017). It is naive to expect that plants under the combination 
of different stresses employ different adaptive mechanisms. Plants become 
acclimatized to drought stress through increasing the consumption and minimizing 
the loss of water. On the other side, adaptive strategy of heat tolerance involves 
rising transpiration to reduce canopy temperature, which is achieved through 
increased leaf number and area (Pandey et al. 2015). Multiple stresses resulted in 
the lowest stomatal conductance, followed by drought, salinity, and heat, respec-
tively. These findings are partially in agreement with those of Rizhsky et al. (2002) 
who found that stomata of Nicotiana tabacum plant remained closed under either 
individual or multiple stresses of heat and drought. We observed that heat stress gave 
rise to higher value of stomatal conductance compared with those in all other 
stresses. Rizhsky et al. (2002) also found that heat shock increased stomatal conduc-
tance even higher than that of the control in the tobacco plant. Compared with the 
control, drought and multiple stresses improved water use efficiency, whereas heat 
and salinity stresses reduced it. Our findings are parallel to those of Alghamdi et al. 
(2015) who found that severe drought stress improved water use efficiency of Vicia 
faba genotypes.
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2.4 Drought 

Drought is an interval of time, in the order of months or years in duration, during 
which the actual moisture supply at a given time or place consistently falls short of 
the climatically appropriate moisture supply (Palmer 1965). The duration of drought 
appears to play a leading role in affecting the plant spikelet sterility, absence of 
dehiscence, inhibition of pollen tube elongation, reduced starch mobilization, infe-
rior efficiencies of photosynthesis resulting from stomatal closure, and decreases in 
chlorophyll content and deficiencies in root growth explained in Table 2.1 (Zhou 
et al. 2007; Pirdashti et al. 2009). It will overcome by increased water uptake and 
conductance and decreases in water potential that arise from the accumulation of 
osmolytes (Degenkolbe et al. 2009; Price et al. 2002). 

Table 2.1 Plant responses under individual stresses 

Physiological parameter and processes Individual stress References 

Heat Drought 
Chlorophyll fluorescence (Fv/Fm) Decreased Decreased Abdelhakim 

et al. (2021)Relative water content Decreased Decreased 

Water use efficiency Decreased Decreased 

Leaf gas exchange Increased Increased 

Transpiration rate (E) Decreased Decreased 

Difference between leaf and air 
cuvette temperature (ΔT ) 

Decreased Decreased 

Vapor pressure deficit (VPD) Decreased Decreased 

Heat Salinity 
Growth (fresh weight of roots and 
shoots) 

Slightly 
decreased 

Decreased Rivero et al. 
(2014) 

Na+ uptake (stem and leaves) No change Increased in stems 
and leaves 

Na+ uptake (root) No change Increased 

K+ uptake in stem, leaves, and roots No change Decreased 

Water potential Decreased Decreased 

CO2 assimilation Decreased Decreased 

Transpiration rate Increased Decreased 

Photosynthetic efficiency (Fv/Fm) Decreased Decreased 

Photosynthetic efficiency (PS-II) Decreased Decreased 

Drought Salinity 
Plant growth Decreased Decreased Ahmed et al. 

(2013)Photosynthetic efficiency Decreased Decreased 

Chlorophyll content Chl a, b 
reduced 

Chl a, b reduced 

Na+ uptake in root – Increased



Combined stress References
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2.5 Salinity 

Saline soils have a high content of chlorites and sulfates of magnesium, calcium, and 
sodium. The increase in Na+ and Cl- ions in guard cells, which induces a reduction 
in turgor pressure, is projected to be one of the primary causes of diminished 
stomatal conductance (increased resistance) (Moradi and Ismail 2007). Conse-
quently, the net photosynthetic rate of the plant decreases due to the reduced 
conductance of CO2 to photosynthetic tissue. A separate physiological change that 
is instigated due to salt stress is the increased efflux of reactive oxygen species 
(ROS). ROS-scavenging enzymes such as the superoxide dismutases (SODs) mani-
fest reduced activity in rice seedlings during salt stress explained in Table 2.2. Due to 
the susceptibility of plant physiology to ROS with the oxidation of enzymatic 
systems including photosynthetic proteins and premature programmed cell death 
(PCD), the maintenance of pools of antioxidants such as ascorbate and glutathione is 
upregulated during salt stress, with the enhanced transcription of genes mediating 
the regeneration processes of key antioxidants (Moradi and Ismail 2007). 

Table 2.2 Responses under combined stresses 

Physiological parameters and 
processes 

Heat + drought 
Leaf expansion/size Increased Vile et al. 

(2012)Leaf number Decreased 

Leaf dry matter content Increased 

Leaf insertion angle Increased 

Stomatal density Decreased 

Stomatal index Decreased 

Biomass allocation Decreased in vegetative, increased in 
roots and reproductive parts 

CO2 assimilation More than salt but less than heat 

Transpiration rate Unaffected 

Chlorophyll fluorescence (Fv/Fm) Decreased Abdelhakim 
et al. (2021)Relative water content Decreased 

Water use efficiency Decreased 

Leaf gas exchange Increased 

Transpiration rate (E) Decreased 

Difference between leaf and air 
cuvette temperature (ΔT ) 

Decreased 

Vapor pressure deficit (VPD) Decreased 

Drought + salinity 
Plant growth Decreased Ahmed et al. 

(2013)Photosynthetic efficiency Decreased 

Chlorophyll content Chlorophyll b reduction 

Na+ uptake in root Increase and more than salt stress alone

https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/vapor-pressure
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2.6 Heat 

Heat stress is defined as the rise in soil and air temperature beyond a threshold level 
for a minimum amount of time such that permanent harm to plant growth and 
development occurs. Increased plasma membrane permeability, disturbed 
thylakoids, empty mitochondria, and spoiled PS-II were also observed (Zhang 
et al. 2005). The adaptive features are cell number as well as cell size reductions, 
reduction in stomatal aperture size and xylem vessels in roots and shoots, and 
enhanced density of trichomes on both the surfaces of the leaf (Anon et al. 2004). 

2.7 Plant Responses Under Combined Stress 

When two stresses occur concurrently, the adaptation strategy of plants to stress 
combination is governed by the interaction of two stresses which is conceived by 
plants as a new state of stress (Mittler 2006). Thus, adaptation strategies of plants to 
combined stress may be different from that of two individual stresses. The overall 
effect of stress combination on plants depends largely on the age of plant, the 
inherent stress resistant or susceptible nature of plant, and severity of two stresses 
involved. Plant responses to stress combination are primarily determined by the 
more severe stress (dominant stressor) such that the physiological and molecular 
processes of plants subjected to combined stress resemble with those observed under 
more severe individual stress. The shared responses under combined stresses consti-
tute the generic morphophysiological and molecular events evoked by both stresses 
constituting stress combination. For example, drought, salinity, and chilling induce 
osmotic effect on plants resulting in induction of common physiological processes, 
one of which is accumulation of osmoprotectants. The other stress induced response 
shared by almost all abiotic stress conditions is the production of ROS. Heat and salt 
stress are known to commonly affect the transport and compartmentation of ions in 
plants. Drought and salinity stress evoke the generic response of creating a physio-
logical water deficit in plants. Additionally, both stresses cause decreased CO2 

diffusion into chloroplast due to reduced stomatal opening leading to reduced carbon 
metabolism. Under drought, heat, and salinity, a decrease in root hydraulic conduc-
tivity, cuticular wax biosynthesis, and high potassium and sodium ratio, respec-
tively, are the main adaptive features. Heat and drought stress differentially affect 
stomatal characteristics. Under combined heat and drought stress, stomata remained 
closed leading to increased leaf temperature of Nicotiana tabacum plants (Rizhsky 
et al. 2002). Plants under combined stress minimize leaf temperature in a unique 
way. Vile et al. (2012) reported that A. thaliana plants exposed to combined heat and 
drought stress adapt to heat stress by adjusting leaf orientation through increasing 
their leaf insertion angle. A. thaliana plants exposed to individual and combined heat 
and drought stresses increased stomatal density in response to drought stress which 
was reduced in response to heat stress. Under combined stress, stomatal density 
decreased (Vile et al. 2012). This suggests that in case of a stress combination 
constituting of two stresses differing in their severity, plant’s physiological processes



are apparently determined them or severe stress. The combined heat and drought 
stress led to higher leaf temperature in two genotypes of T. aestivum, Ofanto and 
Cappelli, which differ in water use efficiency (WUE). Cappelli is characterized by 
higher WUE and lower stomatal conductance compared to Ofanto. The combined 
stress led to a higher leaf temperature in Cappelli as compared to Ofanto (Aprile et al. 
2013). This indicates that the effect of combined stress also varies among the 
genotypes of a particular plant species. The combined heat and drought stress have 
been shown to affect a number of physiological processes more severely than the 
individual stresses. Rizhsky et al. (2002) reported that N. tabacum plants exposed to 
simultaneous heat and drought stress led to greater suppression of photosynthetic 
activity as compared to individual stresses. Similarly, as compared to individual 
stresses, combined heat and drought stress lead to enhanced lipid peroxidation in 
Lotus japonicas (Sainz et al. 2010) and severe abnormalities in the ultrastructure of 
chloroplasts and mitochondria in T. aestivum (Szucs et al. 2010; Grigorova et al. 
2012). The combined stress also led to a greater reduction in photosynthetic activity 
and enhanced production of ROS in Populus yunnanensis (Li et al. 2014) and greater 
diminution in root viability and photochemical efficiency of photosystem II (PS-II) 
in Festuca arundinacea (Jiang and Huang 2001). The reduction in photosynthetic 
activity is a response shared between the individual heat and drought stresses. 
However, photosynthesis is less affected by heat stress and only high temperatures 
(>40 °C) are known to be detrimental. Heat stress mediated reduction in photosyn-
thesis mainly occurs due to enhanced photorespiration (Prasad et al. 2008), reduced 
RuBisCO activity (Salvucci and Crafts-Brandner 2004), and reduced PS-II activity. 
Heat stress did not reduce photosynthetic activity of tobacco plants, but drought 
stress and combined heat and drought stress led to more than 80% reduction in 
photosynthetic activity (Rizhsky et al. 2002). The RuBisCO activity in Cicer 
arietinum leaves was increased with heat stress and decreased with drought stress 
and combined stress (Fig. 2.1) (Awasthi et al. 2014). 
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Similarly, Sainz et al. (2010) reported significant disruption in PS-II function 
when L. japonicas plants were subjected to combined heat and drought stress. Jiang 
and Huang (2001) compared the response of F. arundinacea and Lolium perenne to 
combined heat and drought stress and observed that stress combination led to 
enhanced reduction in photochemical efficiency of PS-II, as compared to individual 
stresses. The modulation of mitochondrial respiration is also a shared response under 
drought and heat stress (Prasad et al. 2008). The rate of dark respiration increased 
with increasing temperatures, whereas drought stress reduced plant respiration rates 
(Bryla et al. 2001). Similar observations were made by Rizhsky et al. (2002) who 
found that drought stress led to suppression of respiration but heat and combined 
drought and heat stress led to enhancement of respiration in N. tabacum leaves.
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Fig. 2.1 Different stress responses 

2.8 Crops Developed for Individual and Multiple Stresses 

Simultaneous occurrence of different stresses results in deployment of stress-
adaptation strategies which are different and sometimes contrasting to those seen 
under individual stresses. Now focus should be diverted toward understanding plant 
responses under combined stress conditions for better adaptation under field 
conditions or development of crop plants with multiple stress tolerance. The various 
research institutes are now involved and trying to develop crops for combined stress. 

Different institutes developed the varieties for different crops for stresses listed in 
Tables 2.3, 2.4, and 2.5. 

2.9 Challenges 

Science and technology need to play an essential role in meeting the challenge of 
moving the globe into safe operating space where agriculture can satisfy the food 
needs of every single individual, especially those living in agriculturally marginal 
ecosystems. Although technological innovation has contributed significantly toward 
the development of stress tolerant varieties showing tolerance to different types of 
abiotic stresses, the imperative need is to ascertain strategic plans for the develop-
ment of varieties possessing multiple stress tolerance. Moreover, the most important 
challenge for current system of agriculture and seed production is that the dissemi-
nation and adoption of stress tolerant varieties (STVs) is low mainly due to the lack 
of information and nonavailability of seeds among farmers (Zaidi et al. 2018; 
Emerick et al. 2016; Waza et al. 2016). The existing system of agricultural extension
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Table 2.3 Drought tolerant crops 

Name of the Institute/ 
variety organization 

Rice 

1. Satyabhama 2012 ICAR-NRRI, 
Cuttack 

Orissa 

2. Indira Barani 
Dhan 1 

2012 IGKV, Raipur Maharashtra, Chandigarh 

3. CR Dhan 40 2014 ICAR-NRRI, 
Cuttack 

Jharkhand 

4. CR Dhan 202 2014 ICAR-NRRI, 
Cuttack 

Jharkhand, Orissa 

5. DRR Dhan 42 2015 ICAR-IIRR, 
Hyderabad 

Tamil Nadu, Andhra Pradesh, 
Telangana, Madhya Pradesh, 
Chandigarh, Jharkhand 

6. DRR Dhan 44 2015 ICAR-IIRR, 
Hyderabad 

Haryana, Bihar 

7. Sabour Shree 2015 BAU, Ranchi Bihar 

8. Purna 2017 ICAR-NRRI, 
Cuttack 

Gujarat 

9. DRR Dhan 47 2018 ICAR-IIRR, 
Hyderabad 

Telangana, Andhra Pradesh, Karnataka, 
Kerala, Pondicherry 

10. DRR Dhan 50 2018 ICAR-IIRR, 
Hyderabad 

Andhra Pradesh, Telangana, Tamil 
Nadu, Karnataka, Bihar, Orissa, 
Chandigarh, Uttar Pradesh, Madhya 
Pradesh 

11. Tripura Khara 
1 

2018 Research 
Complex for 
NEH, 
Lembucherra 

Tripura 

12. CR Dhan 801 2019 ICAR-NRRI, 
Cuttack 

Andhra Pradesh, Telangana, Orissa, 
Uttar Pradesh, West Bengal 

13. CR Dhan 210 2020 ICAR-NRRI, 
Cuttack 

Orissa 

Wheat 

14. Netravati 2011 MPKV, Rahuri Maharashtra, Karnataka 

15. HD 2987 2011 IARI, New Delhi Maharashtra, Karnataka, Andhra 
Pradesh, Goa, Tamil Nadu 

16. KRL-213 2012 ICAR-CSSRI, 
Karnal 

Assam, Bihar, Delhi, Haryana, Uttar 
Pradesh, Rajasthan, Punjab, West 
Bengal, Uttarakhand 

17. HD 3043 2012 IARI, New Delhi Haryana, Rajasthan, Uttar Pradesh, 
Delhi, Rajasthan, Uttarakhand, Madhya 
Pradesh 

18. PBW 644 2012 PAU, Ludhiana Delhi, Haryana, Himachal Pradesh, 
Jammu and Kashmir, Punjab, 
Rajasthan, Uttar Pradesh, Uttarakhand 

19. WH 1142 2015 CCS, Hissar Nwpz 

20. Sabour Nirjal 2017 BAU, Sabour Bihar
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Table 2.3 (continued)

Name of the 
variety 

Institute/ 
organization 

21. HUW 669 2018 BHU, Varanasi Uttar Pradesh 

22. DBW 252 2020 ICAR-IIBWR, 
Karnal 

Uttar Pradesh, Bihar, Jharkhand, 
Orissa, West Bengal, Assam 

Maize 

23. JM-216 2000 ZARS, 
Chhindwara 

Karnataka 

24. Pratap Hybrid 
Makka-1 

2003 AICMIP, 
Udaipur 

Rajasthan 

25. Pratap 
Makka-3 

2005 AICMIP, 
Udaipur 

Gujarat, Madhya Pradesh, Rajasthan 

26. Pratap 
Makka-5 

2006 AICMIP, 
Udaipur 

Gujarat, Madhya Pradesh, Rajasthan 

27. HQPM-1 2007 AICRP Chandigarh, Haryana 

28. Bajauramakka 2008 ARS, Himachal 
Pradesh 

Himachal Pradesh, Assam, Jammu and 
Kashmir, Sikkim, Uttarakhand 

29. HQPM-5 2020 IARI, New Delhi Andhra Pradesh, Karnataka, Gujarat, 
Telangana, Tamil Nadu, Madhya 
Pradesh, Uttar Pradesh, Rajasthan 

Barley 

30. RD-2592 2004 ARS, Durgapur Rajasthan, Haryana, Uttar Pradesh 

31. JB-58 2005 JNKV, Jabalpur Madhya Pradesh 

32. RD 2660 2006 ARS, Durgapur Rajasthan, Haryana, Uttar Pradesh 

Pearl millet 

33. HHB 223 2010 CCSHAU, 
Hissar 

Rajasthan, Gujarat, Haryana, Punjab, 
Delhi, Uttar Pradesh, Madhya Pradesh 

34. HHB 216 2010 CCSHAU, 
Hissar 

Rajasthan, Gujarat, Haryana 

35. HHB 226 2011 CCSHAU, 
Hissar 

Rajasthan, Gujarat, Haryana, Madhya 
Pradesh, Punjab 

36. RHB 177 2011 AICPMIP, 
Durgapura 

Aicpmip, Durgapura 

37. Bio 70 2012 Biore Pvt. Ltd. 
Hyderabad 

Rajasthan, Gujarat, Haryana 

38. HHB 234 2013 CCSHAU, 
Hissar 

Rajasthan, Gujarat, Haryana 

39. Punjabh 306 2017 PrabhatAgri 
Biotech Ltd 

Maharashtra, Karnataka, Andhra 
Pradesh, Telangana, Tamil Nadu 

40. Balwan 2018 Nuziveedu seeds 
Ltd. Hyderabad 

Rajasthan 

41. NBH 4903 2018 Nuziveedu seeds 
Ltd. Hyderabad 

Maharashtra, Karnataka, Andhra 
Pradesh, Telangana, Tamil Nadu 

Sorghum 

42. Parbanimoti 2002 VNMKV, 
Parbhani 

Maharashtra
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and seed supply needs to be aligned in a way to successfully deliver the proven stress 
tolerant technology to farmers. Agricultural extension system needs reformations to 
enhance the diffusion and adoption of STVs. Research based strategies ought to be 
implemented so that STVs are adopted at a scale where it can achieve maximal 
benefits. Strategic and intentional collaborations should be ensured for enhancing the 
diffusion of STVs to farmers. These strategies have the potential to ensure food 
security especially under the climatically vulnerable agroecologies.
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Table 2.3 (continued)

Name of the 
variety 

Institute/ 
organization 

43. Phule 
Vasudha 

2007 MPKV, Rahuri Maharashtra, Karnataka 

44. Phule Chitra 2008 MPKV, Rahuri Maharashtra, Karnataka 

45. CSV-17 2009 AICRP, 
Sorghum 

Rajasthan, Andhra Pradesh, Karnataka, 
Tamil Nadu 

46. Pant Chari 5 2010 GBPUAT, 
Uttarakhand 

Uttarakhand 

47. Phule 
Panchami 

2010 MPKV, Rahuri Maharashtra, Karnataka 

48. Pant Chari 7 2011 GBPUAT, 
Uttarakhand 

Uttarakhand 

49. DSV-2 – AICRP, 
Sorghum 

Cvrc, Karnataka 

50. PS-4 – UAS, Bengaluru Karnataka 

51. SIA-326 – UAS, Bengaluru Karnataka 

2.10 Conclusions and Prospects for Future 

Plants have evolved sophisticated adaptive mechanisms to withstand diverse and 
complex abiotic stresses. With the advent of new technologies such as genomics and 
genetic transformation, significant progress has been made in understanding these 
complex traits in higher plants. Significant advancements in crop genome character-
ization and the optimization of genome editing technology in crops have and will 
continue to advance our understanding and capabilities toward development of stress 
tolerant crops. Ultimately, genome editing or transgenic approaches need to be 
combined with efforts using conventional and marker-assisted breeding activities 
to achieve the desired improved varieties. Further, it is important to take into account 
climate change models, which differ geographically, to guide breeding programs in 
target trait identification for selection and identification of new adapted germplasm 
for tolerance to multiple stresses (Harrison et al. 2014). These efforts will lead to 
tangible practical outcomes that may help mitigate the effects of climate change, 
especially with respect to drought, salinity, and heat stresses, and will contribute to 
improved crop productivity and food security.
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Table 2.4 Salinity tolerant crops 

Name of Institute/ 
the variety organization 

Rice 

1. Luna 
Suvarna 

2010 ICAR-
NRRI, 
Cuttack 

Orissa 

CR Dhan 
403 

2. Luna 
Sampad 

2010 ICAR-
NRRI, 
Cuttack 

Orissa 

CR Dhan 
402 

3. DRR 
Dhan 39 

2010 ICAR-IIRR, 
Hyderabad 

Orissa, Kerala, Gujarat 

4. CSR 43 2011 ICAR-
CSSRI, 
Karnal 

Uttar Pradesh 

5. Luna 
Barial 

2012 ICAR-
NRRI, 
Cuttack 

Orissa 

CR Dhan 
406 

6. Luna 
Sankhi 

2012 ICAR-
NRRI, 
Cuttack 

Orissa 

CR Dhan 
405 

7. GNR-5 2018 NAU, 
Navsari 

Gujarat 

8. CSR 46 2018 ICAR-
CSSRI, 
Karnal 

Uttar Pradesh 

9. CSR 60 2018 ICAR-
CSSRI, 
Karnal 

Uttar Pradesh, Punjab 

10. CSR 56 2018 ICAR-
CSSRI, 
Karnal 

Haryana, Uttar Pradesh 

11. CSR 52 2019 ICAR-
CSSRI, 
Karnal 

Uttar Pradesh 

12. Panvel 3 – BSIV, 
Dapoli 

Konkan Region of Maharashtra 

13. CARI 
Dhan 5 

– CARI, Port 
Blair 

Andaman and Nicobar Islands 

Wheat 

14. KRL 213 2011 ICAR-
CSSRI, 
Karnal 

Bihar, Delhi, Haryana, Uttar Pradesh, 
Rajasthan, Punjab, West Bengal, Uttarakhand 

15. KRL 210 2012 

(continued)
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Table 2.4 (continued)

Name of 
the variety 

Institute/ 
organization 

ICAR-
CSSRI, 
Karnal 

Bihar, Delhi, Haryana, Uttar Pradesh, 
Rajasthan, Punjab, West Bengal, Uttarakhand 

16. KRL 283 2018 ICAR-
CSSRI, 
Karnal 

Uttar Pradesh 

Table 2.5 Multiple stress tolerant crops 

S. No. Name of the variety Year Institute/organization Tolerance 

Rice 

1. Kalinga 1 1973 ICAR-NRRI, Cuttack Drought, Cold 

2. MTU 1010 2000 RARS, Maruteru Submergence, drought 

3. DRR Dhan 47 2018 ICAR-IIRR, Hyderabad High temperature, drought 

4. DRR Dhan 50 2018 ICAR-IIRR, Hyderabad Drought, submergence 

5. DRR Dhan 52 2019 ICAR-IIRR, Hyderabad High temperature, drought 

6. CR Dhan 801 2019 ICAR-NRRI, Cuttack Drought, submergence 

Wheat 

7. A-9-30-1 1974 AAU ARS, Arnej Drought, heat 

8. Ajanta 1983 CoA, Badnapur Drought, heat 

9. KRL 19 2000 ICAR-CSSRI, Karnal Salinity, water logging 

10. Netravati 2011 MPKV, Rahuri Drought, lodging 

11. KRL 19 2011 ICAR-CSSRI, Karnal Submergence, salinity 

12. KRL 210 2012 ICAR-CSSRI, Karnal Submergence, salinity 

13. KRL-213 2012 ICAR-CSSRI, Karnal Drought, salinity 

14. WH 1142 2015 CCS, Hissar Drought, lodging 

15. KRL 283 2018 ICAR-CSSRI, Karnal Submergence, salinity 

Pear millet 

16. GHB-538 2005 JAU, Jamnagar Drought, lodging 

17. Rhb-177 2011 AICPMIP, Durgapura Drought, lodging 

18. HHB-234 2013 CCSHAU, Hissar Drought, lodging 

Pigeon pea 

19. UPAD-120 1976 GBPUA&T, Pantnagar High temperature, salinity 

20. Bahar 1986 RAU, Pusa High temperature, salinity 

21. MAL 13 2005 BHU, Varanasi Drought, salinity 

Chick pea 

22. JG-315 1984 JNKV, Jabalpur High temperature, drought 

23. JG-11 1999 JNKV, Jabalpur High temperature, drought 

24. JG-6 2006 JNKV, Jabalpur High temperature, drought 

25. GNG 1581 2008 ARS, Sriganganagar Drought, water logging 

26. JG-14 2009 JNKV, Jabalpur High temperature, drought 

Lentil 

27. Kota Masoor 3 2020 AU, Kota Drought, high temperature
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Progress and Future Perspectives 

3 

Sanjoy Shil 

Abstract 

Terrestrial plants are subject to a wide range of biotic and abiotic stress that 
drastically affects their growth, development, and ultimate productivity all over 
the world. Drought stress above all is one of the major constraints toward plant as 
they are sessile in nature. With the rapid increase in population, there is an urgent 
need to improve drought tolerance in plants. Drought tolerance have long been 
regarded as a complex mechanism between physio-morphological and biochemi-
cal strategies at cell, tissue, and whole plant level which includes improvement in 
root system (prolific and deep root penetration) to increase water uptake, increas-
ing diffusive resistance to reduce water loss, leaf anatomical and morphological 
changes (leaf rolling, cuticle thickness, small and succulent leaves) to reduce 
transpirational water loss, phenotypic plasticity, osmotic accumulation and 
osmotic adjustment (OA) with low-molecular-weight osmolytes (glycine betaine, 
proline, and other amino acids), stomatal conduction and regulation, maintenance 
or alterations of relative water status and electrolytic leakage, hormonal balances 
and phytohormone signaling pathways, ROS scavenging (production of ROS and 
accumulation of free radicals), and application of exogenous chemicals, 
hormones and osmoprotectants etc. are the key mechanism to cope against 
drought stress. Although very recently transgenic approaches are one of the 
probabilistic tools that improve the level of drought tolerance in several plants, 
such approaches may be achieved only when there is a basic understanding as 
well as investigation of physio-biochemical mechanism of plants toward drought 
stress. Thus, an interdisciplinary approach including all mechanistic biological 
tools like breeding, physiology, biochemistry, molecular and gene engineering, 
etc. will be pertinent to raise the level of drought tolerance in plants. This present
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chapter explores the recent advances of morphological as well as physio-
biochemical approaches to perk up the level of drought tolerance in plants and 
also highlighted the probabilistic approaches that may be developed in the near 
future.
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3.1 Introduction 

Generally, drought stress occurs when the available water in the soil is reduced and 
atmospheric conditions cause unceasing loss of water by evapotranspiration. 
Drought is a major environmental threat to agricultural production globally and is 
caused by inadequate rainfall and/or inconsistent rainfall patterns. Most of the crops 
exhibit a broad genotypic variability and a wide range of injury in response to 
drought stress affecting millions of hectares of rainfed field crops in South and 
Southeast Asia. For instance, in some states of India, severe drought can cause as 
much as 40% yield loss especially in rice that are extremely sensitive to drought 
(Lafitte et al. 2007) and use about 30% of the freshwater for agricultural crops 
worldwide where drought adversely affects more than half of the rice production 
area (Plaut et al. 2004). 

Drought stress in plant leads to reduction in growth and development which 
depends on cell division, enlargement, and differentiation and involves genetic, 
morphophysiological, biochemical, and phenological and metabolic events and 
their complex interactions that ultimately reduce yield and quality of the crop. So, 
there is a need to develop the capacity of a plant to adapt to various environments 
determined by its genome (the blueprint of the genetic characteristics). Drought 
tolerance has long been regarded as a complex trait mainly related to various physio-
biochemical parameters such as root traits, osmotic adjustment (OA), and mainte-
nance of plant water status. QTL for these component traits and yield under drought 
have been identified and are being employed in molecular breeding. 

3.2 Physiological Strategies Associated with Drought 
Tolerance in Plants 

3.2.1 Root Morphological Traits and Plasticity 

Roots often faces a substantial drought stress even though water is available deeper 
in the soil and at the same time plants have physio-biochemical mechanisms and 
genetic regulation for root adaptation to drought that help the plants to identify 
specific genes and biochemical pathways gene-based marker selection to develop 
plants with better roots (rooting depth/hardpan penetration, rooting thickness and



rooting distribution pattern etc). Plants may develop longer taproot that helps to 
reach soil layer where sufficient water is available for avoiding dehydration (Taylor 
et al. 1978) and increases the number of lateral roots per unit of taproot length so that 
there is an increase of biomass partitioning to roots and increases the root/shoot ratio. 
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3.2.2 Shoot Traits 

Plants are proficient in raising the level of drought tolerance by means of improved 
water conduction. They achieve this by increasing the cross section of the vessels, 
having densely veined leaves, reducing transport distances through the formation of 
shorter internodes, reducing transpiration by closing stomata and increasing cuticle 
thickness, covering leaves with trichomes, reducing the number and size of leaves, 
enabling the reversible folding or curling of the leaf blades, shedding of leaves, or 
developing succulence in leaves. Plants can also cease their metabolic activities 
(anabiosis) and synthesize and accumulate protective substances, such as dehydrins 
(proteins with a stable structure under cell dehydration) or carbohydrates that 
stabilize the phospholipids of the cell membranes. 

3.2.3 Stomatal Conductance and Gaseous Exchange 

Stomata are the entrance of water loss and CO2 absorbability. Drought stress causes 
stomatal closure that results in declined rate of photosynthesis due to less CO2 

absorbability, and thus stomatal closure is one of the earliest responses to drought 
stress and causes restriction of gas exchange under drought concomitant with the 
reduced water potential and turgor associated with even a small decrease in RWC 
(Naithani et al. 2012). Stomatal conductance is affected by drought (Naithani et al. 
2012; Flexas and Medrano 2002), and it is the key physiological shoot trait that 
influences leaf CO2 diffusion, electron transport rate, water vapor exchange, carbox-
ylation efficiency, WUE, respiration, transpiration, etc. Under drought stress, leaf 
water status always interacts with stomatal conductance, and there is a correlation 
between leaf water potential and stomatal conductance. Drought stress significantly 
decreases the relative leaf expansion rate, stomatal conductance, and leaf turgor 
which ultimately increase ABA content in the leaf and xylem (Liu et al. 2003). 

Drought stress results in root suberization (Singh et al. 2012) and reduction of 
root meristematic activity, thus arresting root elongation. Atmospheric drought 
regulates stomatal closure, whereas the combination of atmospheric and surface 
drought regulates leaf transpiration (Naithani et al. 2012), and drought-induced 
stomatal closure is a limitation for photosynthesis. Under drought stress, stomatal 
closure and reduction in mesophyll conductance results in a reduction of CO2 to the 
carboxylation site, and thus photosynthesis is affected (Tardieu et al. 2010; Wang 
et al. 2012).
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3.2.4 Leaf Water Potential (PWP) 

Leaf water potential (LWP) is the measure of whole plant water status and has long 
been predicted as an indicator of dehydration avoidance (Pantuwan et al. 2002). 
LWP for drought tolerance is always high that minimizes the effects of drought on 
spikelet sterility and thus on grain yields (Jongdee et al. 2002). When water deficit in 
leaves goes beyond a certain threshold level, the stomata closes by lowering the rate 
of transpiration. Stomatas help to regulate water loss when the tissue water status 
becomes too low, thereby minimizing the severity of water shortage in plants. Thus, 
higher LWP is maintained by stomatal closure, and varietal differences in stomatal 
response to water status have been reported (Jongdee et al. 1998). 

3.2.5 Relative Water Content (RWC) and Water Use Efficiency 
(WUE) 

RWC, leaf water potential, osmotic potential, pressure potential, and transpiration 
rate are the major attributes that are affected by drought (Liu et al. 2004). Water 
potential significantly declined in roots, leaves, and pods under drought, but root 
water potential dropped much earlier than in leaves and pods (Ouvrard et al. 1996). 
Genes controlling root traits and stomatal development and guarding cell 
movements strongly impact water use efficiency (WUE) and represent the best 
targets for molecular breeding programs. Very recently, plant varieties having higher 
level of drought tolerance and/or WUE have been developed through conventional 
breeding approaches using molecular assisted selection (Hu and Xiong 2014). 
Conventional breeding has used selection of the drought-resistant genotypes as 
major QTL donors for introgression into high-yielding/drought-susceptible varieties 
(Steele et al. 2006). 

High WUE may enhance crop productivity under drought, and there is a positive 
correlation between WUE and total biomass yield under drought which suggests that 
improvement of the WUE of a crop plant should result in superior yield performance 
if a high HI can be maintained (Wright 1996). Therefore, understanding on the 
physiological basis for stomatal regulation and improved WUE in drought-stressed 
plants is required (Liu et al. 2005). In turn, a plant with higher WUE reduces the rate 
of photosynthesis due to reduced rate of transpiration and consequently slows the 
rate of plant growth (Condon et al. 2004). Currently, there is an extensive use of 
genotypes with increased WUE (Pereira et al. 2006). 

Transpiration efficiency (assimilation or dry matter accumulation per unit of 
water transpired) is another related trait to WUE (Fischer 1981). TE is under genetic 
control and excludes amount of water lost by soil evaporation and hence should be 
considered as a potential trait.
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3.2.6 Osmolyte Accumulation and Osmotic Adjustment 

Osmotic adjustment is the active accumulation of solutes (organic and inorganic) 
that occurs in cytosol in response to drought maintaining the leaf turgor when tissue 
water potential declines (Rhodes and Samaras 1994). Drought stress altered leaf 
water relations by decreasing leaf water potential (Ψw), osmotic potential (Ψs), 
turgor osmotic potential (Ψs100 ), and RWC but increasing osmotic adjustment 
(OA). OA has been shown to improve stomatal conductance for efficient intake of 
CO2 (Kiani et al. 2007) and induce root’s ability to uptake more water (Chimenti 
et al. 2006). It also maintains photosynthesis at lower water potentials, delayed leaf 
senescence and death, reduced flower abortion, improved root growth, and increased 
water extraction from the soil as water deficit develops (Turner et al. 2001). 

Such osmotic adjustment is caused by accumulation of certain osmolytes (pro-
line, sucrose, mannitol, glycine betaine, soluble carbohydrates, free amino acids, 
inorganic cations, organic acids, and other solutes) that improve the uptake of water 
from moisture deficit soil; however, these adjustments strongly depends on the 
intensity of water stress. 

Among these osmolytes, proline accumulation and mobilization is the first 
response of plants exposed to water-deficit stress to raise drought tolerance. Proline 
acts as a signaling molecule to modulate mitochondrial functions, influence cell 
proliferation or cell death, and activate specific gene expression making the plant to 
recover from stress (Szabados and Savoure 2009). Increase in proline content and 
decrease in hydrogen peroxide and lipid peroxidation implied its protective role in 
tolerance against drought stress. Proline exhibits three main roles under stress, i.e., as 
a signaling molecule, an antioxidative defense molecule, and a metal chelator (Hayat 
et al. 2012). Thus, proline content can be used as a marker to screen for drought 
screening tolerance. 

3.2.7 Root-Shoot Signaling 

Drought stress reduces the root-shoot growth and alters their distribution that is an 
effect of root-shoot signaling (Novák and Lipiec 2012) where roots stimulate a 
signal cascade to the shoots via xylem. Phytohormones (ABA, cytokinins, and 
ethylene) act as signal molecules involved in the physiological growth regulation 
(Schachtman and Goodger 2008), and the closure of stomata is greatly regulated by 
abscisic acid, cytokinins, etc. (Daszkowska-Golec and Szarejk 2013), and thus they 
have been implicated in the root to shoot signaling through transpiration stream. 
Among these phytohormones, ABA is recognized as an important root-shoot stress 
signal (Schachtman and Goodger 2008) as during drought stress, ABA is 
synthesized by the roots and channeled in the xylem to the shoot where it suppresses 
leaf expansion leading to closure of stomata (Wang et al. 2000). ABA also promotes 
the efflux of K+ from the guard cells that leads to loss of turgor pressure, and drought 
stress causes an increase in ABA level up to 50-fold due to deprivation of cell turgor 
or cell membrane disruption (Guerrero and Mullet 1986). Currently, it is understood



that there is a drought-induced root-to-leaf signaling through the transpiration stream 
which results in stomatal closure. 
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3.2.8 High-Throughput Phenomics 

High-throughput phenotyping is one of the basic tools that help to standardize 
specific collection of phenotypic data in plants. With the advancement of recent 
technologies like genomics, proteomics, metabolomics, and transcriptomics, 
phenotyping has become limiting (Salas Fernandez et al. 2017). Plant performance 
in the field is highly heterogeneous, and phenotyping at canopy level under stress 
environment explores more accurate data on plants. Recently, high-throughput 
phenotyping platforms (HTPPs) are used for successful phenotyping for physio-
morphological traits under stress (Rutkoski et al. 2016) that makes a bridge between 
various omics technologies, and such phenotyping is easily accessible, more accu-
rate, and more economic (Araus and Cairns 2014; Fahlgren et al. 2015; Bai et al. 
2016; Zhang et al. 2017). Thus, there is a need for comprehensive high-throughput 
phenotyping of physio-morphological traits to improve the breeding efficiency of 
drought-tolerant crops. 

3.3 Biochemical Strategies Associated with Drought Tolerance 
in Plants 

3.3.1 Non-Stomatal Mechanisms 

Non-stomatal mechanisms include alteration in chlorophyll and carotenoid biosyn-
thesis and chloroplast structure; accumulation, transport, and distribution of 
assimilates; changes in chlorophyll stability index and membrane stability index; 
and membrane injury. Chlorophyll a and b and carotenoid content reduction under 
drought is a typical symptom of oxidative stress resulting in the photooxidation and 
degradation of the photosynthetic pigments. Such stress has the ability to reduce the 
tissue concentrations of chlorophylls and carotenoids (Kiani et al. 2008), primarily 
with the production of ROS in the thylakoids (Reddy et al. 2004). 

3.3.2 Antioxidative Defense Mechanism and Drought Tolerance 

Plant develops an antioxidative defense system that protects plant cells from oxida-
tive damage by scavenging ROS while they are under drought (Fig. 3.1). 

Such stress leads to an imbalance between antioxidant defenses and the amount of 
reactive oxygen species (ROS) resulting in oxidative stress by producing ROS that 
cause membrane injuries, protein degradation, and enzyme inactivation. The 
enhanced activities of different components of the antioxidant system include 
antioxidant enzymes (superoxide dismutase (SOD), peroxidase (POD/POX),



catalase (CAT), ascorbate peroxidase (APX), glutathione reductase (GR), 
monodehydroascorbate reductase (MDHAR), dehydroascorbate reductase 
(DHAR), glutathione peroxidase (GPX), guaiacol peroxidase (GOPX), glutathione-
S-transferase (GST), etc.) present in chloroplasts, mitochondria, peroxisomes, cyto-
sol, and stroma, and nonenzymatic elements (ascorbic acid, glutathione (GSH), 
phenolic compounds, alkaloids, nonprotein amino acids, carotenoid, 
α-tocopherols, thioredoxin, polyamines (PAs), salicylates (SAs), vitamin E, compat-
ible solutes such as proline, GB, and zeaxanthin, etc.) decrease oxidative damage 
caused by ROS production (Fig. 3.1) and develop resistance and improve the 
drought tolerance in plants (Cruz de Carvalho 2008; Yazdanpanah et al. 2011). 
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Fig. 3.1 Antioxidative defense strategies by various enzymatic and nonenzymatic antioxidants 

For example, glutathione peroxidase (GPx) is a group of selenium dependent 
enzymes, and it consists of cytosolic, plasma, phospholipid hydroperoxide, and 
gastrointestinal glutathione peroxidase. GPx (cellular and plasma) catalyzes the 
reaction of H2O2 by reduced glutathione (GSH), and as a result, oxidized glutathione 
(GSSG) is produced, and it is again recycled to its reduced form by glutathione 
reductase (GR) and reduced nicotinamide adenine dinucleotide phosphate (NADPH) 
(Fig. 3.2).
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Fig. 3.2 Strategies in 
removing free radical by 
primary enzymatic 
antioxidants. GR glutathione 
reductase, GPX glutathione 
peroxidase, SOD superoxide 
dismutase, CAT catalase, GSH 
glutathione, GSSG oxidized 
glutathione 
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3.3.3 Exogenous Application of Chemical Substances 

The combined management strategies such as nutrient management, exogenous use 
of growth regulators (gibberellic acids, jasmonic acid, brassinosteroids, salicylic 
acid, etc.), specific exogenous osmoprotectants (proline, glycine betaine, trehalose, 
etc.), antioxidants (ascorbic acid, GSH, tocopherols, etc.), signaling molecules (NO, 
H2O2, etc.), polyamines (spermidine, spermine, putrescine, etc.), and trace elements 
(Se, Si, etc.) help in improving drought tolerance, and they are also found effective in 
mitigating drought-induced damage in plants. Among these, nutrient management is 
regarded as a quick and more effective and better strategy to tackle drought stress. 
Exogenous application of brassinolide, uniconazole, and methyl jasmonate 
improved the drought tolerance with increased activities of SOD, CAT and APX, 
ABA, and total improved carotenoid contents in maize (Li et al. 1998), while methyl 
jasmonate brought about a threefold increase in the β-carotene synthesis as well as 
degradation of the chlorophyll contents in the epidermal peels (Pérez et al. 1993). 

3.3.3.1 Application of Hydrogels 
Hydrogels are super polymeric absorbent that retains considerable amount of water, 
and their exogenous application causes increase in water availability, water retention 
capacity of soil, and water uptake and decreases nutrient loss by percolation and 
leaching. It may also enhances the this way soil aeration, soil permeability, infiltra-
tion rates, reducing irrigation frequency and water loss, decreasing soil erosion, and 
drainage and a faster rate of plant root and shoot growth. In general, cellulose, pectin, 
chitin, and carboxymethyl cellulose (CMC) are the natural macromolecules having 
higher potential to absorb water to form hydrogels.
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3.3.3.2 Nutrient Application 
Nutrients N, P, K, Ca, Mg, Zn, Cu, and Si play an important role in developing 
drought tolerance in plant by regulating water relation; maintaining charge balance, 
electron carriers, structural components, and enzyme activation; and providing 
osmoticum for turgor and growth regulation and metabolism. N, K, Zn, Mg, Ca, 
and Si reduce the toxicity of ROS by concomitant increase in the concentration of 
antioxidants like superoxide dismutase (SOD), catalase (CAT), and peroxidase 
(POD) in plant and thereby improve drought tolerance in plants. P, K, Mg, and Zn 
improve the root growth that increases the water intake and thereby regulate water 
relation and improve stomatal conductance. Ca also helps to maintain high tissue 
water potential under drought condition and improve drought tolerance by osmotic 
adjustment. K+ greatly improves in stomata regulation under drought by increasing 
extra-chloroplastic K+ concentrations with surplus application of K+ that could 
prevent photosynthesis inhibition under moisture stress (Egilla et al. 2005). 

3.3.3.3 Application of Growth Hormones and Osmoprotectants 
Osmoprotectants (proline, glycinebetaine (GB), polyamines, brassinolides, etc.) and 
phytohormones (salicylic acid, ABA, GA3, etc.) have been found to improve 
drought tolerance with elevated osmotic adjustment to maintain turgor and antioxi-
dant accumulation to detoxify ROS to maintain stability of membrane structures, 
enzymes, and other macromolecules under drought stress (Anjum et al. 2011). 
Proline as an osmoregulatory solute acts as osmoprotectant under drought stress, 
and its concentration is increasing in stressed plants due to stimulation of proline 
biosynthesis. Increase in proline content and decrease in hydrogen peroxide and lipid 
peroxidation implied its protective role against drought stress and improve tolerance. 
Exogenous GA application can enhance leaf photosynthetic capacity, stomata con-
ductance, and transpiration rate of cotton crop under stress (Lichtfouse et al. 2009). 
SA is a secondary metabolite that induces drought tolerance in plants by regulating 
several physiological processes through signaling (Senaratna et al. 2000; Singh and 
Usha 2003). Exogenous application of methyl salicylic acid on leaves of water-
stressed perennial plants promotes leaf senescence, as programmed leaf senescence 
in drought-stressed plants contributes to nutrient remobilization, thus allowing the 
rest of the plant to benefit from the nutrients accumulated during the life span of the 
leaf (Abreu and Munne-Bosch 2008). Polyamines are associated with the response 
of plants to drought via signaling (Bae et al. 2008). Silicon (Si) application promotes 
plant growth under drought stress with notable improvement in nutrient uptake and 
antioxidants and other osmoprotectants (Hattori et al. 2005; Gunes et al. 2008; Shen 
et al. 2010). 

3.3.3.4 Application of Antitranspirants and Other Chemicals 
Antitranspirants (kaolin, PMA, ABA, waxes, and silicon oil) help to defend 
against drought stress. KCl, KH2PO4, CaCl2, or thiourea also helps in seed harden-
ing, and Cycocel (CCC) improves drought tolerance. Biofertilizers, viz., 
Azospirillum or phosphobacteria, are also useful to ameliorate drought stress.
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3.4 Conclusion and Future Perspectives 

Prolonged droughts cause production of ROS in chloroplasts, mitochondria, and 
peroxisomes and attack cell biomolecules (DNA, lipids, proteins, and carbohydrates) 
and ultimately lead to cell death under severe stress. Plants can mechanize them-
selves to tolerate under such undesirable situation through enzymatic and nonenzy-
matic defense system, by accumulating osmolytes (organic or inorganic) and 
osmoprotectants (proline and glycine betaine). In recent era, plant biologists are 
trying to develop stress-tolerant plants without compromising yield and productivity 
through transgenic approaches exhibiting differential capabilities for ROS produc-
tion and elimination and look for molecular markers and gene manipulation for 
stress tolerance where antioxidants, ROS, and osmolytes play a functional network 
to develop stress tolerance. To induce drought resistance in plants, the mechanism of 
action and optimal concentrations of exogenous chemicals needs to be understood 
along with the appropriate plant developmental stage. The role of H2O2 as a 
signaling molecule and identification of regulatory components in the signaling 
pathways are fundamental clues for future research on stress management. Even 
though physiological strategies of drought tolerance in plants are relatively well 
understood, further studies to resolve physiological basis of assimilate partitioning 
from source to sink, phenotypic flexibility, and high-throughput phenotyping are 
preferred arena of research. Modern omics tools like genomics, proteomics, 
metabolomics, and ionomics will be helpful to understand molecular basis of plant 
response to drought stresses and their tolerance. Thus, an integrated approach is 
essential to improve drought tolerance level in plants, and researchers must use the 
latest genomic resources in combination with physio-biochemical techniques and 
bioinformatics with an ecophysiological understanding of the interactions between 
plant genotypes and environment. 
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Abstract 

Soil and water salinization induced by climate change and anthropogenic 
activities is a major threat to the wheat production, globally. Wheat is a major 
source of calories for two-thirds of the global population. Salt stress adversely 
affects seed germination, plant growth and development, and physiological 
processes through reduction in chlorophyll content, hormonal imbalance, alter-
ation in metabolic activities, and modification in household gene expression, 
which ultimately decreases the yield of wheat. Therefore, detailed understanding 
of the effects of salt stress in wheat crop is essential to devise the remedial 
measures for reducing its adverse effect of the crop. In the past, various 
approaches including management of saline soils, selection of salt-tolerant germ-
plasm, and development of salt-tolerant cultivars through conventional and 
molecular breeding approaches have been applied to a limited extent. However, 
various crop management practices, such as seed priming, nutrient management, 
and exogenous applications of organic (phytohormones, osmolytes) and inor-
ganic chemicals, were found to be more effective in managing the adverse effects 
of salinity in wheat crop as the biological approaches are very costly, time 
consuming, and labor intensive. Therefore, in this chapter, we reviewed from 
available literature the salt stress induced effects on physiological, biochemical,
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and molecular responses of wheat and the advantage of seed priming with 
chemical in plant growth and grain yield improvement of wheat under salt stress.
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4.1 Introduction 

Bread wheat (Triticum aestivum L.) is a major cereal crop of Poaceae family and is 
grown all over the world. During 2020–2021, ~736 million tons of wheat grain was 
harvested from ~217 million hectares of land, worldwide (FAO 2020). It is the 
important source of dietary fibers and provides nearly 20% of the daily total protein 
and calorie requirements in human diet (Shewry and Hey 2015). Globally, wheat 
production is hampered by various abiotic (drought, high or low temperature and 
salinity, etc.) and biotic factors, resulting in the adverse effect of the crop quality and 
productivity. Among them, soil salinity is one of the major limiting factors that 
results in the low yield and poor quality of grains. Climate change and poor quality 
irrigation water are the major factors responsible for soil salinization which leads to 
degradation and desertification of valuable land resources (Rubio et al. 2009). 
Moreover soil salinization has been identified as a major cause for decline in the 
productivity of irrigated and rain-fed lands across the world (Kumar et al. 2022). 
Worldwide, more than 20% of soils are salt-affected, and the anthropogenic

Fig. 4.1 Effect of salt stress on wheat



disturbances and changing climate are further increasing the extent of area under 
such soils (Ding et al. 2021). In salinity soils, EC above 6–8 dS  m-1 adversely 
affects the growth and yield of wheat crops, leading to a decline in the overall 
productivity of wheat crop (Royo and Abió 2003) (Fig. 4.1). According to the 
estimate of Food and Agriculture Organization (FAO), salt stress has devastated 
397 million hectares of wheat cultivation worldwide (World Health Organization 
2019). Effects of salt stress depend on the severity and duration of stress, and the 
developmental stages of crop, which ultimately alters the various physiological and 
metabolic processes in plants (James et al. 2011). Initially, soil salinity-induced 
osmotic stress suppresses the early plant growth, which is followed by the develop-
ment of ion generated toxicity in tissues. Once plants are exposed to salt stress, the 
osmotic stress is detected by the plants, which ultimately results in the deficiency of 
water and solutes in plants (hyperosmotic stress). It also causes rapid stomatal 
closure, which reduces the plant’s ability to assimilate CO2 and ultimately inhibits 
the photosynthesis in plants. Additionally, osmotic stress develops several physio-
logical changes, such as interruption of membranes and deficiency of essential 
nutrients, and impairs the ability to detoxify reactive oxygen species (ROS), and 
alterations in antioxidant enzymes activities (Munns and Tester 2008). On the other 
hand, excess accumulation of Na+ and Cl- ions in the plant tissues causes ionic 
stress (hyper-ionic stress) which leads to premature leaf senescence and death of 
plants in extreme cases. Na+ toxicity results in the inhibition of enzymatic activities, 
thereby resulting in the impairing of plant metabolism, such as Calvin cycle. 
Presence of high level of Na+ in the cytoplasm restricts uptake and transport of 
potassium (K+ ) as well as other macro- and micronutrients, including N, P, Ca2+ , and 
Zn2+ . Moreover, osmotic and ionic stresses caused by the soil salts also result in the 
accumulation of reactive oxygen species (such as singlet oxygen, superoxide, 
hydroxyl radical, and hydrogen peroxide), which reflects adverse impacts on cellular 
structures and macromolecules like DNA, lipids, and enzymes that interrupt the vital 
cellular functions of plants.
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Salt tolerance is a complex polygenic trait governed by several genetic factors 
(Arzani and Ashraf 2016). Rahman et al. (2005) reported that under certain 
conditions, crop shows improvement in their growth in salt stress such as increase 
in K+ , decrease of Na+ , optimization of the Na+ and K+ ion ratio, improvement in 
transpiration efficiency, regulation of osmotic potential, and development of antiox-
idant system of the exposed plants. Wheat, in general, is more sensitive to salinity, 
and it inhibits plant growth and development, resulting in the low productivity or 
even crop failure under extreme salinity conditions. Therefore, understanding the 
physiological basis of stress tolerance in plants is essential for devising the selection 
and breeding programs. Underlying mechanisms of wheat responses to salt stress at 
critical developmental stages are essential for improving breeding techniques and 
developing genetically modified salt-tolerant varieties. According to recent studies, 
the modification in leaf and stem anatomical features in different wheat genotypes is 
also an important adaptation trait under salt stress (Nassar et al. 2020). For instances, 
pigmented wheat genotypes with high anthocyanin content can maintain signifi-
cantly higher dry matter production under salinity conditions, suggesting the

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/photosystem
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/enzyme-activity
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/carbon-dioxide-fixation
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/macromolecule


significant role of phenolic compounds in imparting salinity tolerance in the crop 
(Mbarki et al. 2018). Moreover, worldwide, various approaches have been applied to 
improve crop performance under salt stress, including the introduction of desirable 
genes, genotype screening, genotype selection, and conventional and molecular 
breeding techniques (Hassan et al. 2018a, b; Chattha et al. 2020). Additionally, 
other methods, such as the use of osmoprotectants, nutrient management, seed 
priming, and hormone application, have also been found effective in alleviating 
salt stress in crops (Hasanuzzaman et al. 2017; Erdal et al. 2010). Therefore, the 
primary goal of this chapter is to examine recent research advancement in complex 
physiological, biochemical, and molecular mechanisms involved and amelioration 
approaches applied to increase salt stress tolerance in the bread wheat. 
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Effect of salt stress on plants: In this process, mainly two phases of response 
occurs in plant, i.e., osmotic effect and ion-specific effect. 

4.2 Osmotic Effect 

Once plants are exposed to salt stress, the concentration of neutral salts surrounding 
the plant roots increases which decreases the water potential and increases the 
osmotic pressure of soil, resulting in a reduction in the transportation of water 
from soil via root to plant shoot. This decrease in water uptake negatively affects 
the plant growth, reduces the leaf expansion, and slows down the emergence of new 
leaves in early plant growth stages. Another response of plants to salinity was early 
stomatal closure as a consequence of the osmotic effect (Munns and Tester 2008). 

4.3 Ion-Specific Effect 

The NaCl is the most neutral salt in soil solution that affects the plant growth. The 
ion-specific effect begins when salt levels in older leaves reach to a critical level 
causing cells to die (Munns et al. 2006; Munns and Tester 2008). It was observed 
that Na+ accumulates more in leaves than in roots, and a high proportion of Na+ in 
leaf causes metabolic disruption in plants, owing to toxicity of Na+ and competition 
of Na + with K+ at the binding sites, which is a cofactor that regulates the activity of 
over 50 enzymes in the cytoplasm of leaf cells (Tester and Davenport 2003). The 
activity of several enzymes in leaf cells is also inhibited when the Na+ level in the 
leaf increased, which results in dead leaves (Fig. 4.2). 

4.4 Mechanisms of Salinity Tolerance in Plants 

Generally, plants possess four major strategies/mechanisms to cope up with salt 
stress, i.e., salt exclusion, salt extrusion, salt dilution, and compartmentation of ions. 
Salt-tolerant plants exhibit one or more of the mechanisms to counter the salt stress 
(Fig. 4.3).
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Fig. 4.2 Effects of sodium toxicity in bread wheat 

4.5 Salt Exclusion 

Salt exclusion is a process by which plants can maintain low levels of potentially 
harmful ions such as sodium by avoiding uptake in the leaves during salt stress 
conditions. Wheat plant maintains a significantly lower concentration of Na+ and 
Cl- ions in the shoot than in the root, which is the key feature of salt tolerance in the 
species known as salt exclusion (Horie et al. 2009). At low level of salt stress, Na+ 

ion exclusion mechanisms can provide tolerance in plants to a certain extent. 
Alternatively, in order to tolerate high-salinity levels, plants must be able to tolerate 
Na+ toxicity as well as maintain a high cellular K+ concentration (Zhang et al. 2008). 
To counteract the negative effects of salinity on plants, some ion transporters must be 
overexpressed or modified to reduce Na+ import. The HKT gene found in the Nax2 
locus is responsible for the salt exclusion mechanism in wheat. For instance, 
Demidchik et al. (2002) observed that a large amount of Na+ is pumped back into 
the soil solution from the root cells across the plasma membrane via a Na+ /H+ 

antiporter. Lauchli et al. (2008) proposed that the efflux of Na+ from root cells 
could be mediated by the SOS1 gene, which codes for a protein similar to the plasma 
membrane Na+ /H+ antiporter. Pardo et al. (2006) also observed that a large family of 
CHX genes may also be involved in Na+ efflux from the root cells.
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Fig. 4.3 Mechanisms of salt stress alleviation in bread wheat 

4.6 Plant Level Compartmentalization 

Once the concentration of salts in older leaves of plants increases above the critical 
limit of tolerance, at that point, the compartmentalization of salt in cell vacuole 
becomes crucial to prevent ion induced toxicity cytoplasm, and a similar tolerance 
mechanism exists in the halophytes (Munns 2005). Moreover, few halophytes 
accumulate Na+ and Cl- ions in the root and root-stem junctions, resulting in 
lower salinity levels in the shoots than in roots. For example, eu-halophytes can 
survive in high-salinity environments as these can store ions in their delicate leaves 
or stems and dilute salt concentration in cells leading to the reduced ion toxicity in 
the cells. 

4.7 Salt Excretion 

Halophytic plants remove excess salt ions through unique tissue modifications, such 
as salt bladders, salt hairs, and salt glands. Halophytes can survive in low levels of 
sodium chloride (200 mM) and can withstand higher salt levels in the soils. Even



under high salt concentrations, they can maintain normal reproduction and growth 
(Meng et al. 2018). It has been established that the salt bladders and salt glands are 
not found in all halophytes and only half of them use this type of mechanism to 
stabilize salt ion concentration in the plant tissue. 
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4.8 Cellular Level Compartmentalization 

Under high-salinity condition, plant fails to restrict the entry of sodium ions in cells, 
resulting in the disruption of ion homeostasis, deficiency of essential ions such as K+ , 
and excess of harmful Na+ in the cytoplasm. To cope up with the ion toxicity, plants 
compartmentalize ions in their cells, through various ion transporters and ion 
channels. Cell wall modification, vesicle trafficking, vacuolar compartmentalization, 
ROS detoxification, K+ and NO3- ion homeostasis, osmotic control of transport 
proteins, and accumulation of appropriate osmolytes are all important processes at 
the cellular level involved in adapting to higher level of salt stress. To protect cells 
from toxic effects of excess sodium ions, plants typically adsorb and retain these 
toxic ions inside the vacuole via tonoplast transporters through Na+ /H+ anti-
transporters (NHX), as those trap the excess amount of cytoplasmic sodium ions in 
vacuoles. The vacuolar H+-ATPases and H+-pyrophosphatases (H+- ATPases) gen-
erate a proton motive force, which is used by anti-transporters (NHX) to sequester 
ions within the vacuole (Silva and Geros 2009). Further, the Na+ /H+ anti-transporter, 
a part of SOS signaling pathways, reduces the sodium ions in the cytoplasm by 
compartmentalizing excess sodium ions into vacuoles, resulting in the improved salt 
tolerance in plants (Mahajan and Tuteja 2005). 

4.9 Effects of Salt Stress on Germination, Growth, and Yield 

In complete life cycle of a wheat plant, the seed germination is a highly sensitive 
phase that occurs through imbibition of water (Kumari and Kaur 2018). Salinity-
induced osmotic stress suppresses seed germination via reducing water uptake or 
causing ionic toxicity. These effects collectively inhibit cell division and expansion 
and also stimulate the activities of some specific enzymes, leading to the reduced 
utilization of seed reserves (El-Hendawy et al. 2019). According to recent studies, 
wheat seedlings are moderately sensitive to salt stress, and at higher salt stress 
intensity, the decreased growth and development of plants and subsequent seedling 
death have been reported (Saddiq et al. 2021). Additionally, yield and yield 
associated attributes such as number of spikelets per spike, number of productive 
tillers per plant, grain weight, and biomass yield are also affected by the higher salt 
stress. The physiological, such as, osmotic stress, ionic imbalance, and oxidative 
stress are the major factor hindering crop yield under salt stress. Osmotic stress 
triggers an increase in salt accumulation in cell sap and tissues, which manifests as 
leaf burn and wilting. This ionic imbalance causes nutrient imbalance, resulting in 
the reduced germination and disruption of various metabolic processes (Hussain



et al. 2019). Besides that, reactive oxygen species generated oxidative stress causes 
lipid peroxidation and nucleic acid disruption, which reduce the consistency and 
overall grain yield (Dehnavi et al. 2020; Kumari and Kaur 2020). Hence, seed 
priming with natural or synthetic growth regulators to increase seed germination in 
saline environments may be a better option to enhance the salinity tolerance in 
wheat crop. 
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4.10 Effects on Root Architecture 

Root is the first plant organ which responds to salt stress immediately. Under salt 
stress conditions, root system uptakes water and excludes salts. Few researchers 
have observed a symbiotic association between performance of plant and changes in 
root system architecture (Faiyue et al. 2010; Ristova and Busch 2014). Robin et al. 
(2016) concluded that wheat genotypes grown under the hydroponics condition 
showed nearly about 25–40% reduction in the length, density, and surface area of 
roots under salt stress. 

4.11 Physiological Responses to Salt Stress 

In order to survive at higher soil salinity levels, plants develop a variety of physio-
logical and biochemical mechanisms. Assessing alterations in these parameters 
under saline environment and their role in imparting salinity tolerance to plants 
has important implications. Salt stress affects water balance, photosynthesis and 
respiration, turgor pressure, enzyme efficiency, cell membrane degeneration, and 
mineral nutrient intake and assimilates storage in plant tissues (Jamil et al. 2007). 
According to Sairam et al. (2005) and Kumar et al. (2017), the tolerant and sensitive 
salt wheat genotypes differently responded for various physio-biochemical 
parameters (membrane stability index, relative water content, chlorophyll content, 
total sugar and soluble starch content, ascorbic acid content, and activity of ROS 
scavenging enzymes) under salt stress. 

4.12 Effects on Photosynthesis 

Plant’s survival depends on optimal photosynthetic activity, which is strongly 
influenced by the environmental factors (Badawy et al. 2021). Presence of higher 
amount of salt in soil solution inhibits root water uptake, resulting in the develop-
ment of drought stress in plants. In order to cope drought stress, plant closes their 
stomata to conserve the water resulting in the reduction of CO2 availability for 
performing the photosynthesis. Photosynthesis is also hindered by both accumula-
tion of ions (Na+ and Cl-) in chloroplast and decreased water potential in plants as a 
consequence of salt stress (Hasanuzzaman et al. 2013).
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Fig. 4.4 Effects of salt stress on wheat photosynthesis 

Additionally, salt stress substantially decreases photosynthetic pigments in the 
chloroplast (Afzal et al. 2008) to adversely affect photosynthetic efficiency that 
results in an overall decrease in growth and productivity of plants. The salt stress 
induced imbalance in ROS and antioxidant species increases ionic toxicity, reduces 
leaf growth, and induces early leaf senescence which affects carboxylation and thus 
reduces the photosynthetic activity. Furthermore, salt stress also reduces the effi-
ciency of PS-II, stomatal conductance, intercellular CO2, and electron transport 
resulting in an overall decrease in photosynthesis of plant species (Fig. 4.4). 

4.13 Oxidative Damage 

Salt stress induced stomatal closure prevents CO2 entry into the leaves. This process 
inhibits CO2 fixation and allows chloroplast to stimulate massive amounts of energy, 
resulting in the development of reactive oxygen species (ROS) (Wahid et al. 2007; 
Parida and Das 2005; Hasanuzzaman et al. 2011, 2013). ROS damages the major cell 
molecules such as lipids, proteins, and nucleic acids and causes peroxidation of 
polyunsaturated fatty acids in the membranes (Smirnoff 2005). The production of 
ROS increases under salt stress, resulting in cellular toxicity in the various crop 
plants. Under such conditions, salt-sensitive wheat cultivars display higher H2O2 and

https://ascidatabase.com/result.php?searchin=Keywords&cat=&ascicat=ALL&Submit=Search&keyword=fatty+acid


lipid peroxidation than salt-tolerant cultivars. Zou et al. (2016) observed that salt 
stress (100 mMNaCl) elevated the malondialdehyde (MDA) levels in wheat 
seedlings by 35% or 68% after 5 or 10 days of exposure, respectively. 
ROS-mediated membrane damage has also been identified as a major cause of 
salinity-induced cellular toxicity in rice, tomato, and citrus crops. 
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4.14 Relative Water Content, Chlorophyll Content, 
and Membrane Stability Index 

RWC (relative water content) is a measure of the amount of water in a fresh leaf 
sample. It also serves as an important indicator of plant’s water holding capacity 
(water potential) under a given condition. Salinity and drought are the major abiotic 
stresses that cause osmotic stress via decreasing water uptake and lowering water 
potential of plants. Consequently, RWC causes stomatal closure which indirectly 
affects the rate of carbon assimilation. Further, chlorophyll pigments play an impor-
tant role in various plant physiological activities and most importantly regulate the 
plants’ photosynthetic capacity, which ultimately influences the plant productivity. 
Under salt stress, the decrease in chlorophyll content is more in sensitive plants 
compared to tolerant plants. According to Jeranyama and DeMoranville (2008), 
decrease in plant growth and productivity under salt stress was attributed to the 
reduction in photosynthetic activity. Moreover, higher salt stress intensity adversely 
affects the cell and plasma membrane, and membrane integrity, resulting in the 
electrolyte leakage which is a measure of membrane stability index. Kumar et al. 
(2017) highlighted that salt stress tolerant wheat genotypes showed a lower decrease 
in RWC, MSI, and chlorophyll content than sensitive genotypes. 

4.15 Ion Homeostasis 

Ionic homeostasis regulates ion flux by maintaining low Na+ and high K+ concen-
tration in the plant tissues (Farooq et al. 2015). Maintenance of Na+ /K+ ratio in the 
cytoplasm through ion homeostatic balance necessitates the participation of Na+ and 
K+ transporters as well as channels which is the key mechanism of salinity tolerance 
in wheat (Assaha et al. 2017). Plants exclude excess soluble salt from the cytosol via 
primary and secondary active transports (Li et al. 2006a, b) and accumulate posi-
tively charged ions in the plasma and tonoplast membranes to maintain ion homeo-
stasis during salt stress. Additionally, higher concentration of Na+ interferes with K+ 

accumulation, and stomata regulation is compartmentalized in the vacuole to protect 
the cytosol from the toxic effects of Na+ . The high level of Na+ and Cl- in roots 
adversely affects metabolic path, photosynthetic efficiency, and growth of the crop 
plants (Deinlein et al. 2014). Murthy (1979) demonstrated that the decreased K+ and 
increased Na+ contents in leaves under salt stress reduce the grain yield of wheat 
genotype (UP-301).
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4.16 Biochemical Responses 

In salt-affected areas, the osmotic pressure of soil exceeds the osmotic pressure of 
root cell sap, thereby decreasing the water absorption potential of plants. Under such 
circumstances, a plant employs adaptive osmoregulation process to mitigate the 
negative effects of osmotic stress (Hasanuzzaman et al. 2013b; Farooq et al. 
2015). The electrically neutral organic solutes called osmolytes (proline, glycine 
betaine, sorbitol, mannitol, and polyamine) are produced in the cell cytoplasm to 
regulate osmotic potential of ions in the vacuole under stress condition. These also 
maintain the osmotic balance of the cells and their surroundings and use an adaptive 
mechanism called osmotic adjustment to keep the plant cells turgid, enabling the 
plant to sustain under salt and moisture stress conditions. Ashraf and Foolad (2007) 
observed a clear relationship between the stress tolerance and accumulation of 
osmolytes under various stress conditions. 

4.17 Proline 

Proline accumulation is regarded as an important precautionary biochemical 
response in wheat against the salt stress. Increasing proline content in plant cells 
prevents negative effects of osmotic stress at the cell level. Even in adverse 
conditions, proline accumulation aids the plant’s growth and development. It acts 
as an antioxidant, a signaling molecule, and a metal chelator in plants under stress 
condition (Hayat et al. 2012). Proline can be produced by plants in glutamate or 
ornithine pathways. However, under salt stress, glutamate is most important precur-
sor molecule in the synthesis of proline. Pyrrolinecarboxylic acid reductase (P5CR) 
and pyrroline carboxylic acid synthase (P5CS) enzymes played an important cata-
lytic role in proline biosynthesis. The expression of genes involved in proline 
biosynthesis increases during salt stress, while the gene encoding proline dehydro-
genase involved in proline breakdown decreases in salt-tolerant wheat genotypes 
(Tavakoli et al. 2016). 

4.18 Glycine Betaine 

Glycine betaine, a nontoxic water-soluble organic metabolite, plays a significant role 
in osmoregulation in plants under abiotic stresses (Wani et al. 2013). It is synthesized 
from choline with a two-step reaction, involving two or more enzymes, i.e., choline 
monooxygenase and betaine aldehyde dehydrogenase. Both of these enzymes 
activated in the presence of salt stress. Glycine betaine protects the cells through 
osmotic adjustment and protein stabilization and also protects photosynthetic appa-
ratus from stress (Cha-Um and Kirdmanee 2010) and reduction of ROS (Saxena 
et al. 2013a, b). Ahmad et al. (2013) reported that the foliar spray of glycine betaine 
on stressed plants resulted in the pigment stabilization as well as increase in 
photosynthetic rate and growth of the wheat plant.
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4.19 Antioxidant Regulation 

Biotic and abiotic stresses cause disruption of electron transport chains (ETC) in 
chloroplasts and mitochondria. Under such conditions, molecular oxygen (O2-) acts 
as an electron acceptor, resulting in the ROS accumulation. Reactive oxygen species 
(ROS) are modified and activated forms of atmospheric oxygen that are an inevitable 
by-product of aerobic metabolism that occurs naturally in plants. Singlet oxygen 
(1 O2), hydroxyl radical (�OH-), superoxide radical (�O2

-), and hydrogen peroxide 
(H2O2) are all highly oxidizing compounds that are harmful to cell integrity (F. Groß 
et al. 2013). These ROS molecules end up causing lipid peroxidation and denatur-
ation of proteins and nucleic acids in the plant cells (Ahmad and Sharma 2008). In 
response to environmental stresses, crop plants typically build up ROS (reactive 
oxygen species) molecules in various subcellular compartments. The accumulation 
of ROS is the main cause of oxidative stress, which leads to serious injury in plants 
resulting in reduced crop growth and yield. ROS production and detoxification are 
continuous processes inside the plant cells, and thereby they maintain an equilibrium 
called redox potential (Caverzan et al. 2016) which is regulated by enzymatic and 
nonenzymatic antioxidants (Gondim et al. 2013). Antioxidant metabolism involves 
activation of enzymatic and nonenzymatic compounds, essential for detoxifying 
ROS caused by the salt stress. The activity of antioxidant enzymes, such as super-
oxide dismutase (SOD), catalase (CAT), glutathione peroxidase (GPX), ascorbate 
peroxidase (APX), and glutathione reductase (GR), as well as the deposition of 
nonenzymatic antioxidant compounds is positively associated with salt stress toler-
ance (Gupta et al. 2005). Gill et al. (2013) and Tuteja et al. (2013) identified a couple 
of helicase proteins (e.g., DESD-box helicase and OsSUV3 dual helicase) that 
contribute in plant salinity tolerance by enhancing photosynthesis and antioxidant 
machinery. The antioxidant role of anthocyanin and flavonoid has also been exten-
sively studied in plants under salt stress. It has been reported that the anthocyanin 
accumulation increases once plants are exposed to salt stress. However, Van Oosten 
et al. (2013) isolated the anthocyanin-impaired response-1(air1) mutant, which was 
incapable of accumulating anthocyanins under salt stress. The identification and 
characterization of AIR1gene open up new opportunities for investigating the links 
between abiotic stress and antioxidant accumulation in the form of flavonoids and 
anthocyanins. Additionally, ascorbate is one of the most important antioxidants in a 
cell, and exogenous application of ascorbate reduces the negative effects of salt 
stress in a variety of plant species and encourages plant recovery from the stresses 
(Agarwal and Shaheen 2007; Munir and Aftab 2011). Glutathione is another impor-
tant antioxidant that aids in stress reduction, because it can interact with free radicals 
like hydrogen peroxide, superoxide, and hydroxyl radicals. According to 
Aly-Salama and Al-Mutawa (2009) research, the exogenous application of glutathi-
one protects the plasma membrane permeability and cell viability throughout the salt 
stress in Allium cepa.
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4.20 Polyamines 

Polyamines (PA) are tiny, low-molecular-weight polycationic molecules and play a 
wide range of functions in plant growth and development, including the control of 
cell proliferation, differentiation and morphogenesis, dormancy breaking, somatic 
embryogenesis and seed germination, development of flowers and fruit, and senes-
cence (Knott et al. 2007; Gupta et al. 2013a, b). It is essential for abiotic stress 
tolerance, including salinity, and the increase in polyamine levels is associated with 
plant stress tolerance in wheat (Gupta et al. 2013a, b; Kov’acs et al. 2010). 

4.21 Molecular Responses to Salt Stress 

4.21.1 ROS Homeostasis 

Salt stress disrupts the availability of CO2 in leaves and the electron transport chain 
(ETC) in mitochondria and chloroplast as a result of the production and accumula-
tion of ROS (Navarro-Yepes et al. 2014). Chloroplast (photosystem I and II), 
mitochondria (respiratory complex I and III), and peroxisomes (glycolate oxidase) 
are the primary sites of ROS generation. Accumulation of higher ROS concentration 
is extremely harmful to plants. Irregularities in the ETC cause lipid peroxidation, 
enzyme inhibition, nucleic acid damage, and activation of the programmed cell death 
pathway (Hossain et al. 2021). Lipid peroxidation increases electrolyte leakage, 
disturbs membrane permeability, and activates protein oxidation. For instance in 
wheat, MDA content was found to be increased up to 35% at 100 mM and 73% at 
300 mM NaCl salt stress (Hasanuzzaman et al. 2013). Most of the plants have a 
natural defense system such as an antioxidant to detoxify the harmful effect of ROS. 
The antioxidant enzymes such as CAT, SOD, POX, APX, GR, GPX, DHAR and 
MDHAR, while non-enzyme antioxidants such as glycine betaine, and proline, 
sugars (sucrose and raffinose), polyols (mannitol and sorbitol) (Munns and Tester 
2008; Wang et al. 2001) protect the cells by osmotic adjustment and stabilize the 
tertiary protein structure and shielded photosynthetic apparatus from ROS damage. 
Several genes regulate the biosynthesis of these compatible solutes and enhance the 
salt tolerance of the crop plants. For example, the rate-limiting enzyme, i.e., 
pyrroline-5-carboxylate synthetase (P5CS) gene, is involved in proline biosynthesis 
to enhance the salt tolerance in Arabidopsis thaliana. Both halophytes and 
glycophytes sequester Na+ ion which is an important mechanism of tissue tolerance 
to salt stress (Munns and Tester 2008; Tester and Davenport 2003). Previous studies 
reported that the increased concentration of catalase in both salt-tolerant and salt 
sensitive wheat genotypes enhances the salt stress tolerance (Sairam et al. 2002). 
Mandhania et al. (2006) reported enhanced activity of SOD and CAT in bread wheat, 
which is involved in the detoxification of H2O2 to H2O and O2 under salt stress. Salt-
tolerant wheat genotypes produced higher concentration of AsA and CAT to counter 
the effect of salt stress in comparison with sensitive genotypes (Athar et al. 2007).
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4.21.2 Effect on Ion Homeostasis 

Ionic imbalances are the most severe impacts caused by salt stress. The combinations 
of multiple ions in saline environment determine the nutrient imbalance which leads 
to either deficiency or excessiveness of a particular nutrient. Under moderate to high-
salt stress, the nutrient imbalance is prevented by ion transportation, which tends to 
create influx of ions into the cell from the plasma membrane of the vacuole 
(Blumwald et al. 2000). Whenever the influx rate is higher, anions (Cl-) and cations 
(Na+ ,  Mg2+ ,  Ca2+ ) accumulate in cytosol, matrix, and stroma of the cell instead of the 
vacuole, which results in nutrient imbalance, especially the deficiency of K+ in plant 
tissues. To counter ionic imbalance, the apoplast continues to accumulate ions 
resulting in ion transport inhibition from apoplast to symplast (Speer and Kaiser 
1991). The accumulation of salt in leaf apoplast disrupts cell water relations, leading 
to wilting and inhibition of enzymatic activity, which interferes with the protein 
surface charges, besides destabilizing the molecular level interactions (Flowers et al. 
1991). Compartmentation of excess Na+ in vacuole is tolerance mechanism of plants 
against the ion toxicity (Cordovilla et al. 1995). High Na+ interferes with K+ 

accumulation and stomata regulation in plants. Therefore, to optimize the K+ uptake 
ratio, plants restrict the Na+ entry and exclude the Na+ from the cell to maintain the 
K+ /Na+ ratio in the cytosol and to increase plant survival under salt stress (Li et al. 
2006a, b). A higher concentration of Na+ and Cl- disturbs the uptake of K+ and 
Ca2+ causing lesions on tissues and reduction in shoot dry weight of plants. Simi-
larly, antagonistic effect of Cl- has also been observed with NO3- and PO4 

3- that 
reduced the yield of wheat (Abdelgadir et al. 2005; Massa et al. 2009). Na+ is a major 
cause of creating both ionic toxicity and osmotic stress during the salt stress; thus, 
maintaining ion homeostasis is very crucial for proper growth and development of 
wheat under salt stress. Under higher level of salt stress conditions, plants fail to 
exclude Na+ from shoot tissue leading to accumulation of Na+ in vacuoles via 
cytoplasm, which creates a detrimental effect on various stages of plant growth. 
Therefore, to regulate the Na+ sequestration, several channels/transporters such as 
vacuolar NHX (Na+ /H+ ) transporter transport Na+ from cytosol into the vacuole. The 
two types of H+ pumps are present in vacuoles, i.e., H-ATPase (V-ATPase) and 
vacuolar pyrophosphatase (V-PPase) (Wang et al. 2001), and V-ATPase is known as 
dominant due to playing a role in maintaining solute homeostasis through facilitating 
vesicle fusion by using secondary transport. Previous studies on Vigna unguiculata 
indicated that the activity of the V-ATPase pump increased, while the activity of the 
V-PPase pump was inhibited in seedlings under salt stress (Otoch et al. 2001). The 
functional activity of the NHX (Na+ /H+ ) transporter depends upon tonoplast 
membrane-localized H+-ATPase (V-ATPase) and H+-ATPase (V-PPase). 
Overexpression of vacuolar AtNHX1 or AVP1 enhances the salinity tolerance in 
plants (Ishitani et al. 2000).
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4.21.3 Ion Transporters 

Plants maintain the ionic balance of Na+ and Cl- inside the cell by removing excess 
salts via primary and secondary transport systems by compartmentalizing into 
vacuoles (Li et al. 2006a, b). Na+ exclusion in plants can be achieved by different 
channels/transporters present in the cell membrane and by maintaining a K+ /Na+ 

ratio. Previous studies reported the presence of low Na+ content with high K+ /Na+ 

ratio in the roots and shoots of wheat plant (Yadav et al. 2018). Higher Na+ content 
in leaves creates metabolic toxicity that causes death of leaves due to inhibition of 
various enzymatic activities and reduction in photosynthetic ability in the leaf cell. 
K+ works as cofactor in the activation of more than 50 enzymes in the cytosol of 
leaves, which are necessary for protein synthesis. Several previous studies have 
conducted the detailed and comprehensive analysis of Na+ exclusion and stress 
induced tolerance mechanism in various crop species (Munns et al. 2000; Genc 
et al. 2007). In contrast, in few crops like soybean, citrus, and grapevine, the Cl- ion 
induced more toxicity compared to Na+ . To prevent the entry of Na+ in photosyn-
thetically active tissues, the Na+ exclusion mechanisms have been identified in cereal 
crops such as rice, bread wheat, and barley. The mechanism generally involves up-
or downregulations of specific ion channels/transporters allowing control of Na+ 

transport in cytoplasm throughout the plant’s life. Further, two identified transporter 
genes were found to be involved in Na+ exclusion: SOS (salt overly sensitive) and 
HKT (high-affinity potassium transporter) family. The SOS gene includes three 
proteins; SOS1 encodes functional Na+ /H+ antiporter which is controlled by 
generated proton gradient through ATPase activity localized in the plasma mem-
brane. The studies suggested that SOS1 (Na+ /H+ antiporter) is involved in Na+ 

exclusion back into the soil, and overexpression of this SOS1 gene confers salt 
tolerance in transgenic plants. The second SOS2 gene encodes a protein serine/ 
threonine kinase and consists N-terminal (catalytic) and C-terminal (regulatory) 
domain involved in Ca+ ion signals (Conde et al. 2011; Liu et al. 2000). The third 
gene SOS3, Ca+ ion binding protein contains a myristonylation site at N-terminal, 
conferring salt tolerance (Ishitani et al. 2000). In wheat, two upregulated SOS genes 
were also identified, i.e. TaSOS1 (a transmembrane Na+ /H+ antiporter) and TaSOS4 
(a cytoplasmic pyridoxal (PL) kinase), and their expression was measured in 
cultivated and wild wheat by using qRT-PCR technique under salt stress. High-
affinity potassium transporter (HKT) gene family plays a crucial role in Na+ exclu-
sion via minimizing the entry of Na+ into the roots from the soil (Tester and 
Davenport 2003). The Nax1 and Nax2 genes belonging to the HKT gene family 
were initially identified in durum wheat, which excludes the Na+ from xylem tissues 
and maintains its low concentration in the leaf tissue. The Nax genes have already 
been utilized in the crop improvement program for developing salt-tolerant wheat 
genotypes. The presence of the Nax2 gene in the durum wheat produced 25% more 
grain yield, while the presence of both the Nax1 and Nax2 gene in bread wheat 
reduces Na+ concentration by 60% in leaves under salt stress conditions (James et al. 
2006; Singh et al. 2015). The HKT includes two classes known for controlling Na+ 

ion distribution in plants: class I or Na+ selective transport and class II or Na+ /K+



cotransport. The Arabidopsis gene AtHKT1; 1 is localized in root stele and the 
overexpression of this gene enhances salt tolerance in plants by decreasing Na+ 

transport to the shoot via the transpiration stream (Ramezani et al. 2013). Salt 
tolerance in wheat genotypes can be achieved by downregulation of TaHKT 
2 gene (Singh et al. 2015). Further, the genes including dehydrin, expansins, and 
transcription factors were involved in increasing salt tolerance in wheat such as 
DHN-5 (Brini et al. 2007), TaEXPA2 (Chen et al. 2017), TaEXPB23 (Han et al. 
2012), TaSTRG (Zhou et al. 2009), TaMYB2A (Mao et al. 2011), and TaNAC29 
(Xu et al. 2015). Overall, Na+ exclusion is the most effective approach for improving 
salt tolerance in cereal crops by preventing the entry of Na+ ions into the shoot. 
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4.22 Approaches to Enhance Salt Tolerance Through Seed 
Priming and Exogenous Application of Organic Chemicals 

Seed germination is the most critical stage affected by salt stress which needs sui 
management for obtaining higher germination and vigorous seedlings. The priming 
process enhances resistance of seed against the salt stress. Among the different 
priming techniques, chemical priming is a prominent approach for managing salt 
stress in plants. For instance, H2O2 treated wheat seed showed 56% higher germina-
tion rate than hydroprimed (He and Gao 2009), suggesting the effectiveness of 
chemicals over hydropriming. Seed priming with SA improved pre- and postemer-
gence salt stress tolerance of wheat, seed germination, tissue water status, and root-
shoot ratio (Amin and Abolfazl 2017 ; Razzaq et al. 2013). It was also observed that 
the seed treated with 300 μmol L-1 of melatonin enhanced radicle length and 
number, plumule length, and lysine (Lys) content in grain which was indicative of 
a positive correlation with a morphological index of germination (Li et al. 2000). 

4.23 Pre-Sowing Seed Treatment 

The low water potential and higher osmotic stress drastically reduce the seed 
germination rate and total seed germination of wheat crop in salt-affected soils. 
The reduced water uptake in the saline soils alters various structural, physiological, 
and biochemical parameters, leading to reduction in seed germination (Poljakoff-
Mayber et al. 1994). The seed germination and early-seedling establishment are the 
most sensitive growth phases under salt stress (Foolad 2004). However, rapid and 
uniform seed germination and early-seedling growth are of vital importance for 
satisfactory wheat production in saline soils. Therefore, it is important to alleviate 
the adverse effects of salts at the initial growth stages for improving the establish-
ment of a crop in saline soils (Ashraf and Foolad 2005; Ashraf et al. 2003). Many 
studies have shown that the treating seed with water or solutions of inorganic or 
organic salts before sowing improves the salt tolerance of plants (Babaeva et al. 
1999; Chang-Zheng et al. 2002). During pre-sowing seed treatment, seeds are 
immersed in a solution which is referred to as seed priming. Priming creates external



water potential that is low enough to prevent germination but allows some 
pre-germinative physiological and biochemical phenomena to occur or for a duration 
that is insufficient for germination to pass a critical point (Bradford 1986). It has 
been observed that the primed seeds usually germinate more rapidly than unprimed 
seeds once placed in an appropriate germination environment. Over the last two 
decades, the seed priming approach has been used extensively to enhance the rate 
and uniformity of seed germination and the emergence of crop plants grown under 
both saline and nonsaline conditions. Seed priming as a technique was adopted to 
improve the rate and synchrony of seed germination and can be subdivided into 
hydropriming, halopriming, osmopriming, and hormone-priming. 
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4.23.1 Hydropriming 

Hydropriming involves soaking the seeds in water before sowing (Pill and Necker 
2001) and may or may not be followed by air-drying of the seeds. Hydropriming 
may enhance seed germination and seedling emergence under both saline and 
nonsaline conditions. For example, Roy and Srivastava (1999) found that soaking 
wheat kernels in water improved their germination rate under saline conditions. 

4.23.2 Halopriming 

Halopriming refers to soaking of the seed in inorganic salt solution. A large number 
of studies have demonstrated that the seed halopriming treated seed significantly 
improves germination, seedling emergence and establishment of seedlings, and final 
crop yield in salt-affected soils. For example, presoaking Echinacea purpurea seed 
in either 0.1% MnSO4 or 0.05% ZnSO4 solution increased germination percentage 
by 36% or 38%, respectively, and field emergence by 27–41% (Babaeva et al. 1999). 
The halopriming not only promotes seed germination but may also stimulate 
subsequent growth of plants, thereby enhancing the final crop yield (Eleiwa 1989; 
Sallam 1999). Under salt stress, presoaking seed in inorganic salts (NaCl, CaCl2, and 
Na2SO4) solutions improves grain yield in wheat (Triticuma aestivum). For instance, 
seed priming with CaCl2 was more effective than NaCl; however, soaking in 3% 
Na2SO4 was the most effective treatment to alleviate the salt stress in wheat (Mehta 
et al. 1979). 

4.23.3 Hormone-Priming 

Pretreating seed with optimal concentrations of plant growth regulators (PGRs) can 
effectively improve germination as well as growth and yield of crops under both 
normal and stress conditions (Lee et al. 1998). Several growth regulators are 
commonly used for seed priming, including auxins (IAA, IBA, and NAA), 
gibberellins (GA), gibberellin antagonists, kinetin, abscisic acid, polyamines



(PAs), ethylene, brassinolide, salicylic acid (SA), triacontanol, and ascorbic acid. 
For instance, soaking seed with IAA, NAA, or GA improves seed germination of 
wheat (Balki and Padole 1982). Similarly, priming of seeds with a moderate 
concentration of kinetin (150 mg L-1 ) was found equally effective in improving 
growth and grain yield of two wheat cultivars, suggesting the beneficial effects of 
kinetin on photosynthetic capacity and water use efficiency under saline conditions 
(Iqbal and Ashraf 2005). Moreover, exogenous application of IAA in the form of 
foliar spray increases the grain yield and yield components in a wheat cultivar 
cv. Shahkar-92 (Hegazi et al. 1995) grown under saline conditions. Similarly, 
exogenous application of salicylic acid (SA) as a foliar spray counteracted the 
deleterious effects of NaCl on wheat (Sakhabutdinova et al. 2003). In the same 
crop, application of 100 mg L-1 SA proved to be effective in alleviating the adverse 
effects of salt stress on wheat seedlings (Al-Hakimi and Hamada 2001). Wheat seed 
pretreated with different concentrations of gibberellic acid (GA) also showed vary-
ing positive results in terms of germination under saline conditions, with presoaking 
in 50 mg L-1 of GA having the best result (Parashar and Varma 1988). In another 
study, adverse effects of salt stress on seed germination were mitigated by soaking 
seed in varying concentrations of IAA, IBA, or gibberellic acid (GA3) (Gulnaz et al. 
1999). For example, 200 mg L-1 GA3 resulted in 100% seed germination at 13.1 dS 
m-1 , while IAA and IBA increased germination at 8.4 dS m-1 . 
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4.24 Conclusion 

Climate change induced salt stress is adversely affecting the quality and yield of 
wheat crop, globally. Wheat plants exhibit variable responses to salt stress for 
physiological, biochemical, and molecular functions. Salt stress negatively 
influences photosynthesis, nutrient uptake, and water relationships and also alters 
hormonal and ionic imbalance through salinity-induced oxidative stress. The salt 
stress tolerance mechanisms in wheat have been extensively studied and delineated. 
However, detailed understanding of salinity sensitive biochemical and molecular 
parameters is required at seed germination and seedling stages. Additionally, the 
studies on root architecture, root-shoot signaling, and their cross talk with nutrient 
and water uptake under salt stress are still required to be documented for better 
understanding of salinity tolerance mechanism with the aim to develop salinity 
tolerant cultivars in wheat. Despite the extensive application of various conven-
tional, molecular, and transgenics approaches for improving salinity tolerance in 
wheat, the only very few salt-tolerant wheat varieties were developed, globally. 
Further, the use of exogenous chemical (inorganic salt, plant hormones) for seed 
priming and foliar spray was found much more convenient in enhancing plant 
growth under saline environment. In wheat seed, priming treatment has been 
established as a promising practice to enhance salinity tolerance. The different 
kinds of chemicals are used for seed priming, and they create contrasting response 
in plant metabolic activities as few chemicals improve plant hormones and enzymes, 
while others enhance the activity of plant growth regulators. For instance, seed



priming with the chemicals like plant hormones (IAA, NAA, or GA) and inorganic 
salts (Zn, Mn, and Na) improves the seed germination, pigment contents, membrane 
stability, water holding capacity, membrane stability, water use efficiency, mem-
brane stability, yield-related traits, and biological and grain yields, resulting in an 
overall favorable increase in physiological processes in wheat. However, there is still 
lack of understanding about the potential of chemical molecules under salt stress 
which require the greater attention. Besides this, the efficiency of already tested 
chemicals as well as the effect of chemicals individually or in combination on the 
various developmental stages is required to be standardized for ease of use. There-
fore, integrated approach that encompasses plant breeders, physiologists, 
biotechnologists, and agronomists is essential for enhancing salinity tolerance and 
producing sustainable yield in wheat under salt-affected agroecosystems. 
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Abstract 

The present scenario sounds an alarm over the increasing global mean tempera-
ture that is coupled with reduced water availability. The present review highlights 
the osmotic changes that occur on account of water deficit under drought and 
salinity. Reduced water potential ameliorates the tension in the xylem tissue, thus 
ultimately leading to xylem cavitation and embolism. The sustained deficit leads 
to the production of increased reactive oxygen species (ROS) that is not 
comprehended by usual antioxidative defense system. The upregulation of 
antioxidative system, variation in root architecture, presence of trichomes, and 
stomatal regulation alleviate the overall water use efficiency (WUE) under 
drought and saline conditions. These mitigation strategies are coupled with 
expression of dehydrins and salt overly sensitive genes (SOS) under drought 
and salinity, respectively, at the molecular level to provide resistance against 
the same. 
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5.1 Introduction 

Drought and salinity are ever-increasing abiotic stresses that not only affect the crop 
yield in general but also disturb the soil ecological balance and shift the cropping 
pattern at a non-mitigating rate. The proportionate increase in the rate of carbon 
emissions and depletion of water table in a non-sustainable way has added up to an 
increase in the mean global temperature of 1 °C ultimately creating drought-like 
conditions (IPCC 2018). Further on, it is predicted that at this rate, the temperature 
might go up by 1.5 °C by 2050 (IPCC 2018). These prolonged droughts bring the 
salts and ions on the upper strata of soil affecting the rhizosphere zone of crop plants 
ending up in saline or sodic soils. However, both drought and salinity have a 
common node of lowered water potential due to unavailability or non-absorption 
of water. The response of plants toward decline in water potential depends upon the 
exposure of abiotic stress—gradual or abrupt (Ruehr et al. 2019). The gradual stress 
offers the plant to mitigate and cope up by upregulating the defense mechanisms 
physiologically, biochemically, and ultimately at the molecular level. The cross talk 
between these three mechanisms offers the plant an innate level resistance toward 
stress. However, in the latter case where the stress is severe and abrupt, plant’s 
machinery reaches a level of no point of return in a short span. 

Prolonged drought and salinity stress reduce water potential, negate xylem 
hydraulic conductance, and also interfere with transpiration rate and stomatal con-
ductance (Sevanto et al. 2018). The abovementioned changes in the xylem tissue 
ultimately affect the rate of photosynthesis and thus affect the crop yield. The coping 
mechanism of plants comprises of an osmotic balance comprising of compatible 
solutes that tend to maintain the ionic homeostasis. Solutes, viz., proline, glycine-
betaine, mannitol, sorbitol, trehalose, and hexose sugars, not only act as compatible 
solutes but also as signaling molecules to notify the changes under water deficit or 
increased salt concentration to the nucleus (Arif et al. 2020). Further changes in the 
molecular machinery produce stress-related proteins, viz., SOS proteins. This review 
will discuss changes in water potential under drought and salinity, xylem hydraulic 
conductance, homeostasis against drought and salinity, and mitigation strategies and 
future perspectives of drought and salinity resistant cultivars/varieties of major 
crops. 

5.2 Water Potential Under Drought and Salinity 

The reduction in water potential (Ψw) is a common node on account of salinity and 
drought stress. The unavailability of water around the rhizosphere of the plant 
creates tension in the xylem sap ultimately reflecting in lower xylem water potential 
values (Ψx). In salinity stress, the presence of ions in high concentration further adds 
to the lowering of turgor potential and relative water content (RWC). The reduction 
in the Ψw is not an individual entity but an amalgamation of various dependent 
factors, viz., stomatal conductance, photosynthetic rate (An), and carbon source 
allocation (Ci). The strain on the xylem conductance is much more worse when



the stress is prolonged over a larger period of time. During mild and moderate stress 
water deficit exposure, the setback to the photosynthesis rate (An) is only in terms of 
stomatal closure. When the stress subsides, the stomata reopen and plant regains the 
normal photosynthetic rate. However, during severe stress conditions, WUE 
declines even after the stomatal closure and tends to cross a threshold barrier beyond 
which the damage to the photosynthetic apparatus is irreversible. When the drought 
and salinity stress conditions revert back to the optimal WUE environment, the 
carbon sources are diverted back to the repair of photosynthetic requisites. The 
tolerance capacity of species from temperate and semiarid biomes against low 
water availability has been attributed to enhanced biochemical capacity and faster 
repair of photosynthetic machinery. Leaf cooling and heat exposure are critical 
factors that need further consideration. In the leaf that is equipped with well-watered 
conditions, leaf transpiration imparts an optimal cooling strategy so as to prevent leaf 
heating (Drake et al. 2018). The temperature difference of 2–3 °C prevails between 
well-watered and water limited conditions, and this difference can cause substantial 
damage and also affects the gas exchange recovery (Birami et al. 2018). However, 
when water supply becomes limiting, stomata close and leaves can heat up. Water 
use efficiency (WUE) is one such trait which determines the sustenance of tolerant 
genotypes under water deficit condition (Table 5.1). Deep rooted genotypes maintain 
a constant value of WUE under physical and physiologically drought prone areas. 
The deep root system draws its water requirement making use of groundwater table, 
thus supporting drought avoidance strategy. This is evident from karst ecosystem 
under drought depicting contrasting behavior of leaf water potential and deeper root 
system. The species with small xylem diameter has a lower capacity for water uptake 
and depicts more negative water potentials and ultimately lower water use efficiency 
(WUE) ending up in drought-induced canopy defoliation and mortality. The species 
with large-diameter xylem vessels with deeper root system possess high water 
uptake capacity ultimately. Such species have hgh leaf-level WUE and thus stand 
high survival rates under drought with modertae canopy defoliation (Ding et al. 
2021). 
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5.3 Xylem Hydraulic Conductance 

The cohesive balance between the transpiration and water potential in plants espe-
cially woody trees is disturbed when the latter are exposed to the water deficit 
conditions. The negative values of xylem potential under drought and salinity stress 
reaches a threshold level below which the process of cavitation starts. The closure of 
stomata on account of water deficit also is determined by these threshold values; 
however, it is accounted that the stomata closure occurs much early before the plant 
hits threshold value (Choat et al. 2018). This might be an escape strategy by the 
plants to overcome the water deficit conditions. The xylem under tension tends to 
avoid embolism by prior stomatal closure, and this stomatal closure causes decline in 
transpiration and photosynthetic rates and ultimately disturbs the translocation of 
photosynthates (Fig. 5.1). In another study in two tomato varieties (Abdalla et al.
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2021), an interesting observation was postulated. Under well-watered condition, 
there was a direct correlation between leaf water potential (Ψl) and stomatal conduc-
tance; however, as the water levels receded, the relation became nonlinear one. It 
was observed that under water deficit conditions, the cross talk between lower-
ground parts, viz., root architecture comprising of root length and root area and 
soil hydraulic conductance and stomatal conductance, played major role for plants to 
cope up with drought stress. Similarly, in Vitis vinifera L., the 4-year recurrent water 
stressed plants possessed xylem hydraulic memory depicting enhanced water use 
efficiency (WUE) in comparison with well water vines (Tombesi et al. 2018). In 
addition to this, there is a disturbance in the ionic homeostasis leading to the 
generation of reactive oxygen species (ROS). The generated ROS further damage 
the organelle structures and also cellular membrane. The increased threshold levels 
of ROS especially in the meristematic tissues are an important biomarker to assess 
the low levels of water availability. Water deficit in amalgamation with increased 
ROS leads to more serious consequence of cavitation, cytorrhysis, cell death, and 
ultimately tree mortality (Mantova et al. 2022). While discussing the xylem hydrau-
lic conductance, the role of aquaporins cannot be neglected. Aquaporins are set of 
intrinsic membrane proteins that play a pivotal role in maintain ionic and osmotic 
homeostasis (Maurel et al. 2015). It is pointed that aquaporins improve osmotic 
balance by preventing membrane damage and leakiness, improving root architec-
ture, viz., growth area and length, and by the upregulation of ROS scavenging 
constituent mechanisms (Patel and Mishra 2021).
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Fig. 5.1 Diagrammatic representation of lowered water potential under drought and salinity
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5.4 Water Use Efficiency (WUE) Under Drought and Salinity 

An important aspect to counteract water deficit is to have optimal water use 
efficiency (WUE) under such conditions. It is postulated that WUE is the most 
important factor that contributes to ultimate yield (Panda et al. 2021). Under the 
rainfed conditions, “more crop per drop” is considered as the future conservation 
strategy for enhanced production under water deficit conditions (Sharma et al. 2015). 
It is defined as the ratio of yield vs. evapotranspiration (WUE = yield/ET) (Zhao 
et al. 2014). Water use efficiency is internally dependent on stomatal size aperture 
(Bertolino et al. 2019), root architecture (Xu et al. 2016), and transpiration efficiency 
(Sinclair 2018). In another experiment, wheat and bean cultivars were exposed to 
two salinity levels (more than and less than 8 dSm-1 ). The increased shoot/root ratio 
improved WUE under higher salinity levels (Khataar et al. 2018). 

In another case study, the drought tolerance of pearl millet was attributed to leaf 
area development and deep root system under water deficit conditions (Zegada-
Lizarazu and Iijima 2005). Apart from the root architecture and stomatal conduc-
tance, an interesting observation that is contributing to improve WUE is the trichome 
density. Trichome forms an extra layer on the leaf surface that reduces the rate of 
transpiration, and this reduction under water deficit conditions leads to improved 
WUE that was documented in Solanum lycopersicum (Galdon-Armero et al. 2018). 

5.5 Mitigation Strategies Against Drought and Salinity 

Three main strategies that sense the lowered water potential (Ψ) are the stress 
avoidance, stress tolerance, and stress escape. The avoidance and tolerance strategy 
work in a cohesive fashion with each other. The avoidance mechanism involves the 
maintenance of optimal levels of water potential so that the plants should not reach 
the critical threshold levels. Once the threshold limit is reached, the damage can be 
recorded in terms of xylem embolism and cavitation leading to damage to xylem 
vessels. The avoidance strategy involves alteration in stomatal number, trichome 
hair, and leaf area to cope up with the external water deficit environment (Kebede 
et al. 2019). In salinity, an association of root with arbuscular mycorrhizal fungi 
(AMF) is an ameliorating approach against salt stress. The AMF induce the exclu-
sion of toxic Na+ and K+ ions to maintain a favorable osmotic gradient (Evelin et al. 
2019). Tolerance strategy primarily involves the contribution of enzymatic and 
nonenzymatic constituents to counter the ROS (reactive oxygen species) that are 
produced on account of water deficit stress under drought and salinity. Shortening of 
life cycle, rapid plant development, and self-reproduction are some of the responses 
of escape strategy (Seleiman et al. 2021). However, every mechanistic approach 
toward reduced water potential is very elaborative which seems to be beyond the 
scope of this chapter. However, two stress-specific proteins Dehydrins and Salt-
overly sensitive (SOS) deserve a special mention against drought and salinity which 
help to mitigate the plants against reduced water potential.
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Dehydrins (DHS) are set of stress-regulated hydrophilic proteins that depict an 
upregulated expression against drought stress. They are ubiquitous in nature, i.e., 
present in every compartment of cell, viz., chloroplast, mitochondria, nucleus, 
cytoplasm, and endoplasmic reticulum (Riyazuddin et al. 2022). They impart 
drought tolerance in the cell by maintaining the osmotic potential by production of 
osmolytes, detoxification of ROS, protecting the photosynthetic machinery, and 
maintaining optimal water potential levels in the system. The former mechanism 
retains water levels in the system under water deficit conditions. The SOS pathway 
provides a specific mechanism for the extrusion of Na+ ions to establish an osmotic 
balance. Under non-uniform saline conditions, plants tend to redirect their root 
growth by differential concentration of auxin hormone in order to avoid salt stress 
(Li and Zhang 2008; Sun et al. 2008). However, in a uniform saline environment, 
plant roots tend to reduce the number and length of root hairs so as to reduce the 
exposure of surface area to external Na+ ions. Recent results revealed that the SOS 
signaling pathway coupled with avoidance of saline environment plays a role in the 
plastic development of root hairs under salt stress (Wang and Li 2008; Wang et al. 
2008). 
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Abstract 

Salt stress is a significant abiotic stress that can adversely affect the growth and 
productivity of horticultural crops. Salt stress develops due to the accumulation of 
excess salt in the soil, leading to osmotic and ion imbalances within the plant 
affecting its growth and development. Salt stress also alters the physiological 
characteristics of horticultural crops. Salt stress affects the physiological 
parameters such as photosynthesis, respiration rate, water relations, oxidative 
stress, nutrient uptake and utilization, plant hormones, fruit development, ripen-
ing and senescence, etc. This in turn results in alteration and deterioration the 
postharvest quality of horticulture crops. Further research in these contexts will 
enhance our understanding of these physiological parameters and their 
interactions with environmental factors. This chapter summarizes the current 
knowledge of changes in postharvest quality of horticultural crops resulting 
from salt stress. The different mechanisms underlying these changes and 
strategies to mitigate the negative effects of salt stress on postharvest quality of 
horticultural crops are also discussed. 
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6.1 Introduction 

Salinity stress is a major threat to global agriculture, with approximately 20% of total 
cultivated and 33% of irrigated agricultural lands being affected by it. The expansion 
of salinized areas is on the rise annually, with a rate of 10%. This increase can be 
attributed to several factors, including low levels of precipitation, high surface 
evaporation, weathering of indigenous rocks, irrigation with saline water, and 
substandard cultural practices. The projection is that by 2050, over half of the 
cultivable land will be affected by salinization (Jamil et al. 2011). 

Horticultural crops are important sources of food, nutrition, and income for 
millions of people worldwide. However, the production and postharvest quality of 
these crops are often threatened by various environmental stresses, including salinity 
stress. Salinity stress, which is caused by high levels of salt in the soil and water, can 
negatively affect the growth, development, and productivity of horticultural crops. 
Furthermore, the impact of salt stress on the postharvest quality of horticultural crops 
has been a topic of growing concern. The physiological changes induced by salt 
stress during plant growth and development can result in alterations to the composi-
tion and quality of harvested produce. These changes can include decreased water 
content, changes in color and flavor, reduced nutritional value, and increased 
susceptibility to decay and spoilage. The precise mechanisms by which salt stress 
affects postharvest quality are not fully understood, but it is believed that this relates 
to changes in various physiological processes and regulation mechanisms, such as 
enzymatic activity, hormone signaling, and membrane integrity. Therefore, under-
standing the physiological changes that occur in horticultural crops grown under salt 
stress conditions is critical for developing effective mitigation strategies to maintain 
postharvest quality and reduce food waste. 

The negative impact of salinity stress on horticultural crops is well documented. 
Salinity stress affects plants by altering their physiological processes, including 
photosynthesis, respiration, and transpiration, leading to reduced growth and devel-
opment (Munns et al. 2006). The high salt concentration in the soil and water can 
also cause osmotic stress, leading to water deficit and ion toxicity in plants (Flowers 
and Colmer 2008). Salt stress can induce changes in the cell membrane structure and 
composition, leading to increased permeability and lipid peroxidation, which can 
result in reduced cell viability and membrane integrity during postharvest storage 
(Hassan et al. 2019; Rastogi et al. 2018). Salt stress can also affect the antioxidant 
defense mechanisms of horticultural crops, resulting in oxidative stress and damage 
to cellular components such as proteins and DNA (Rai et al. 2021). In addition, salt 
stress can alter the expression of genes and proteins involved in various metabolic 
pathways, such as photosynthesis, respiration, and carbohydrate metabolism, which 
can impact the postharvest quality of horticultural crops (Hao et al. 2020; Wang et al. 
2017). Salinity stress can lead to reduced fruit size and weight, decreased sugar 
content, and altered flavor and aroma (Parida and Das 2005). In addition, salinity 
stress can also cause physical damage to the crops, such as fruit cracking and wilting, 
which can further reduce their market value and shelf life (Singh et al. 2015). These



physiological changes can have significant impacts on the yield and postharvest 
quality of horticultural crops. 
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Several factors can influence the extent and severity of physiological changes in 
horticultural crops under salt stress conditions during postharvest storage. These 
include the crop species, cultivar, stage of maturity, duration and severity of salt 
stress exposure, storage temperature and humidity, and postharvest treatments such 
as washing, packaging, and refrigeration (Kamal et al. 2021; Li et al. 2018; Zhang 
et al. 2020). Understanding the physiological changes that occur in horticultural 
crops under salt stress conditions is crucial for developing effective mitigation 
strategies to reduce the negative impacts of salinity stress on crop yield and posthar-
vest quality. This chapter provides an overview of the physiological changes that 
occur in horticultural crops due to salinity stress, focusing on their effects on 
postharvest quality and potential strategies for mitigating these effects. 

6.2 Impact of Salt Stress on Horticultural Crops 

Salt stress is a significant abiotic stress factor that limits the growth, productivity, and 
quality of horticultural crops. It occurs when the soil or irrigation water contains high 
levels of salt, which leads to ion toxicity and osmotic stress in plants. Salt stress 
affects the plant’s water relations, nutrient uptake, and photosynthesis, leading to 
reduced growth and yield. It also affects the postharvest physiology and biochemical 
changes of crops, leading to reduced shelf life and quality. Salt stress affects the 
nutritional and medicinal properties of harvested crops, which can result in economic 
losses for farmers and decreased access to healthy food for consumers. 

Salt stress affects the physiological responses of horticultural crops, including 
respiration rate, ethylene production, and chlorophyll content. Salt stress leads to an 
increase in respiration rate, which can lead to a decrease in postharvest quality due to 
a decrease in shelf life (Jiang et al. 2019). Ethylene production is also affected by salt 
stress, which can lead to premature ripening and decreased shelf life (Adams et al. 
2019). Chlorophyll content is also affected by salt stress, leading to a decrease in the 
photosynthetic capacity of horticultural crops, resulting in a decrease in yield and 
quality (Shukla et al. 2018). Study by Hayat et al. (2012) revealed that the applica-
tion of salt stress reduced the rate of respiration in tomato fruits. The reduction in 
respiration was associated with the suppression of enzymatic activities, which 
resulted in lower ATP synthesis. Salt stress also caused a decrease in ethylene 
production in cucumber fruits, which could be attributed to the impairment of 
ethylene biosynthesis (Khan et al. 2015). In contrast, salt stress resulted in the 
elevation of ethylene production in some crops, such as tomato and bell pepper, as 
reported by Hernández-Montiel et al. (2017) and Dukare et al. (2020), respectively 
(Fig. 6.1). 

Salt stress has a significant impact on the physiological parameters of horticul-
tural crops. The effect of salt stress on different parameters varies among different 
crops and depends on the severity and duration of the stress. Salt stress can induce 
oxidative stress in plants, which can lead to a decrease in photosynthesis rate,



chlorophyll content, and sugar metabolism. However, plants also respond to salt 
stress by increasing the activity of antioxidant enzymes and enhancing the accumu-
lation of phenolic compounds, flavonoids, and other antioxidants. 
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Salinity stress 

Physiological changes
� Decreased plant growth and yield.

� Decreased photosynthesis, stomatal conductance, respiration and 
transpiration.

� Reduces leaf water potential, and osmatic potential.
� Increases ROS production and create oxidative stress.

� Create ion toxicity and disturb mineral uptake and ion homeostasis.
� Reduced self-life and quality. 

Fig. 6.1 Various physiological characteristics influenced by salt stress 

6.3 Impact of Salt Stress on Physiological Parameters 
of Horticultural Crops 

Horticultural crops are influenced by various physiological parameters that play a 
crucial role in plant growth and development. Understanding these parameters and 
how they interact with environmental factors is crucial in optimizing crop produc-
tivity and quality. The physiological parameters discussed further includes photo-
synthesis, respiration, transpiration, water use efficiency, nutrient uptake and



utilization, stress tolerance, plant hormones, fruit development and ripening, and 
flower development and senescence. 
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Salt stress can lead to disturbance of water relations on horticultural crops 
resulting in decreased water uptake and increased transpiration, resulting in water 
deficit and ion toxicity. Accumulation of toxic ions such as Na+ and Cl- in plant 
tissues interferes with nutrient uptake, resulting in nutrient imbalances and 
deficiencies (Munns and Tester 2008). Additionally, salt stress disrupts the integrity 
of the cell membrane, leading to electrolyte leakage and loss of cellular turgor 
pressure (Ashraf and Foolad 2007). These changes can have a significant impact 
on the postharvest quality of horticultural crops, including reduced fruit size, weight, 
and quality. 

Salt stress also affects the process of photosynthesis in horticultural crops. The 
high salinity levels reduce the efficiency of photosystem II (PS-II) in the thylakoid 
membrane, resulting in decreased chlorophyll content and reduced photosynthetic 
activity (Parida and Das 2005). The decrease in photosynthesis leads to a reduction 
in the production of carbohydrates, which are essential for plant growth and fruit 
development (Munns and Tester 2008). Additionally, salt stress can induce oxidative 
stress, which damages the photosynthetic machinery and reduces the efficiency of 
photosynthesis (Gill and Tuteja 2010). 

Furthermore, salt stress affects mineral uptake in horticultural crops, leading to 
nutrient imbalances and deficiencies. The high levels of Na+ and Cl- ions in the soil 
reduce the uptake of essential nutrients such as K+ , Ca2+ , and Mg2+ (Munns et al. 
2012). These imbalances can have negative effects on the quality of horticultural 
crops, including reduced fruit size, color, and flavor. 

Another significant effect of salt stress on horticultural crops is the activation of 
antioxidant defense systems. Salt stress can lead to the accumulation of reactive 
oxygen species (ROS), which are highly reactive molecules that can cause oxidative 
damage to plant cells (Hasanuzzaman et al. 2013). To counter this oxidative stress, 
plants activate their antioxidant defense systems, including enzymatic and nonenzy-
matic antioxidants (Gill and Tuteja 2010). The activation of these systems helps to 
maintain plant health and productivity under salt stress conditions. Effects of salt 
stress on various physiological parameters are summarized in Table 6.1. 

6.4 Photosynthesis 

Photosynthesis is a process by which green plants use sunlight to synthesize food 
from carbon dioxide and water. In horticultural crops, it is a vital process for plant 
growth and development playing an important role in yield and quality of produce. 
This process occurs in the chloroplasts of plant cells, and the end products are 
oxygen and glucose. The rate of photosynthesis in horticultural crops is affected 
by several factors, including light intensity, temperature, and carbon dioxide con-
centration (Hasanuzzaman et al. 2013). In general, higher light intensity and carbon 
dioxide concentration and lower temperatures increase the rate of photosynthesis in 
horticultural crops. Salt stress can affect photosynthesis by reducing the efficiency of



Important findings Reference

photosystem II, the main photosynthetic machinery in plants, resulting in a decrease 
in photosynthetic rate and leading to a reduction in yield (Koyro 2006). Salt stress 
can reduce the rate of photosynthesis by affecting various components of the 
photosynthetic apparatus, such as chlorophyll content, stomatal conductance, and 
the efficiency of the photosynthetic electron transport system (Parida and Das 2005). 
High salinity can also induce oxidative stress and damage the photosynthetic 
machinery by generating reactive oxygen species (ROS). However, some studies 
have reported that certain horticultural crops can adapt to salt stress by modifying 
their photosynthetic processes and enhancing their ability to scavenge ROS (Munns 
and Tester 2008). This adaptation mechanism involves the activation of several 
enzymes, such as superoxide dismutase (SOD), catalase (CAT), and peroxidase 
(POD), which play a crucial role in the detoxification of ROS (Yang et al. 2012; 
Zhang and Kirkham 1996). Additionally, the use of exogenous substances, such as
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Table 6.1 Various physiological changes induced by salt stress 

Physiological 
changes 

Biochemical 
characteristics 

Salt stress reduces the concentration of vitamin C 
and soluble sugars but increases the 
concentration of proline and phenolic compounds 
in tomato and cucumber 

Ahmad et al. (2016), 
Hasanuzzaman et al. 
(2018) 

Growth and 
development 

Salt stress can affect plant growth and 
development by reducing cell expansion and 
division, altering root morphology, and inducing 
premature senescence 

Hasegawa et al. (2000), 
Munns and Tester (2008) 

Ion 
homeostasis 

Plants have developed different mechanisms to 
maintain ion homeostasis under salt stress 
conditions, such as compartmentalization, 
exclusion, and sequestration 

Munns and Tester (2008), 
Shabala and Cuin (2008) 

Molecular 
mechanisms 

Salt stress alters the expression of genes related to 
stress response and metabolism in tomato and 
cucumber 

Ahmad et al. (2016) 

Salt stress can induce changes in gene expression, 
protein synthesis, and signal transduction 
pathways in plants, leading to the activation of 
stress-responsive genes and proteins 

Munns and Tester (2008) 

Nutritional 
quality 

Drought stress can enhance the concentration of 
antioxidants, phenolic acids, and carotenoids in 
some horticultural crops 

Khalid et al. (2018), 
Pereira et al. (2018) 

Osmotic 
balance 

Plants can maintain osmotic balance under salt 
stress conditions by accumulating compatible 
solutes, such as proline and glycine betaine, and 
adjusting the osmotic potential of the cell 

Ashraf and Foolad (2007), 
Shabala and Cuin (2008) 

Physical 
characteristics 

Salt stress causes a decrease in fruit size, weight, 
and firmness in tomato and cucumber 

Ahmad et al. (2016) 

Water uptake Salt stress can reduce water uptake in crops by 
increasing the soil osmotic potential and reducing 
the water potential gradient 

Munns and Tester (2008), 
Shabala and Cuin (2008)



plant growth regulators and osmo-protectants, can enhance the tolerance of horticul-
tural crops to salt stress by improving the efficiency of their photosynthetic machin-
ery. Therefore, it is important to understand the impact of salt stress on 
photosynthesis and the mechanisms underlying plant adaptation to salt stress in 
order to develop effective strategies to improve crop productivity in saline 
environments.
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6.5 Respiration 

Respiration is a crucial process of energy production and plant growth. It is the 
process by which plants convert sugars and oxygen into energy, carbon dioxide, and 
water. This process occurs in the mitochondria of plant cells, and the end products 
are carbon dioxide and water. The rate of respiration in horticultural crops is 
influenced by several factors, including temperature, oxygen concentration, and 
the availability of energy substrates. In general, higher temperatures and oxygen 
concentrations increase the rate of respiration in horticultural crops. However, 
excessive respiration can lead to a reduction in crop productivity and quality. Salt 
stress can have detrimental effects on various metabolic processes in plants which 
includes respiration. Studies have demonstrated that salt stress can lead to a decrease 
in the respiration rate of crops, which can affect their overall growth and develop-
ment (Koyro 2006). The reduction in respiration rates may be attributed to several 
factors, including the inhibition of enzymes involved in respiration, such as cyto-
chrome oxidase, as well as a decrease in the availability of oxygen, which is required 
for aerobic respiration (Zhang and Kirkham 1996). Moreover, salt stress can also 
lead to the accumulation of toxic ions such as Na+ and Cl- in the plant cells, which 
can impair mitochondrial function and decrease energy production (Maathuis and 
Amtmann 1999). However, some crops, such as halophytes, have developed unique 
mechanisms to cope with salt stress, which allows them to maintain their respiration 
rates even under high salinity conditions (Sairam and Tyagi 2004). Therefore, 
further research is required to develop strategies to enhance the resilience of horti-
cultural crops to salt stress and to mitigate the negative impact of salt stress on their 
respiration rates. This could include the identification and selection of salt-tolerant 
cultivars, as well as the use of exogenous substances such as plant growth regulators 
or organic amendments to enhance the plant’s ability to cope with salt stress (Munns 
and Tester 2008). In conclusion, salt stress is a significant challenge for horticultural 
crops, and a better understanding of its impact on the respiration rates of these crops 
is necessary to develop effective strategies to mitigate its adverse effects. 

6.6 Transpiration 

Transpiration is the process by which water is lost from plants through the stomata 
on the leaves. This process is essential for the movement of water from the roots to 
the leaves and for the cooling of plant tissues. The rate of transpiration in



horticultural crops is influenced by several factors, including humidity, temperature, 
light intensity, and air movement. In general, higher humidity and lower 
temperatures reduce the rate of transpiration in horticultural crops. However, exces-
sive transpiration can lead to water stress, which can affect crop growth and 
development. Salt stress affects the transpiration rates of horticultural crops, leading 
to reduced water uptake and water loss through transpiration (Choudhary 2019). The 
presence of excess salt in soil and water can result in reduced transpiration rates of 
crops due to the inhibition of stomatal opening and closure, which is crucial for 
regulating water loss and gas exchange in plants (Abbas et al. 2015). Low transpira-
tion rates can lead to water stress, which affects the postharvest quality of crops. 
Water stress can cause wilting, reduced firmness, and reduced shelf life of harvested 
crops. 
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Studies have shown that salt stress can lead to a decrease in transpiration rates due 
to the closure of stomata, which is triggered by various mechanisms, including the 
accumulation of abscisic acid and the depletion of cytokinins (Hasegawa et al. 
2000). Moreover, salt stress can also lead to the formation of salt crusts on the soil 
surface, which can limit the availability of water to plants and further reduce 
transpiration rates (Munns 2002). However, some crops, such as halophytes, have 
developed unique mechanisms to cope with salt stress, which allows them to 
maintain their transpiration rates even under high salinity conditions (Munns et al. 
2006). Further research is required to develop strategies to enhance the resilience of 
horticultural crops to salt stress and to mitigate the negative impact of salt stress on 
their transpiration rates. This could include the identification and selection of salt-
tolerant cultivars, as well as the use of irrigation management practices such as 
deficit irrigation or saline water management to reduce the negative impact of salt 
stress on crop transpiration rates. 

6.7 Water Relations 

Water relations are important for plant growth and development. Water uptake and 
transport are essential for maintaining plant turgor, which is important for cell 
expansion and division. Salinity stress induces osmotic and ionic stress in plants, 
leading to a reduction in water uptake and transpiration, which ultimately affects 
their water relations (Ahmed et al. 2013; Choudhary 2019). Research indicates that 
salt stress leads to a decrease in water potential, stomatal conductance, and transpi-
ration rate (Munns and Tester 2008). Additionally, salt stress increases the concen-
tration of sodium and chloride ions in plant cells, causing toxicity and leading to 
physiological and morphological changes in horticultural crops (Shabala and Cuin 
2008). Although several mechanisms have been identified that allow plants to 
tolerate salt stress, including the accumulation of compatible solutes and changes 
in gene expression, the severity and duration of the stress can still have detrimental 
effects on crop growth and productivity.
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6.8 Oxidative Stress 

Oxidative stress is caused by an imbalance between the production of reactive 
oxygen species (ROS) and the ability of the plant to detoxify them. ROS are 
important signaling molecules that regulate plant growth and development, but 
they can also be harmful to the plant (Bartoli et al. 2013). Salt stress can increase 
the production of ROS, which can lead to oxidative stress causing damage to plant 
cells and tissues. This can result in damage to cellular components such as lipids, 
proteins, and DNA, which can lead to a reduction in plant growth and yield. ROS can 
react with cellular components, such as lipids, proteins, and nucleic acids, leading to 
the impairment of cellular functions and ultimately cell death (Khan et al. 2019). The 
production of ROS under salt stress can be attributed to the disruption of the balance 
between the production and scavenging of ROS, which is regulated by a complex 
network of enzymes and antioxidants. Several studies have shown that salt stress can 
enhance the activity of ROS-scavenging enzymes, such as superoxide dismutase 
(SOD), catalase (CAT), and ascorbate peroxidase (APX), and the accumulation of 
nonenzymatic antioxidants, such as ascorbic acid (AsA) and glutathione (GSH), to 
counteract the oxidative damage caused by ROS (Mittler 2017). However, the 
efficiency of the antioxidant defense system is often insufficient to cope with the 
excess ROS generated under salt stress, leading to oxidative stress and damage to 
plant cells. The negative impact of oxidative stress on horticultural crops can result 
in reduced plant growth, impaired photosynthesis, and decreased crop yields. There-
fore, improving the antioxidant defense system and reducing the accumulation of 
ROS under salt stress are crucial strategies for enhancing the salt tolerance and 
productivity of horticultural crops. Various approaches, including genetic engineer-
ing, the use of exogenous antioxidants, and the application of plant growth 
regulators, have been proposed to mitigate the negative effects of salt stress on 
oxidative stress and improve the performance of horticultural crops under salt stress 
conditions. 

6.9 Water Use Efficiency 

Water use efficiency (WUE) is a measure of the amount of water used by plants to 
produce a unit of dry matter. It is an important physiological parameter in horticul-
tural crops, particularly in water-limited environments. The water use efficiency of 
horticultural crops is influenced by several factors, including genetics, plant mor-
phology, and environmental factors such as water availability and temperature. Salt 
stress is a major abiotic stress factor that affects the growth and productivity of 
horticultural crops. One of the main effects of salt stress is the reduction of water 
availability to the plants due to the increase in soil salinity. This reduction in water 
availability can lead to a decrease in WUE, which is the ratio of biomass produced to 
the amount of water used. Under salt stress, plants exhibit reduced stomatal conduc-
tance and transpiration rates, which are key factors that regulate water loss and 
carbon assimilation (Rengasamy 2006). The reduction in stomatal conductance and



transpiration rates under salt stress can be attributed to the accumulation of salt ions 
in the root zone, which leads to osmotic stress and reduces water uptake by the roots 
(Zhu et al. 2020). In addition, the accumulation of salt ions in the leaves can cause 
toxicity and disrupt photosynthesis, leading to a decrease in carbon assimilation and 
biomass production (Flowers and Colmer 2015). Several studies have shown that 
salt stress can reduce WUE in horticultural crops, such as tomato, cucumber, and 
pepper, by up to 50%. However, the degree of reduction in WUE varies among 
different crop species and cultivars, depending on their salt tolerance mechanisms 
and physiological responses to salt stress. To mitigate the negative impact of salt 
stress on WUE, several strategies have been proposed, including the use of salt-
tolerant cultivars, the application of exogenous growth regulators, the improvement 
of soil water availability, and the optimization of irrigation and fertilization practices 
(Ashraf et al. 2018). Understanding the WUE of different horticultural crops is 
crucial in selecting the most suitable crops for different environmental conditions. 
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6.10 Nutrient Uptake and Utilization 

Nutrient uptake and utilization are crucial physiological parameters in horticultural 
crops as they influence plant growth and development. The uptake and utilization of 
nutrients by plants are influenced by several factors, including soil type, pH, and the 
availability of nutrients. The availability of nutrients in the soil is influenced by 
several factors, including weather conditions, microbial activity, and the use of 
fertilizers. Salt stress is a major abiotic stress that affects the growth and productivity 
of horticultural crops by disrupting the nutrient uptake and utilization processes. 
Under salt stress conditions, the accumulation of salt ions in the root zone leads to 
osmotic stress and reduces the water potential gradient between the soil and the 
roots. 

It has been reported that the excessive accumulation of salt in soil and water can 
reduce the availability of essential nutrients, such as nitrogen (N), phosphorus (P), 
and potassium (K), which are required for normal plant growth and development 
(Choudhary 2019). Salt stress can also lead to imbalances in mineral nutrition and 
affect the uptake and translocation of micronutrients such as iron (Fe), zinc (Zn), and 
manganese (Mn), resulting in nutrient deficiencies and reduced crop yields. Reduced 
nutrient uptake and utilization under salt stress can lead to nutrient imbalances, 
which can further aggravate the salt stress-induced damage to the crops (Abbas et al. 
2019). Studies have shown that salt stress can alter the expression of genes involved 
in nutrient uptake and transport, leading to changes in the concentration and distri-
bution of minerals in different plant organs (Hasegawa et al. 2014; Singh et al. 
2015). Several mechanisms have been proposed to explain the negative impact of 
salt stress on nutrient uptake and utilization, including the inhibition of root growth 
and development, the impairment of ion transport and signaling pathways, and the 
alteration of metabolic processes. However, some studies have reported that some 
crop species can adapt to salt stress by enhancing their nutrient uptake and utilization 
efficiency, through the activation of specific transporters and enzymes that facilitate



the uptake and utilization of essential nutrients (Farooq et al. 2016). Moreover, the 
use of exogenous applications of nutrient solutions, such as foliar sprays, can 
alleviate the negative impact of salt stress on nutrient uptake and utilization 
(Huang et al. 2020). Therefore, the management of nutrient availability and utiliza-
tion in horticultural crops under salt stress conditions is essential to enhance their salt 
tolerance and optimizing crop productivity. 
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6.11 Stress Tolerance 

Stress tolerance is the ability of plants to tolerate adverse environmental conditions, 
such as drought, heat, and cold. Horticultural crops that are tolerant to stress are more 
likely to survive and produce under adverse conditions. The stress tolerance of 
horticultural crops is influenced by several factors, including genetics, plant mor-
phology, and environmental factors. Salt stress is one of the major abiotic stresses 
that affect the growth and productivity of horticultural crops by disrupting the 
cellular homeostasis and inducing various changes. These changes include the 
accumulation of osmo-protectants such as proline, the activation of antioxidant 
defense systems such as superoxide dismutase and catalase, and the modulation of 
signaling pathways involving calcium, abscisic acid, and mitogen-activated protein 
kinase (Ashraf and Harris 2013; Shabala and Cuin 2008; Zhang et al. 2019a). These 
responses enable the crops to cope with the deleterious effects of salt stress by 
maintaining the ion balance, preventing oxidative damage, and regulating the 
expression of stress-responsive genes. However, prolonged exposure to salt stress 
can lead to the exhaustion of the stress tolerance mechanisms and the onset of cell 
death and tissue damage. The impact of salt stress on stress tolerance varies among 
different horticultural crops, depending on their genetic makeup, developmental 
stage, and environmental conditions. Some crops, such as tomato and pepper, have 
been shown to exhibit high stress tolerance under salt stress, while others, such as 
cucumber and eggplant, are more sensitive to salt stress (Munns and Tester 2008). 
Several factors have been identified to affect the stress tolerance of horticultural 
crops under salt stress, including the duration and intensity of salt stress, the 
availability of water and nutrients, and the use of plant growth regulators and 
bio-stimulants (Abbas et al. 2015). The development of salt-tolerant horticultural 
crops through breeding and genetic engineering is a promising approach to mitigate 
the negative impact of salt stress on crop productivity and ensure food security in 
saline environments. Understanding the stress tolerance of different horticultural 
crops is crucial in selecting the most suitable crops for different environmental 
conditions.
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6.12 Plant Hormones 

Plant hormones are chemical messengers that regulate plant growth and develop-
ment. The major plant hormones include auxins, cytokinins, gibberellins, abscisic 
acid, and ethylene. The balance of these hormones is crucial in regulating various 
physiological processes in horticultural crops, including cell division, elongation, 
and differentiation. Salt stress is a major abiotic stress that adversely affects the 
growth, development, and yield of horticultural crops. It can alter the endogenous 
levels of various plant hormones, including abscisic acid (ABA), ethylene (ET), 
cytokinins (CKs), and gibberellins (GAs), which are involved in regulating plant 
growth, metabolism, and stress responses (Chen et al. 2021). The effect of salt stress 
on plant hormones varies depending on the crop species, developmental stage, and 
severity of stress. In general, salt stress induces the accumulation of ABA, which 
triggers stomatal closure, reduces transpiration, and maintains water balance under 
water-deficient conditions. However, excessive accumulation of ABA can lead to 
growth inhibition and premature senescence. Ethylene is another hormone that is 
induced by salt stress and plays a dual role in promoting stress tolerance and 
senescence. Cytokinins and gibberellins are inhibited by salt stress, which results 
in reduced cell division, shoot growth, and flowering. In addition to these hormones, 
salt stress also affects the biosynthesis and signaling of other hormones, such as 
jasmonic acid, salicylic acid, and brassinosteroids, which modulate the defense 
responses against biotic and abiotic stresses (Khan et al. 2021). The molecular 
mechanisms underlying the cross talk between salt stress and plant hormones 
involve various signaling pathways and transcription factors, including mitogen-
activated protein kinases (MAPKs), calcium-dependent protein kinases (CDPKs), 
and basic leucine zipper (bZIP) transcription factors (Hasegawa et al. 2014; Kumar 
et al. 2019). The use of plant hormones in horticulture has become increasingly 
popular in recent years as a means of manipulating plant growth and development. 
The manipulation of plant hormone levels and signaling through genetic engineer-
ing, exogenous application of hormones, and the use of hormone analogs and 
inhibitors has been shown to enhance the salt tolerance of horticultural crops. 
However, further research is needed to fully understand the complex interactions 
between salt stress and plant hormones and to develop effective strategies for 
improving the salt tolerance of horticultural crops. 

6.13 Fruit Development, Ripening, and Senescence 

Fruit development, ripening, and senescence are crucial phases in horticultural 
crops, particularly in fruit crops such as apples, oranges, and strawberries. The 
development and ripening of fruits are influenced by several factors, including 
genetics, environmental factors, and the availability of nutrients. Understanding 
the physiological processes involved in fruit development and ripening is crucial 
in optimizing fruit quality and shelf life. Senescence is the process by which plants 
age and die. Senescence of flowers is influenced by several factors, including



genetics, environmental factors, and the availability of nutrients. Salt stress affects 
the senescence rates of horticultural crops, leading to accelerated aging and reduced 
shelf life of harvested crops. Senescence rates are affected by the production of 
reactive oxygen species (ROS) in plants. Salt stress increases ROS production, 
leading to increased senescence rates and reduced shelf life of harvested crops (Jha 
et al. 2021). 
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Salt stress is a significant environmental factor that negatively affects the fruit 
development and ripening of horticultural crops. High soil salinity levels can cause 
osmotic stress, ion toxicity, nutrient imbalance, and oxidative damage, which can 
impair the physiological and biochemical processes involved in fruit growth and 
maturation causing premature senescence and impaired reproductive performance 
(Hussain et al. 2021; Zhang et al. 2021). The extent and nature of the salt-induced 
damage depend on the crop species, cultivar, developmental stage, and duration and 
intensity of stress. In general, salt stress delays the fruit development and ripening by 
reducing cell division, cell expansion, and sugar accumulation and altering the 
hormonal and gene expression patterns that control these processes (Khawar et al. 
2021). Salt stress also affects the quality attributes of fruits, such as color, flavor, 
aroma, and nutritional value, by modifying the content and composition of pigments, 
sugars, organic acids, and phytochemicals (Pandey et al. 2021). The severity of the 
salt stress and the stage of fruit development determine the type and extent of the 
changes in fruit quality. The molecular mechanisms underlying the salt stress 
responses of fruits involve the activation of various stress signaling pathways, 
such as mitogen-activated protein kinase (MAPK) and calcium-dependent protein 
kinase (CDPK) pathways, and the modulation of gene expression and protein 
synthesis of stress-related and fruit-specific genes (Shabala et al. 2019; Zhang 
et al. 2021; Zeng et al. 2021). The manipulation of these pathways and genes through 
genetic engineering, breeding, and management practices can enhance the salt 
tolerance and fruit quality of horticultural crops. 

6.14 Physiological Changes in Postharvest Quality 
of Horticultural Crops Under Salt Stress 

Salt stress is a significant abiotic stress that affects the postharvest quality of 
horticultural crops. It leads to a variety of physiological changes such as changes 
in water relations, photosynthesis, mineral uptake, and antioxidant defense systems. 
The physiological changes in postharvest quality of horticultural crops grown under 
salt stress conditions are diverse and depend on the crop species, variety, and the 
severity and duration of salt stress. For instance, salt stress can reduce the firmness, 
crispiness, and juiciness of fruits and vegetables, leading to a decrease in their 
quality and market value. 

Several studies have shown that salt stress affects various aspects of the posthar-
vest quality of horticultural crops, including their flavor, texture, color, and 
nutritional value (Abid et al. 2020; Chen et al. 2019; Kader 2002; Jan et al. 2016). 
It has been reported that salt stress leads to changes in the composition of the cell



wall, which affects the texture of the fruits and vegetables. The accumulation of salt 
ions in the cells also leads to the degradation of chlorophyll and other pigments, 
resulting in a loss of color in the crops. Salt stress reduces the chlorophyll content 
and induces chlorosis and necrosis in leaves, leading to reduced photosynthetic 
capacity and lower yields (Khalid et al. 2016). In addition, salt stress can affect the 
flavor, aroma, and nutritional value of the crops, which can reduce their consumer 
acceptance and marketability (Bernstein et al. 2014). For example, salt stress can 
increase the concentration of sodium and chloride ions in fruits and vegetables, 
leading to a decrease in their nutritional value and potentially harmful health effects 
for consumers. Similarly, salt stress has been shown to affect the synthesis of various 
secondary metabolites, including antioxidants, which are essential for the nutritional 
value of horticultural crops. 
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In addition to the abovementioned changes, the accumulation of proline and 
soluble sugars has also been reported in horticultural crops under salt stress. Proline 
acts as an osmo-protectant, helping to maintain turgor pressure and stabilize 
membranes under stress conditions (Ashraf and Foolad 2007). Similarly, soluble 
sugars such as sucrose, glucose, and fructose play a crucial role in osmoregulation, 
helping to maintain cellular water balance and protecting against oxidative stress 
(Bano et al. 2018). Moreover, salt stress has been found to increase the activity of 
antioxidant enzymes such as catalase, superoxide dismutase, and peroxidase in 
horticultural crops (Chen et al. 2019). These enzymes play a vital role in protecting 
plants against oxidative damage caused by the accumulation of reactive oxygen 
species (ROS) under salt stress (Hasanuzzaman et al. 2013). On the other hand, the 
excessive accumulation of ROS can lead to oxidative stress, which can cause lipid 
peroxidation, protein oxidation, and DNA damage (Çekiç et al. 2011). Thus, the 
activation of antioxidant defense system is essential for maintaining plant health and 
productivity under salt stress conditions. Effect of salinity stress on physiology and 
postharvest quality of horticultural crops is given in Table 6.2. 

6.15 Mitigation Strategies 

Various strategies have been developed to mitigate the negative effects of salinity 
stress on horticultural crops (Gorai et al. 2021). These strategies include genetic 
engineering to develop salt-tolerant crops, agronomic practices such as irrigation 
management, and the use of growth-promoting substances such as plant hormones 
and organic amendments (Akhtar and Andersen 2015). Other strategies include the 
use of salt-tolerant rootstocks and soil amendments such as gypsum, which can help 
improve soil structure and reduce soil salinity (Rengasamy 2006). Breeding salt-
tolerant varieties, using biofertilizers, and adopting appropriate irrigation and nutri-
ent management practices can mitigate the harmful effects of salt stress on crop 
growth and yield (Munns and Tester 2008; Zhu et al. 2016). Plant breeders can 
develop salt-tolerant varieties of horticultural crops by selecting for traits that enable 
plants to cope with salt stress. These traits include increased water use efficiency, 
improved ion homeostasis, and increased antioxidant production. Salt-tolerant



varieties can help farmers to maintain crop productivity and quality under salt stress 
conditions. Different salt-tolerant horticultural crops based on their level of salinity 
tolerance are given in Table 6.3. To mitigate the negative impacts of salinity stress on
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Table 6.2 Physiological parameters and postharvest quality of horticultural crops under salinity 
stress 

Crop 
Salt stress 
treatment Response Reference 

Apple 40 mM NaCl Decreased firmness and increased ethylene 
production 

Hussain et al. 
(2019) 

100 mM 
NaCl 

Decreased firmness and titratable acidity Wang et al. 
(2019) 

150 mM 
NaCl 

Reduced ascorbic acid content and increased 
decay incidence 

Singh et al. 
(2018) 

Bell 
pepper 

50 mM NaCl Decreased fruit firmness and ascorbic acid 
content 

Davies et al. 
(1997) 

100 mM 
NaCl 

Reduced ascorbic acid content and increased 
decay incidence 

Rouphael et al. 
(2017) 

Carrot 80 mM NaCl Decreased total carotenoids and antioxidant 
activity 

Türkmen et al. 
(2011) 

120 mM 
NaCl 

Reduced ascorbic acid and total phenolic 
content 

Shah et al. 
(2020a) 

Cherry 80 mM NaCl Decreased antioxidant activity and increased 
decay incidence 

Zhang et al. 
(2019b) 

Grape 100 mM 
NaCl 

Decreased total soluble solids and increased 
decay incidence 

Nasir et al. 
(2019) 

Lettuce 80 mM NaCl Decreased fresh weight, total chlorophyll, and 
carotenoid content 

Reyes et al. 
(2009) 

120 mM 
NaCl 

Increased electrolyte leakage and reduced 
antioxidant capacity 

Dzomba et al. 
(2019) 

Orange 50 mM NaCl Decreased total soluble solids and increased 
decay incidence 

Fares et al. 
(2019) 

Peach 70 mM NaCl Decreased firmness and increased decay 
incidence 

Deng et al. 
(2019) 

Pear 60 mM NaCl Decreased firmness and increased decay 
incidence 

Wang et al. 
(2018) 

Spinach 60 mM NaCl Decreased chlorophyll content and 
photosynthetic rate 

Kafi et al. 
(2005) 

100 mM 
NaCl 

Reduced shoot biomass and increased Na+ 

accumulation 
Ghoulam et al. 
(2002) 

Strawberry 50 mM NaCl Reduced firmness, weight loss, and shelf life Kumar et al. 
(2017) 

100 mM 
NaCl 

Decreased ascorbic acid and total phenolic 
content 

Shah et al. 
(2020b) 

Tomato 75 mM NaCl Decreased lycopene and vitamin C content Sánchez et al. 
(2011) 

150 mM 
NaCl 

Reduced shelf life and increased decay 
incidence 

Lima et al. 
(2018)



pH (%) Horticultural crops

horticultural crops, it is important to understand the underlying physiological 
mechanisms. Use of osmo-protectants such as proline and glycine betaine, as well 
as the application of plant growth-promoting rhizobacteria (PGPR) and abscisic acid 
(ABA), has shown positive effect on postharvest quality of horticultural crops. 
Osmo-protectants are compounds that accumulate in cells in response to salt stress 
and help to maintain cellular homeostasis by protecting against osmotic stress and 
oxidative damage.
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Table 6.3 Different salt-tolerant horticultural crops based on salinity tolerance level 

Salt ECe 

tolerance 
level 

ESP (dS m-

1 ) 

High 9.5–10.5 40–50 12–15 Ber (Ziziphus mauritiana), date palm (Phoenix 
dactylifera), sapota (Manilkara zapota), gular 
(Ficus glomerata), khirni (Manilkara hexandra), 
spinach (Spinacia oleracea), beans (Phaseolus 
vulgaris), and eggplant (Solanum melongena) 

Moderate 8.5–9.5 30–40 09–12 Gooseberry (Emblica officinalis), pomegranate 
(Punica granatum), karonda (Carissa carandas), 
guava (Psidium guajava), bael (Aegle marmelos), 
peach (Prunus persica), jamun (Syzygium cumini), 
phalsa (Grewia asiatica), mulberry (Morus alba), 
kainth (Feronia limonia), custard apple (Annona 
squamosa), cherry (Prunus spp.), tamarind 
(Tamarindus indica), tomato (Solanum 
lycopersicum), cucumber (Cucumis sativus), and 
broccoli (Brassica oleracea var. italica) 

Low 7.5–8.5 20–30 06–09 Fig (Ficus carica), mango (Mangifera indica), 
olive (Olea europaea), citrus spp., carrot (Daucus 
carota), pepper (Piper nigrum), onion (Allium 
cepa), and lettuce (Lactuca sativa) 

Sensitive 6.8–7.5 15–20 04–06 Banana (Musa sp.), pineapple (Ananas comosus), 
jackfruit (Artocarpus spp.), litchi (Litchi 
chinensis), papaya (Carica papaya), passion fruit 
(Passiflora edulis), strawberry (Fragaria spp.), 
cashew (Anacardium occidentale), avocado 
(Persea americana), pear (Prunus sp.), grape 
(Vitis vinifera), potato (Solanum tuberosum), 
beetroot (Beta vulgaris), and sweet potato 
(Ipomoea batatas) 

Sources: Dagar et al. (2019), Pathak and Saroj (1999), Rajkumar and Yadav (2016), Shahbaz et al. 
(2012) 

PGPR are beneficial bacteria that colonize plant roots and promote plant growth 
and stress tolerance through various mechanisms, such as the production of plant 
growth hormones, nutrient acquisition, and biocontrol of pathogens. ABA is a plant 
hormone that plays a critical role in regulating plant responses to abiotic stress, 
including salt stress, by modulating stomatal closure, gene expression, and root 
growth. Studies have shown that the use of these mitigation strategies can improve 
the postharvest quality of horticultural crops grown under salt stress conditions by



reducing water loss, maintaining color and flavor, increasing nutrient content, and 
decreasing spoilage. 
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Several studies have investigated the physiological changes that occur in horti-
cultural crops under salt stress conditions. For example, research has shown that 
under salinity stress, plants produce osmo-protectants such as proline and glycine 
betaine, which help maintain cellular water balance and protect against ion toxicity 
(Akhtar and Andersen 2015). Plants also activate antioxidant systems, including the 
production of enzymes such as catalase and superoxide dismutase, to reduce oxida-
tive stress caused by the accumulation of reactive oxygen species (ROS) (Akhtar and 
Andersen 2015). Other approaches involve the use of exogenous applications of 
phytohormones such as abscisic acid and salicylic acid, which can regulate plant 
growth and development under salt stress conditions, leading to improved posthar-
vest quality of horticultural crops (Chen et al. 2021; Kusvuran et al. 2017). However, 
the effectiveness of these physiological mechanisms in mitigating the negative 
impacts of salinity stress on postharvest quality is still not well understood. 

There are strategies like application of soil amendments such as gypsum, organic 
matter, and lime, which can improve soil structure, increase water holding capacity, 
and reduce the toxic effects of salt ions (Gorai et al. 2021). Furthermore, the use of 
irrigation techniques such as drip irrigation and mulching can conserve water and 
reduce the salt accumulation in the root zone, thus minimizing the negative impact of 
salt stress on crop growth and yield. Moreover, the integration of these strategies 
with conventional farming practices such as crop rotation, intercropping, and mixed 
cropping can enhance the resilience of horticultural crops to salt stress. So, by 
adopting these mitigation strategies, we can counter the adverse effects of salt stress 
on horticultural crops and ensure sustainable food production in salt-affected 
regions. 

6.16 Conclusion 

Horticultural crops grown under salt stress conditions can experience significant 
changes in their physiological parameters and postharvest quality. Salt stress can 
affect the physical, biochemical, and molecular characteristics of the crops, leading 
to a decrease in yield and quality. However, plants have developed different 
mechanisms to maintain ion homeostasis, water uptake, and osmotic balance under 
salt stress conditions. Some strategies, such as exogenous application of abscisic 
acid or proline and glycine betaine, have been shown to mitigate the harmful effects 
of salt stress on crop quality. Furthermore, drought stress can enhance the nutritional 
and bioactive compounds, phenolic acids, and antioxidant capacity of some horti-
cultural crops. Understanding the physiological changes and mechanisms that occur 
in crops under salt stress conditions is crucial to developing effective mitigation 
strategies and ensuring the sustainability of horticultural production in saline soils. 
However, further research is needed to investigate the underlying mechanisms of salt 
stress on horticultural crops, such as gene expression, metabolite profiling, and 
epigenetic modifications. This can help in the development of new mitigation



strategies, such as breeding salt-tolerant varieties, using biofertilizers, and adopting 
appropriate irrigation and nutrient management practices. Moreover, it is essential to 
identify the most effective mitigation strategies that can maintain or enhance the 
nutritional and sensory quality of horticultural crops grown under salt stress 
conditions, which will be critical for ensuring food security and sustainable agricul-
ture in regions with saline soils. 
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Abstract 

Extreme environmental conditions are the key constraints in agricultural produc-
tion and productivity. Environmental stresses due to salt and water play a cardinal 
role as they influence photosynthesis directly or indirectly, hence reducing the 
crop productivity significantly. Various molecular mechanisms play pivotal role 
in combating these stresses by the plants. Also, the extent of stress tolerance 
depends upon genetic makeup of the plant and its interactions with the external 
environment at different developmental stages. Comprehensive studies on 
drought and salt tolerance have helped in designing strategies to improve plant 
architecture through conventional and modern techniques, thereby enhancing 
crop yields. Conventional breeding tools have scope for successful transfer of 
stress tolerant genes only when there is presence of ample genetic variability for 
the same and no barrier to crossing. However, the genetic variability for drought 
and salt stress is very limited in the germplasm for most of the crops, and it is 
further hindered by reproductive barriers. Advance breeding techniques like
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marker-assisted selection, quantitative trait loci (QTL) mapping, genetic engi-
neering, genome editing, etc. have enormous potential to develop stress tolerant 
crop cultivars. The role of conventional as well as advance approaches in 
breeding for the development of drought and salt stress tolerant crop varieties 
and their future scope has been described in this chapter.

122 M. Jattan et al.

Keywords 

Advance breeding · Conventional · Germplasm · Variation · Drought stress · Salt 
stress 

7.1 Introduction 

Increasing demand for food, diminishing cultivable land available, and environmen-
tal stressors are the most challenging problems that are faced globally and have 
encouraged new studies to examine their impact on food production. In an 
undulating environment, plants get affected to operate, and typical external 
fluctuations are balanced by internal dynamics without disturbing its normal func-
tioning. Abiotic stress causes physical injury to the crop plants as a result of severe or 
persistently unfavorable environmental conditions. Abiotic stress is due to different 
factors like salinity, mineral toxicity, drought, cold or heat stress, etc. These factors 
provide important environmental constraints on global agricultural output (Fahad 
et al. 2017). Among these, drought and salinity stress are the serious threats to the 
whole agricultural sector and significantly hamper plant growth and agricultural 
productivity. Drought is one of the most frequent climate-related disasters occurring 
across large portions of the globe. It is generally induced by water unavailability due 
to uneven rainfalls or inadequate irrigation. However, it may also be provoked by 
other factors like elevated soil or air temperature and salinity or physical conditions 
of the soil. Over half of the world’s arable land is predicted to be salinized by 2050 
(Jamil et al. 2011). Both drought and salt stress have affected greater than 10% of 
arable land, resulting in speedy increase in desertification and soil salinization 
worldwide. Subsequently, average yields of major crops have been reduced by 
more than 50% (Bray et al. 2000). Hence, there is a paramount demand for new 
crop cultivars having enormous potential in terms of yield under abiotic adversities. 

During the past, progress made in this area is meager because of great controversy 
among plant physiologists, breeders, and molecular biologists on how to improve 
stress tolerance in plants (Munns and Gilliham 2015). Since mechanisms showing 
drought and salt tolerance are very complex, varying from species to species and 
changing due to changes in environmental factors, investigation of mechanism of 
salt and drought tolerance using physiological and molecular based techniques is 
necessary. Under drought stress conditions, different morphophysiological, bio-
chemical, and molecular attributes of the plants get impaired (Kumari et al. 2018). 
On the other hand, if soil salinity levels increase, plants extract water less easily from 
soil, aggravating water stress conditions. It also causes nutrient imbalances, limiting



plant growth (Yadav et al. 2020). Plants are more sensitive to high salinity during 
seedling stages and when subjected to other stresses (e.g., disease, insect, nutrient). 
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Plant breeding has a significant role in addressing the challenges of food security 
at global level. To ameliorate harsh effects of drought and salt stress and improve the 
stress tolerance in crop plants, various breeding strategies, i.e., conventional as well 
as advance breeding, are deployed. The advancements have been made to improve 
stress tolerance in different crop plants through conventional and advance breeding 
approaches like marker-assisted breeding (MAB), genetic engineering, genome 
editing, etc. Even though scientists have made significant progress in increasing 
crop capacity to withstand stress, there continues to be a tremendous deal of room for 
improvement through conventional and molecular approaches. These two 
approaches have been discussed here. 

7.2 Drought and Salt Tolerance 

Drought is inadequacy of water availability, either due to low precipitation or soil 
moisture storage capacity. Dry soil and the loss of water through a high transpiration 
rate make the plant experience drought stress which leads to the loss of turgor. As a 
result, the development and growth rates are compromised. Ultimately, this water 
shortage lowers the viability of crop plant. On the other hand, salts are a common 
and necessary component of soil. Many salts (e.g., nitrates and potassium) are 
essential plant nutrients. Salts originate from mineral weathering, inorganic 
fertilizers, soil amendments (e.g., gypsum, composts, and manures), and irrigation 
waters. It is only when salts are present in relatively high amounts that plant growth 
is adversely affected. Hence, high concentration of soluble salts in soil, high enough 
to affect plant growth, is known as salinity. Salt stress is one of most detrimental 
environmental stresses, which causes ionic toxicity, osmotic, and oxidative stress 
simultaneously (Tanveer and Shabala 2018). 

Both the terms, i.e., tolerance and resistance, are used to explain plant’s capability 
to fight any stress. The difference between tolerance and resistance is that the former 
is the ability of a plant to grow despite acceptable yield losses whereas the latter is 
complete immunization to stress such that it does not lead to yield losses. In drought 
tolerance, plants uphold a certain level of physiological activity over the regulation 
and fine-tuning of numerous genes and metabolic pathways to decrease the damage 
(Mitra 2001). When subjected to drought circumstances, a plant’s capacity to retain a 
satisfactory water requirement and turgidity is known as drought resistance. There 
are different mechanisms or adaptations (morphological, physiological, anatomical, 
and molecular) which are responsible for the resistance mechanisms. This generally 
includes stomatal mechanism, increased photosynthetic efficiency, lower rate of 
cuticular transpiration, reduced leaf area, leaves with thick cuticle, presence of 
awns, stomatal density, etc. The capacity of crops to endure in a salty environment 
while still producing growth and yields that are adequate is known as salt tolerance. 
In nature, different crops have different built-in capabilities to survive in saline 
conditions (Alkharabsheh et al. 2021). This classifies them in either of four classes,



i.e., highly tolerant (barley as grain crop, cotton, Bermuda grass), moderately 
tolerant (barley as forage crop, sugar beet, wheat, sorghum, oat, soybean), moder-
ately sensitive (rice, corn, peanut, alfalfa, sweet clover, sweet potato), or highly 
sensitive to saline conditions (bean, potato, tomato, pineapple, onion, strawberry). 
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7.3 Impact of Stress on Crop Plants 

Under drought stress, plants exhibit frequent stomata closure, reduced leaf water 
potential, and turgor pressure which significantly hamper plant growth and develop-
ment. It also influences ion homeostasis, nutrient metabolism, chlorophyll synthesis, 
and respiration. Drought stress exposure results in abated root activity, causing poor 
root hydraulic conductance. The reproductive stage of plants is more sensitive to 
drought stress in comparison with pre- or post-reproductive stages which severely 
affect yield and related attributes. Yadav et al. (2004) reported that in pearl millet 
(Pennisetum glaucum L.), exposure to drought stress at flowering stage results in 
complete sterility that may be due to disturbed assimilate movement to the 
developing ear. 

The damage due to salt stress varies from species to species and also depends on 
environmental factors like light intensity and soil texture. One of the early 
reverberations of salt stress on plants is the reduction in total fresh or dry weight. 
Further, it causes an increased accumulation of phytohormones, i.e., abscisic acid 
and cytokinin, and decreased indole-3-acetic acid level which limits the plant 
growth, development, and reproduction (Kumari et al. 2019). Salts in the soil 
water may inhibit plant growth due to two reasons. First, the presence of salt in 
the soil water reduces water uptake by the plant, and this leads to growth rate 
reductions. This is known as water or osmotic deficit effect of salt stress. Second, 
when excessive salts enter the plants through transpiration stream, it will cause 
injury to the plant cells in the transpiring leaves. This is salt-specific or ion-excess 
effect of salt stress (Greenway and Munns 1980). Salt tolerance is defined as the 
percent biomass production in saline soil relative to biomass production in nonsaline 
soil, when plants are grown for an extended period of time. 

7.4 Distinctive Traits Associated with Drought and Salt 
Tolerance 

In order to survive under abiotic stress conditions, plants have to activate various 
physiological, biochemical, and molecular responses like modifications in leaf 
anatomy, morphology, enhanced synthesis of phytohormones and antioxidative 
enzymes, and upregulation of defense-responsive genes. The various traits 
associated with drought or salt tolerance in crop plants serve as important breeding 
tools in identifying stress tolerant genotypes and in introducing such tolerance traits 
into cultivated genotypes. The traits conferring drought or salt tolerance helps plant 
to adapt to such conditions through different mechanisms. These traits and



mechanisms vary from one plant to another plant species. The plants growing under 
salt stress exhibit higher root proportion which results in retention and translocation 
of toxic ions in plants. Ultimately, this will affect survival/adaptation of the plants 
under salinity. García and Medina (2013) found that in sugarcane sodium ion (Na+ ), 
sequestration in the xylem parenchyma of mature roots regulated the transport of this 
ion to the shoot. Higher Na sequestration might have correlation with the higher 
salinity tolerance. However, in sorghum which is a highly sensitive species toward 
chloride ion, its ability to exclude chloride ion from mesophyll and accumulate in 
epidermis and leaf sheath has direct relation with salt tolerance (Boursier and 
Lauchli 1990). 
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The root related traits for drought tolerance are root length, diameter, area, and 
root hair density. The leaf characteristics such as reduction in leaf size, leaf move-
ment, or leaf rolling are also involved in plant defense to drought stress. According 
to Kashiwagi et al. (2015), in chickpea, better shoot biomass production and greater 
harvest index appear to be equally imperative for better survival under drought stress 
via a prolific and deep root system. Saglam et al. (2014) found that leaf rolling is an 
important mechanism which protects process of photosynthesis and reduces yield 
loss under drought stress environment in maize. The leaf rolling helps in maintaining 
the leaf moisture, prevents loss of photosynthetic pigments, and conserves Rubisco 
activity. 

7.5 Breeding for Drought and Salt Tolerance 

The use of stress tolerant plants on drought hit or salt-affected land is a more 
convenient approach to combat drought and salinity. It utilizes various 
methodologies through which source of drought or salt stress tolerance/resistance 
in crop plants is identified firstly and then utilized to develop drought or salt tolerant 
crop varieties. These methodologies include screening of available germplasm for 
drought/salt tolerance, conventional breeding and advance breeding approaches like 
molecular breeding, genomic selection, development of transgenic crops, genome 
editing, etc. (Fig. 7.1). The success has been achieved to develop salt or drought 
tolerance through conventional as well as advance approaches in various crop 
species, e.g., in cereal crops (wheat, barley, rice, maize), pulses (chickpea, soybean), 
fiber crops (cotton), oilseed crops (sunflower, groundnut), vegetable crops (tomato, 
potato), etc. (Table 7.1). 

7.6 Conventional Breeding Approaches 

In conventional breeding, the first step involves the identification of genetic 
variability for drought/salt tolerance among crop cultivars or sexually compatible 
plant species, and the genetic variation so identified can be introduced through 
different systems of mating into cultivars/lines with good agronomic characteristics. 
Conventional breeding approach for tolerance to abiotic stresses is complicated as



compared to breeding for other traits (Fita et al. 2015). Despite this, efforts have been 
made in the past to develop crop cultivars with enhanced tolerance/resistance to 
drought/salt stress. A long chain of efforts has been done for introduction, selection, 
and recombination events like intergeneric and interspecific crosses, which led to the 
development of improved plant material for drought or salt tolerance. Breeding 
strategies for salt tolerance in cross-pollinating species by cycles of recurrent 
selection have been described long ago (Dewey 1962). 
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Fig. 7.1 Different breeding approaches for developing drought and salt tolerance in crop plants 

The pedigree selection is the widely used and one of the oldest breeding methods 
used for abiotic stress tolerance in crop plants. However, breeders generally prefer 
recurrent selection in most of self-pollinating species over pedigree selection for 
stress tolerance. An enormous amount of genetic diversity is exhibited by the 
landraces depicting different survival mechanisms and large variation in terms of 
responses to stress conditions (Reynolds et al. 2007). Blum and Sullivan (1986) 
identified superior genotypes in sorghum and millet during their studies for drought 
tolerance in dry and humid regions. Dencic et al. (2000) reported wheat genotypes 
with high yields under optimal and drought stress conditions in a 2-year experiment 
with cultivars and landraces. Yadav (2014) stated that the pearl millet landraces that 
evolved in dry areas as a consequence of natural and manmade selection over 
thousands of years revealed better adaptability to drought stress. 

Different sources of drought and salt tolerance have been identified by the 
scientists in different crop species, e.g., in chickpea, wheat, maize, oat, and potato 
for drought tolerance and in rice, pigeon pea, common bean, and tomato for salt 
tolerance. The introduction of genes from wild salt tolerant species has been



explored for tomato (Perez Alfocea et al. 1994), wheat (King et al. 1997), and pigeon 
pea (Subbarao et al. 1990). Helianthus anomalus, a diploid annual sunflower species 
of hybrid origin that is endemic to active desert dunes, was successfully used in 
sunflower breeding with tolerance to drought stress (Ludwig et al. 2004). Similarly, 
Oryza coarctata, which is a halophytic relative of wild rice, has been studied for 
decades for salt tolerance to identify a way in which it can be utilized in salt tolerance 
improvement of cultivated rice (Garg et al. 2013). Recently, the Central Soil Salinity 
Research Institute (CSSRI) has developed six salt tolerant rice varieties (CSR46, 
CSR49, CSR52, CSR56, CSR60, and CSR76) through conventional breeding to 
increase productivity in salt-affected soils (Krishnamurthy et al. 2022). The Interna-
tional Maize and Wheat Improvement Center (CIMMYT), Mexico, developed 
drought tolerant maize in the 1970s. In 1997, CIMMYT extended its maize breeding 
programs to drought hit areas of southern Africa with an aim to develop maize for 
these areas. This center produced several maize hybrids, which were superior to 
maize hybrids developed by private enterprises for drought prone regions (Bänziger 
and Diallo 2004). In wheat crop also, the research reports from early 1970s are there, 
related to work based on directed selection for improved performance under water
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Table 7.1 Conventional and advance breeding approaches utilized in different crops for drought 
and salt tolerance 

Crop Method Gene/target action Resistance References 

Wheat Interspecific 
backcross 

Gene transfer from Aegilops tauschii Drought 
tolerance 

Sohail 
et al. 
(2011) 

Wheat Genetic 
engineering 

TdPIP2 Drought 
and salt 
tolerance 

Ayadi 
et al. 
(2019) 

Rice Marker-
assisted 
backcross 

Four roots (QTL) from the tropical 
japonica rice variety Azucena into 
the Indian upland rice variety 
Kalinga III 

Drought 
tolerance 

Steele 
et al. 
(2007) 

Barley QTL (SSR 
markers) 

bPb-1278 and bPb-8437 Salt 
tolerance 

Xue et al. 
(2010) 

Maize CRISPR/ 
Cas9 

ARGOS8 Drought 
tolerance 

Shi et al. 
(2017) 

Maize Genetic 
engineering 

ZmVPP1 Drought 
tolerance 

Jia et al. 
(2020) 

Soybean QTL (SSR 
markers) 

Eight QTL Salt 
tolerance 

Chen et al. 
(2008) 

Groundnut TILLING PLD Drought 
tolerance 

Guo et al. 
(2015) 

Cotton Genetic 
engineering 

AVP1 Salt and 
drought 
tolerance 

Pasapula 
et al. 
(2011) 

Tomato CRISPR/ 
Cas9 

SlMAPK3 Drought 
tolerance 

Wang 
et al. 
(2017)



stress. The use of backcrossing method has led to the development of many drought 
tolerant varieties in rice. In rice, Oryza glaberrima has been used in interspecific 
backcrossing to improve the drought resistance in Oryza sativa (Ndjiondjop et al. 
2010).
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7.7 Constraints in Conventional Breeding for Drought and Salt 
Tolerance 

Conventional breeding approaches for drought/salt stress tolerance are time-
consuming and challenging because stress tolerance traits are controlled by numer-
ous genes which are additive in expression. Also, the magnitude of variation present 
in the gene pool of most of the crops is low. While introgressing desired genes from 
one species to other through the conventional plant breeding, a number of undesired 
genes are also transferred, and the reproductive barrier among the donor species and 
cultivated variety further complicates the procedure. To achieve the desired gain 
through this approach, a number of breeding and selection cycles are essential. Thus, 
there is a need to look for more efficient approaches for enhanced drought/salt 
tolerance in crop plants. 

7.8 Advance Breeding Approaches 

Recent advancements made in the area of molecular biology and bioinformatics have 
offered substantial opportunities for enhancing conventional plant breeding 
programs. These emerging techniques have an enormous efficiency to boost the 
crop improvement programs. 

7.8.1 Quantitative Trait Loci (QTL) Mapping and Marker-Assisted 
Selection (MAS) 

The loci on chromosomes housing polygenes with additive effects in their 
expression are referred to as quantitative trait loci (QTL). QTL mapping and 
marker-assisted selection are a technique that has many advantages over phenotypic 
screening as a selection tool. In this approach, initially the molecular markers having 
association with the desired trait are identified. Ashraf et al. (2008) have accounted a 
variety of DNA markers such as RFLP (restriction fragment length polymorphism), 
RAPD (randomly amplified polymorphic DNA), CAPS (cleaved amplified poly-
morphic sequences), PCR indels, AFLPs (amplified fragment length 
polymorphisms), microsatellites (SSRs), and single nucleotide polymorphisms 
(SNPs) which are used frequently for inheritance studies for stress tolerance. 
These marker systems are used in marker-assisted breeding as they map close to 
specific genes or QTL associated with the trait of interest and help in identification of 
the individuals with desirable alleles. The marker-trait associations are recognized in



QTL mapping through reliable, dense molecular markers and accurate trait evalua-
tion. Being a complex trait, the drought/salt stress tolerance QTL play a significant 
role in understanding the stress responses and thereby generating stress tolerant crop 
plants (Gorantla et al. 2005). Several QTL have been reported in different crop 
species (e.g., rice, barley, wheat, etc.), involved in the salt stress responses. Plant 
breeders have transferred whole Saltol QTL in to the elite rice varieties through 
marker-assisted backcrossing and marker-assisted selection (Waziri et al. 2016). 
Similarly, QTL mapping for the drought tolerance trait has been done in cotton, 
sorghum, and barley. Nakhla et al. (2021) identified a total of 23 and 46 QTL for the 
assayed traits associated with salt tolerance at the germination and seedling stages, 
respectively, in a rice backcross inbred line (BIL) population derived from a 
backcross of Africa rice ACC9 as donor and indica cultivar Zhenshan97 (ZS97) as 
the recurrent parent. 
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7.8.2 Genomic Selection (GS) 

The conventional breeding strategies to select superior genotypes based on pheno-
typic traits have limited success due to low heritability, gene interactions, genotype-
environment interactions, and polygenic inheritance of stress tolerance. With the 
advent of emerging genomic techniques, breeders have paved a way to select 
superior genotypes and speed up the efficiency of breeding programs. Genomic 
selection is one of these techniques which is economical, viable alternative to MAS 
and holds huge potential to predict the genotype performance (Shikha et al. 2017). It 
has accelerated crop improvement programs in cereals and several other crops. It is 
based on breeding values which are estimated from genomic dataset that explores the 
genetic variances within each individual (Heffner et al. 2009). It reduces the selec-
tion time as compared to phenotypic selection, e.g., in maize, barley, and 
Arabidopsis. It has contributed substantial genetic gain for drought stress tolerance 
in tropical maize germplasm (Beyene et al. 2015). Research efforts through this 
approach are on course in other crops, i.e., sugarcane, legumes, and wheat. 

7.8.3 Genome-Wide Association Studies 

Genome-wide association studies (GWAS) are an alternative approach to the QTL 
mapping. It relies on the principle of linkage disequilibrium (LD) which detects the 
association between the DNA marker and desired trait (Gomez et al. 2011). Shahzad 
et al. (2021) identified a total of 139 SNPs (single nucleotide polymorphisms) 
associated with the water loss ratio (WLR) using a genome-wide association study 
among 264 B. napus accessions, with the largest number of SNPs at chromosome 
A10, and 13 SNPs significantly were associated with the WLR. Furthermore, four 
putative candidate genes (BnaC09.RPS6, BnaC09.MATE, BnaA10.PPD5, and 
BnaC09.Histone) were found involved in drought tolerance. Quamruzzaman et al. 
(2022) conducted experiments to find the genotypic variation present among



328 wheat varieties for tolerance to salt at vegetative stage. The GWAS identified 
QTL for salt tolerance based on mixed linear model. Marker-trait associations 
(MTAs) were identified, and markers were found to be located on the wheat 
chromosomes 1B, 2B, 2D, 3A, 4B, and 5A. 
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7.8.4 Targeting-Induced Local Lesions in Genomes (TILLING) 

It is a high-throughput reverse genetics approach which is based on screening target 
regions in the genome using polymerase chain reaction (PCR). It is an economical 
method for the identification of SNPs and mutations in the gene of interest in a 
mutant population. It can screen quickly induced mutations (physical or chemical 
mutagen induced) in the population and analyze missense, nonsense, or knockout 
mutations in the population. It has been used in wheat, maize soybean, and rice. 
Large number of proteins including transcription factors is expressed during drought 
stress in plants. The altered gene expression of some transcription factors has been 
reported to affect drought and salt tolerance (Hu et al. 2006). The drought tolerance 
of plants can be enhanced through the overexpression or suppression of these genes. 
In rice, zinc finger gene DST controlling leaf morphology enhanced drought toler-
ance through suppression (Huang et al. 2009). 

7.8.5 Transgenic Approach 

Recently, genetic engineering has played a pivotal role in generating stress tolerant 
crop plants as there is no reproductive barrier and risk of transfer of other undesirable 
traits. Gene pyramiding can also be achieved through this approach. Genetic engi-
neering has been implemented worldwide as a potential technology for developing 
abiotic stress tolerant plants. Transgenic lines in different crops have been produced 
for tolerance to drought and salt stress. In maize, a potential inbred line DH4866 was 
transformed using E. coli betA gene expressing for choline dehydrogenase enzyme. 
The transformed line showed higher tolerance to drought as compared to wild-type 
plants when tested at the initial growth stages (Quan et al. 2004). Proline plays a 
multifaceted role in counteracting drought stress. Therefore, the gene for proline 
biosynthesis key enzyme, Pyrroline-5-carboxylate synthetase (P5CR), has been 
engineered in soybean (De Ronde et al. 2004). The transgenic lines showed 
enhanced expression for proline and hence more drought tolerance. In Brassica 
napus, Dalal et al. (2009) assessed the role of a group 4 LEA protein in stress 
tolerance. It was observed that the expression of LEA4-1 gene in leaf tissues was 
induced by different stresses (e.g., ABA, salinity, low temperature, and drought). A 
gene stacking approach using two transcription factors, DREB1A and rice 
PHYTOCHROME-INTERACTING FACTOR-LIKE 1 (OsPIL1), was used by 
Kudo et al. (2017) to enhance plant growth under drought condition.
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7.8.6 Genome Editing 

Genome editing, a revolutionary and accurate genetic engineering technology that 
can modify specific target genes of the organism genome, is increasingly used in 
crop breeding. Recently, genome-editing technologies, especially CRISPR tools, 
have been adeptly applied to reveal how plants encounter drought and saline stress 
(Shelake et al. 2022). The CRISPR/Cas9 system precisely introduces mutation(s) in 
the target gene(s), resulting in enhanced tolerance to various stresses. Maize 
ARGOS8 is a negative regulator of ethylene responses. Translocation of the GOS2 
promoter to ARGOS8 locus has been done in maize using this technique. It resulted 
in elevated expression of ARGOS8 locus, and the ARGOS8 variants had improved 
maize grain yield under field drought stress conditions as compared to wild type (Shi 
et al. 2017). OsERA1 is a negative regulator of drought stress responses in rice. 
Mutants for this gene were created using CRISPR/Cas9 in rice. The mutants 
exhibited significantly lower relative stomatal conductance rates than those of the 
wild-type plants (Ogata et al. 2020). CRISPR/Cas9-mediated genome editing was 
done by Santosh Kumar et al. (2020) in  indica rice cv. MTU1010 to generate 
different mutant alleles of DST gene. Badhan et al. (2021) utilized CRISPR/Cas9 
gene editing of drought tolerance associated genes in chickpea protoplasts. They 
selected two genes, i.e., 4-coumarate ligase (4CL) and Reveille 7 (RVE7), associated 
with drought tolerance for gene editing. The results of knockout of these genes 
would be helpful in understanding drought mechanism in chickpea and development 
of new varieties with higher tolerance to drought stress. AITRs (ABA-induced 
transcriptional repressors) regulate plant responses to abiotic stresses. Using 
CRISPR/Cas9 genome editing, transgene-free Gmaitr mutants were generated in 
soybean. The seeds of these mutants showed a higher germination rate than the wild 
type under salt stress (Wang et al. 2021). 

7.9 Conclusion and Future Perspective 

Drought and salinity tolerance are based on complex genetic systems influenced by 
genome-environment interactions which affect plant growth, development, and yield 
potential. Developing drought/salinity resilient crop varieties is one of the most 
efficient and promising solutions to tackle these problems. Breeders have developed 
several stress tolerant varieties/cultivars using conventional breeding methods. 
However, these breeding procedures are less efficient and time-consuming. Also, 
the breeding for stress tolerance is challenging in terms of how to measure stress 
tolerance. For quick and effective transfer of tolerant genes, improvement in terms of 
stable inheritance and practical feasibility of these methods is essential. Modern 
breeding tools and strategies such as marker-assisted selection, genome-wide asso-
ciation studies, and genetic engineering are all rapid advancements in genomic 
research that can be utilized to develop drought/salinity tolerant crop varieties. 
Novel breeding technique, i.e., genome editing, is a pioneer technique and boon to 
elucidate gene functions and plant responses to stress tolerance. This technique has



enabled precise and efficient genome engineering in an organism by adding, remov-
ing, or modifying specific regions in the genome. In the near future, CRISPR will 
prove to be a valuable resource and game changer to engineer crop plants to become 
resilient to climate change. 
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Abstract 

Abiotic variables such as water, light, nutrients, and temperature play a crucial 
role in optimizing growth and development of plants. The interplay of these 
variables results in significant yield losses in major agronomic crops, thereby 
putting global food security at risk. In recent times, the abiotic stress factors have 
been intensified by climate change, resulting in decreased crop yield and making 
global food security an implausible dream for agriculturists, policy makers, and 
researchers. Drought and salinity are two of the most important environmental 
factors hampering agricultural productivity worldwide. The concurrence of abi-
otic stress causes morphological, physiological, biochemical, and metabolic 
changes in plants, affecting their growth, development, and productivity. The 
responses of crops to this combined stress are complicated and are influenced by 
the severity and duration of these abiotic and other factors. In the present chapter, 
synergistic effects of drought and salinity stress on plant physiological processes, 
growth, and behaviour have been explained. Moreover, we have focused on the 
morphological, physiological, biochemical, and metabolic responses of plants to 
these combined stresses, underlying mechanisms that confer abiotic stress toler-
ance and key strategies for developing climate resilient crop. 
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8.1 Introduction 

Environmental factors that affect plants growing in the field include salt, drought, 
and extremes in temperature. Plants might be subjected to two or more stressors at 
any same moment (e.g., drought and salinity). Drought, which affects almost 40% of 
the world’s geographical area, is the stress that has the greatest impact on global 
agriculture. According to Trenberth et al. (2014), it is anticipated that global climate 
change would result in high temperatures and more severe, persistent drought in 
several regions of the world, which will have a significant influence on agricultural 
growth and output. A significant factor reducing agricultural output in addition to 
drought is salt. According to estimates, salinity has an impact on around 7% of the 
planet’s geographical surface. The combined areas of soils impacted by salt and 
drought are 10.5 million km2 and 60 million km2 , respectively (Rozema and Flowers 
2008). These territories encompass all places impacted by salt and drought across the 
world, including those that aren’t necessarily arable. Maintaining global food 
supplies for the expanding population has proven to be extremely difficult due to 
the loss of farmable land caused by either salinity or drought. Thus, there is an urgent 
need to develop and apply key strategies for improving tolerance to combined effect 
of drought and salinity stress in crops. 

8.1.1 Physiological Response of Drought and Salinity Stress 

Constant exposure of plants to the fluctuating environmental conditions especially 
when these conditions are extreme leads to stress in plants. In many crops, these 
stresses affect the plant growth, biomass, ion toxicity, osmotic stress, and net 
photosynthetic rate. The accumulation of salt not only inhibits the plant growth 
but also reduces water and nutrient uptake, resulting in osmotic or water deficit stress 
in plants. In some crops such as wheat, it was observed that due to combined stress of 
drought and salinity, the plants become necrotic resulting in significant reduction of 
root length, plant height, chlorophyll content, and biomass. Similarly, drought stress 
in sorghum leads to chlorophyll content reduction and promotes leaf senescence, 
which further leads to the lower grain yield. The growth of panicle exertion and 
peduncle length were also found to be affected due to the stressed conditions. Under 
ambient temperature, the drought stress in plants occurs due to low soil and 
atmospheric humidity following deficiency of water for normal growth of plants, 
and in response to this, the plants adapt their water balance to improve water uptake 
or to reduce water losses. In response to the drought stress, plant reacts in these ways: 
avoidance, tolerance, and escape (Fig. 8.1) (Ngara and Ndimba 2014).
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Fig. 8.1 Diverse abiotic stresses affect the plant and their physiological responses 

Stress escape is the situation in which plant avoids the drought period by early 
maturing or completing life cycle before severe water deficient conditions, and this 
attribute is suitable for late-season drought stress environments. These varieties have 
early flowering, high photosynthetic capacity, lower total evapotranspiration, and 
lower yield potential. Avoidance is the plant ability to maintain higher hydration 
level/leaf water content under atmospheric or soil water stress conditions. These 
plants are characterized with small leaf area and reduce transpiration by stomatal 
closure, leaf rolling, and wax accumulation on leaf surface in water deficient 
conditions. In some cases, in response to water deficient conditions, the roots of 
the plant start synthesizing ABA which is transported through xylem from roots to 
leaves. To avoid water stress conditions, ABA plays an important role by affecting 
the stomata closure, leaf expansion reduction, and enhancing root growth. The stress 
tolerance ability of the plants means that as compared to the other plants under stress 
conditions, the tolerant plants will experience significantly lower level of changes. 
These plants attain tolerance by improving ability of osmotic adjustment and 
maintaining tissue turgidity by increasing cell wall elasticity.
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8.1.2 Biochemical Response 

These drought and salinity stresses lead to the oxidative stress in the plant cell which 
increases the electron leakage toward O2 during the processes of photosynthesis and 
respiration resulting in enhancement of ROS such as H2O2, O2, and hydroxyl radical 
(HO) generation (Xie et al. 2019). The salinity stress in plants which are exposed to 
high NaCl soils leads the accumulation of Na+ and Cl- ions in plant cells causing 
severe ion imbalance. Higher Na+ concentration in plants during stress inhibits the 
K+ ion uptake, which plays an important role in the plant growth and development 
leading to lower productivity and possibly plant death. Under combined (D + S) 
stress, the stomatal closure and leaf conductance were decreased in wheat plants 
which leads to the inhibition of CO2 diffusion to carboxylation site and resulted in 
reduced photosynthetic uptake. The effects of salinity and drought on photosynthesis 
are attributed directly to the stomatal limitations for diffusion of gases which 
ultimately alters photosynthesis and the mesophyll metabolism (Dubey 2018). 

8.1.3 Solute Accumulation 

Under stress conditions, the concentration of other amino acids such as cysteine, 
arginine, and methionine decreases, whereas the proline concentration rises. Intra-
cellular accumulation of proline during the salinity stress along with tolerance to the 
stress also serves as reservoir for organic nitrogen during the recovery under stress. 
For example, in rice, it was observed that the pretreated seeds with 1 mM proline 
produced rice seedlings which exhibited improved growth during salt stress. Glycine 
betaine (nontoxic cellular osmolyte) accumulation is found in large number of plants 
during stress (Hussain Wani et al. 2013). It plays important role under stress 
conditions, by raising the cell osmolarity, cell protection by osmotic adjustment, 
ROS reduction, and protecting photosynthetic apparatus from damages due to stress. 
Accumulation of glycine betaine is found in a wide variety of plants belonging to 
different taxonomical background. 

In some plants, the accumulation of carbohydrates like sugars (fructose, sucrose, 
trehalose, and glucose) and starch under salt stress was also found to mitigate the 
stress by carbon storage, osmoprotectants, and scavenging of ROS (Goyal et al. 
2023). During salt stress, accumulation of trehalose in the plant cell protects the plant 
from several physical and chemical damages (Sadak 2019). In rice roots, the content 
of starch under drought and salinity stress was observed to be low, while in the shoot, 
its concentration was not that much affected (Beckles and Thitisaksakul 2014). 

8.1.4 Molecular Response 

8.1.4.1 Genetic Basis of Drought and Salinity Stress Resistance 
The traits responsible for drought and salinity stress tolerance such as yield stability, 
leaf rolling, root growth, ABA accumulation, osmotic adjustment, resistance to



flower shedding, seedling recovery, and sustained formation of pod under stress are 
controlled by various major as well as minor genes. The characters of the leaf like 
waxy leaves and traits such as accumulation of ABA (wheat), proline accumulation 
(barley), and pod formation (French bean) are under the control of oligogenes (Rauf 
et al. 2016). On the other hand, the other remaining traits for drought or salinity 
stress are considered to be determined by the polygenes. 
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8.1.4.2 QTL Identification 
There are many QTLs responsible for the abiotic stress tolerance. In many crop 
species, these QTLs for abiotic stress tolerance were identified and transferred to 
susceptible lines using linkage mapping and molecular markers linked to these QTLs 
through marker-assisted selection (MAS) such as QTL for osmotic adjustment in 
rice; for proline accumulation in Brassica species; for drought tolerance in rice, 
barley, and maize; or for salt tolerance in rice (Sahebi et al. 2018). However, due to 
some problems like linkage drag and the effect of environment, the transfer of 
marker linked QTL is limited. But new genomic approaches like next-generation 
sequencing (NGS), genome wide association study (GWAS), and CRISPR/Cas9 
make it easier to identify and transfer these QTLs by providing genetic maps with 
better resolution and precisely locating the QTL position on the chromosome (Fiaz 
et al. 2019). The combination of genomic studies and transcriptomic analysis 
enhances the precision of identifying new genes and regulatory systems and their 
positions. 

8.1.4.3 Transgenics 
The transgenic plants with the overexpressing ion transporters, transformed with 
tissue-specific AtNHX1 gene from same species encoding for Na+ /K+ antiporter, 
showed improved tolerance to NaCl and accumulated salt in leaves in many crops 
like Arabidopsis thaliana and tomato (Li et al. 2017). The manipulation of specific 
metabolic pathways and enhancing the cellular levels of particular osmolytes were 
also done in some crops to improve the abiotic stress tolerance. For example, in rice, 
the plants were transformed with choline oxidase gene, i.e., codA, resulting in higher 
levels of glycine betaine and simultaneously increasing tolerance to salinity (Bhowal 
et al. 2021). Similarly, in tobacco, the expression of 1-pyrroline-5-carboxilase 
synthetase leads to higher proline levels improving drought and salinity tolerance. 

8.1.4.4 Activation of Antioxidant Systems 
In response to abiotic stress conditions, transgenic plants with enhanced stress 
tolerance activates the antioxidant system by expressing different antioxidant 
enzymes like glutathione S-transferase/glutathione peroxidase in tobacco or super-
oxide dismutase in alfalfa and by expressing specific proteins to confer tolerance 
against abiotic stresses such as heat shock proteins (HSPs), LEA proteins, or 
transcription factors (Srivastava et al. 2019). There is another approach to increase 
the stress tolerance used in GM plants which involves overexpression of stress target 
proteins. In A. thaliana, two genes encoding the SR-like splicing factors were



isolated from its cDNA library, and their expression in these transgenic plants of 
A. thaliana resulted in salt and drought tolerance (Naranjo et al. 2006). 
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8.2 Traits Which Are Crucial for Combined Salinity 
and Drought Stress Tolerance 

Plants are frequently exposed to one or more abiotic stresses, including combined 
salinity and drought, which significantly lower plant growth. The two main abiotic 
stressors that interfere with plant growth and productivity are salinity and drought 
(Gull et al. 2019). Due to climate change, both salinity and drought stresses are 
gradually becoming more severe in many places, mainly in arid or semiarid areas 
(Manneh et al. 2007). Drought is frequently associated with salinity stress in coastal, 
arid, and semiarid regions. When the soil water evaporates, the salts become 
concentrated in the soil solution, resulting in combined drought and salinity 
(Angon et al. 2022). In general, the co-occurrence of many abiotic stresses is 
worse for crop output than a single stress event. For instance, the combined effects 
of salinity and drought on yield are more detrimental than the effects of each stress 
alone, as observed in barley (Yousfi et al. 2010), wheat (Yousfi et al. 2012), and 
potato. However, several studies to date have addressed the effects of single stresses 
on plant, and little is known about the physiological and molecular mechanisms 
underlying the acclimation of plants to a combination of salinity and drought (Zhao 
et al. 2020; Wu et al. 2013). 

Adapting to unfavorable environment for growth and development is a common 
task for plants. A promising way of doing so is to identify measurable traits/ 
parameters that are affected by combined stress conditions, which can be modified 
positively to improve crop productivity under combined stress conditions (Stokes 
and Inman-Bamber 2014). For example, a plant has evolved morphological and 
physiological adaptations, as well as signaling pathways that trigger biochemical and 
molecular mechanisms, to tolerate these extreme climatic circumstances. Some 
plants evolved with adapted characteristics to survive in harsh conditions including 
marshes, tundra, and deserts. By making morphophysiological adjustments, such as 
regulating stomata, reducing the number of leaves or their area, accumulating wax, 
improving the root system’s ability to absorb available water, and using less water 
overall, it is possible to prevent droughts (Shelake et al. 2022). In the section below, 
we focus some important traits that can be used for crop improvement under 
combined salinity and drought stress. 

8.2.1 Root System Architecture 

Root system architecture has a dominant role in crop plants’ response to abiotic 
stresses. Since roots grow underground, they are the first to sense abiotic stresses and 
adjust their genetic program for postembryonic development to survive the stress 
(Guo et al. 2009). Different abiotic stresses affect RSA in various ways. Deeper roots



are associated with increased acquisition of water and mobile nutrients like N that 
may leach to lower soil layers (Lynch and Wojciechowski 2015). To prevent 
dehydration under mild or severe drought stress, the roots may alter their architecture 
and resource allocation (Smith and De Smet 2012; Hasibeder et al. 2015). However, 
under extreme dry stress, the roots shrivel, and the photosystem II in the leaf 
malfunctions (Fathi and Tari 2016). 
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8.2.2 Leaf Rolling and Stomatal Aperture 

Leaf rolling is one of the consequences of turgor pressure adjustment observed in 
diverse plants when they are exposed to limited water environments. Leaf rolling 
during the stressful time decreases the leaf area, which in turn decreases the area that 
may be used for evapotranspiration and hence represents a drought acclimation 
response. Leaf rolling is a classic indication of soil water deficiency in wheat, as it 
is in other cereals. Leaf rolling is a classic indication of soil water deficiency in 
wheat, as it is in other cereals (Kadioglu et al. 2012). Early reactions to salinity and 
drought are quite similar because both cause water stress, which slows development, 
reduces stomatal aperture, and results in nutrient deficiencies (such K+ and Ca2+ ) 
(Pirasteh-Anosheh et al. 2016). 

8.2.3 Canopy Temperature 

According to Mason and Singh (2014), canopy temperature is a physiological trait 
that reflects crop water status, which is a recognized proxy for stomatal conductance 
(Deery et al. 2019). Canopy temperature has the potential to be an extremely helpful 
tool for the indirect selection of genotypes that are tolerant to heat and drought stress 
(Reynolds et al. 2010). Genotypes that retain cooler canopies are more likely to 
flourish in such conditions. It has been noted that canopy temperature is typically 
lower in deep-rooted genotypes because the crop may draw moisture from a deeper 
soil depth (López-Urrea et al. 2012). Canopy temperature and stomatal density may 
be effective measure of drought tolerance of wheat cultivars and yield improvement 
under drought stress conditions (Srivastava et al. 2017) 

8.2.4 Osmotic Adjustment 

Osmolytes or compatible solutes are small molecules sometimes known as 
osmoprotectants or osmolytes, have low molecular weights, and are water soluble 
and nontoxic at molar concentrations that enhance the cell potential to maintain 
turgor potential without hampering the normal physiological processes. Thus, dam-
aging effects of drought are minimized by accumulation of solutes in cellular 
cytoplasm and vacuole (Taiz and Zeiger 2006). Osmotic regulation, antioxidant 
metabolism, and preservation of cell membrane stability are main defense strategy



against abiotic stress. Plant cells enthusiastically accumulate solutes when cellular 
dehydration occurs as part of osmotic adjustment. Under salt, drought, and cold 
stresses, metabolic-compatible substances can accumulate in greater quantities and 
are key drivers of osmotic adjustment. They also aid in stabilizing membranes, 
protecting proteins’ quaternary structures, and neutralizing poisonous substances 
which are the main tactics used by numerous creatures to overcome environmental 
stress (Abid et al. 2018). The most popular compatible substances are sugars 
(sucrose and trehalose), polyols (mannitol and sorbitol), polyamines (putrescine, 
spermine, and spermidine), amino acids (glutamine and proline), and quaternary 
amines and compatible solutes (glycine betaine and choline-O-sulfate) (Singh et al. 
2015; Zulfiqar et al. 2021). Plants accumulate Osmoprotectants such proline, glycine 
betaine, and sugars as a result of an induced change in osmolarity. Increased proline 
levels in the niger showed an effective osmotic adjustment, which is consistent with 
findings in salt-stressed tobacco, sorghum, and Sesuvium portulacastrum (Çelik and 
Atak 2012; Kahrizi et al. 2012; Rajaravindran and Natarajan 2012; Deinlein et al. 
2014). 
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8.3 Different Reactive Oxygen Species (ROS) Produced During 
Drought and Salinity Stress 

The generation of ROS is a fundamental process in higher plants to transmit cellular 
signaling information in response to the changing environmental conditions. Differ-
ent ROS are produced by the unavoidable leakage of electrons on to O2 from the 
electron transport systems of chloroplasts, mitochondria, and plasma membranes or 
as a consequence of various metabolic pathways. Osmotic effects caused by salinity 
and drought change fundamental metabolic and enzymatic functions, increasing the 
production of reactive oxygen species (ROS). The main ROS include singlet oxygen 
(1 O2), hydroxyl radicals (OH), superoxide anion (O2), hydrogen peroxide (H2O2), 
and the latter two each of which have a distinct half-life and oxidizing potential 
(Apel and Hirt 2004; Miller et al. 2010; Hasanuzzaman et al. 2021). 

Reactive 1 O2 can be efficiently quenched by small lipophilic compounds such as 
β-carotene and tocopherol or by a scavenging action of protein D1 protein present in 
photosystem II (Krieger-Liszkay 2005). However, minor portion of 1 O2 is able to 
diffuse to a smaller distance, where it can react with diverse biomolecules and 
potentially mediate its signaling pathways (Dogra et al. 2018). The superoxide 
radical (O2

•-) is formed mainly in the thylakoid-localized PSI during noncyclic 
electron transport. Its production is one of the responses to the pathogens that burst 
rapidly and transiently. It is mediated by NADPH oxidases, belonging to the 
respiratory burst oxidase homolog (RBOH) family (Sang and Macho 2017). Usually, 
H2O is generated when cytochrome c oxidase interacts with O2, and sometimes, it 
reacts with the different components of ETC to give O2

•-. Reactive O2
•- often 

undergo further reactions to generate 1O
2 ,  H2O2, and •OH (Janků et al. 2019). 

Several recent studies have demonstrated that H2O2 is involved in stress signaling 
pathways, which can activate multiple responses that strengthen resistance to various



biotic and abiotic stresses (Petrov and Van Breusegem 2012; Molassiotis et al. 
2016). Highly reactive •OH promotes oxidative cleavage of pectin and xyloglucans, 
thus causing cell elongation by loosening the cell wall. Drought stress increases Fe 
and Cu availability for Fenton reactions and could cause increased •OH production. 
There is potential of •OH for an impact on atmospheric methane levels, and after the 
plant’s death, •OH contributes to its recycling into soil organic matter. Because cells 
have no enzymatic mechanism to eliminate •OH, its excess production can eventu-
ally lead to cell death (Pinto et al. 2003; Demidchik 2015; Richards et al. 2015). 
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8.3.1 Antioxidative Defense 

If prolonged to a certain extent, drought stress or salinity stress alone or in combina-
tion inevitably resulted in oxidative damage due to the overproduction of reactive 
oxygen species. Reactive oxygen species (ROS), also called active oxygen species 
(AOS) or reactive oxygen intermediates (ROI), are the result of the partial reduction 
of atmospheric O2. Both salt and drought can cause the production of reactive 
oxygen species (ROS) like superoxide, singlet oxygen, hydrogen peroxide, and 
hydroxyl radicals inside of plant cells. The overproduction of ROS causes oxidative 
damage to mainly cell membranes, proteins, lipids, and nucleic acids, causing 
oxidative stress (Gill and Tuteja 2010). The upregulation of antioxidant enzymes 
represents an important marker for drought stress (Laxa et al. 2019). In order to cope 
with the oxidative stress, plants usually rely on effective enzymatic antioxidant 
defense system, including catalase (CAT), peroxidase (POD), ascorbate peroxidase 
(APX), and superoxide dismutase (SOD) as well as nonenzymatic antioxidant 
defense system, including ascorbate, flavonoids, glutathione, tocopherols, and 
phenolics, involved in removing high levels of ROS. Some plants such as Calendula 
officinalis, Solanum lycopersicum, Jatropha curcas, and Zea mays have been dis-
covered to upregulate antioxidant activity under drought and salinity stresses 
(Chaparzadeh et al. 2004; Mittova et al. 2004; Gao et al. 2008; Anjum et al. 
2017). Similarly, by strengthening the resistance of host plants to oxidative damage, 
maintaining a high level of antioxidative enzyme activity significantly reduces the 
effects of drought or salt stress. 

8.4 Strategies to Improve Combined Stress Tolerance 

8.4.1 Breeding Approaches for Developing Combined Stress 
Tolerance 

Drought and salinity are major abiotic stresses that severely affect agricultural yields. 
Combined stress of drought and salinity severely affects physiological, biochemical, 
and metabolic activities/processes of plant as compared to independent either 
drought or salinity. Earlier breeders concern about the improvement of either 
drought or salinity tolerance using classical breeding techniques, due to ever



changing weather climatic changes and degradation of soil and water quality by 
extensive use of groundwater for agriculture. Degrading soil quality and poor 
groundwater conditions along with uneven distribution of rainfall create salt accu-
mulation on top most soil layer (for crop growth and development) combined with 
drought. Therefore, to address the negative impact of combined drought and salinity 
stress on crops, there is a need to adopt new classical techniques to advance breeding 
strategies/approaches by using wild relatives and landraces, introducing elite breed-
ing lines, inducing mutants, transferring beneficial quantitative trait loci (QTLs) 
genes, and altering gene metabolites into a commercially adopted well-known 
cultivars/varieties of crop plants (Kaur et al. 2023). Different breeding strategies 
that can be utilized for combined drought stress tolerance for traits viz., earliness, 
lesser number of stomata per unit area on leaves, thick and small leaves, leaf and 
stem waxiness, deep root system, determinate growth habit with salinity stress 
tolerance traits viz., osmoprotectant proteins, osmolytes, metabolites, stress protein 
transport, stomatal conductance, cell wall modification and root architectural 
changes. We can develop genotypes for both stresses using evaluation of large set 
of germplasm through artificial intelligence with molecular markers (SSR and 
SNPs), mutation breeding, haploid induction, mapping of QTLs/genes, marker-
assisted selection (MAS)/marker-assisted backcross selection (MABC), advanced 
backcross QTL mapping, gene introgression, and gene pyramiding (Fig. 8.2). Now a 
days recent advances in modern plant breeding that exploits for generation of 
targeted mutations at desired loci/genic regions in plant genomes (Shelake et al. 
2019) using genome editing tools that enable fast-track introgression of novel trait of 
interest into crop varieties (Shelake et al. 2019, 2022) represented in Fig. 8.2. 
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8.4.2 Searching for Drought and Salinity Stress Tolerance 
Germplasm 

A lot of efforts have been invested by plant breeders and geneticists after the 
rediscovery of Mendel’s laws, for the identification of desirable germplasm for 
drought tolerance, salinity tolerance, and both using accessions from primary center 
of origin to hot spots of crop diversity, landraces, and wild relatives for different 
crops. Earlier breeders use large-scale screening of germplasm using 
morphophysiological parameters for drought and salinity separately. These are 
very laborious and time-consuming and require experienced personnel. With the 
advancement of evaluation techniques, genetic inheritance, molecular markers, 
modification of germplasm, and mapping techniques also facilitate the improvement 
in crop plants for salt and drought tolerance (Deshmukh et al. 2014). A molecular 
marker increases the selection intensity for a trait of interest. Nowadays, advances in 
artificial intelligence (AI) along with molecular data of the genotype will increase 
selection efficiency by reducing the environmental variation for quantitative traits 
(salinity and drought tolerance). So through molecular techniques along with AI, we 
can easily identify simultaneously tolerant germplasm for drought and salinity in 
large population.
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Identification of source of tolerance for drought and salinity stresses 
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Fig. 8.2 Advanced breeding tools for development of drought and salinity tolerant genotype 

8.4.3 Double Haploid 

Double haploid (DH) production through anther culture, ovary culture, and chromo-
some elimination technique emerged as a new breeding tool having advantage by 
reducing the breeding cycle, homozygosity fixation, high selection efficiency, and 
expression of recessive alleles suitable for breeding. Guha and Maheshwari (1964) 
introduced the first haploid embryos and plantlets through anther culture of Datura 
innoxia. In this tool, we first developed haploid plantlets than diploidization of 
haploids artificially using genome doubling agents (i.e., colchicine treatment). DH 
technology can be utilized for fixation of desirable trait combination in an elite 
cultivar, and it will be used for the mapping of QTLs/genes controlling quantitative 
traits such as salt and drought tolerance. DH can be deployed for development of 
drought and salinity by using anther culture (rice, wheat, maize), ovary culture 
(wheat), and chromosome elimination technique, i.e., wheat × H. bulbosum (Inagaki 
1985), wheat × maize (Laurie and Bennett 1988; Bains et al. 1998; Campbell et al.



1998), wheat × Imperata cylindrica (Chaudhary et al. 2005), Hordeum 
vulgare × H. Bulbosum (Kasha and Kao 1970), and inducer Stock 6 in maize 
(Lashermes and Beckert 1988). These techniques of haploid production can be 
utilized for the production of haploid from the hybrids of wild relative/landraces 
and simultaneously produce haploids having both drought and salinity tolerance 
traits within a shortened time periods using cytogenetic techniques such as genomic 
in situ hybridization (GISH) and FISH (fluorescence in situ hybridization) (Sharma 
et al. 2022a). 
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8.4.4 Mutation 

Mutation is used to create genetic variation; if such variations are not present in 
population, then these mutant variants can be deployment for development of new 
varieties. A major key point in mutation breeding is identification of desirable 
mutation linked with trait of interest involving two steps: first screening out the 
mutant and then second confirmation of mutants (Forster and Shu 2012). In mutation 
breeding, the seeds/plant propagating materials are treated with mutagen (X-rays, 
gamma rays, chemical mutagens, and fast neutrons) with desired concentration at 
which plant shows LD 50% than grown for segregation and recombination and 
selection of salinity and drought tolerance plants and further grow for next genera-
tion to stabilization of mutant alleles. 

Multiyear and location trials are conducted for evaluation of stable mutant for 
release of a new variety with trait of interest (Oladosu et al. 2016). Salt oversensitiv-
ity is achieved through mutation in barley that enhanced salinity tolerance through 
ion homeostasis (i.e., M4-73-30 and its wild-type cultivar). These two genotypes 
showed differential expression of HVA, HvSOS3, HvSOS2, and HvSOS1 genes in 
the roots of barley. And there is more Na+ accumulation in shoot tissues of wild-type 
than mutant because sodium ion transfer from root to shoot is in the mutant type, i.e., 
salt tolerant (Yousefirad et al. 2018). Lethin et al. (2020) developed a mutant of 
wheat variety BARI Gom-25 using EMS (ethyl methanesulfonate) that showed 
semi-tolerance to salinity. 

8.4.5 Wild Relative Exploitation 

Wild relatives of crops are utilized as a source of biotic and abiotic stress tolerance 
using interspecific hybridization. Hybrid from wild relatives had lot of embryo and 
endosperm growth and developmental associated barriers. So it requires specialized 
methods/techniques for embryo rescue from those hybrids. Salt tolerant wild 
relatives of rice, Oryza coarctata (halophytic relative), was identified as a source 
which can be exploited for transferring salt tolerance QTL/genes into elite cultivated 
lines through marker-assisted backcrosses (Mishra et al. 2016; Garg et al. 2013).
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8.4.6 QTL Mapping 

Identification of genomic regions associated with drought and salinity tolerance can 
be done through different types of mapping populations, molecular marker, genomic 
sequencing, and statistical approaches. Zang et al. (2008) identified salt tolerance 
QTLs at seedling and tillering stages using introgression lines derived from IR64 
(indica) × Binam (japonica). Yun et al. (2012) use BC2F8 advanced backcross 
introgression lines derived from Teqing × Binam in Teqing background for identifi-
cation of both drought and salt stress tolerance QTL governing traits, i.e., days to 
seedling survival, score on salt toxicity symptoms on leaves, shoot K+ concentration, 
shoot Na+ concentration at seedling stage, panicle number per plant, thousand grain 
weight, seed fertility, plant height, and grain yield per plant. 

8.4.7 Gene Introgression and Marker-Assisted Breeding 

Introgression is the transfer of genes between crop species, which is mediated 
primarily by backcrossing. Introgressiomics is an extensive systematic improvement 
of plant genomes and populations through introgressions of fragments of genome 
from crop wild relatives into the genetic background of prevailing crops in order to 
develop new cultivars having desirable traits. Due to introgression, rampant gene 
flow may occur between species where their distribution patterns overlap and they 
interact so much that introgression has been described as an “invasion of the 
genome” (Mallet 2005). About 25% of plant species are known to hybridize with 
at least one other species (Mallet 2005; Schwenk et al. 2008). Greater genomic 
plasticity can be obtained in a crop using exotic genetic material that was previously 
nonexistent within the genome through introgression. This strategy can have myriad 
effects, and though it is most commonly thought to be deleterious, introgression may 
also provide the raw genetic materials for adaptation and speciation (Arnold and 
Martin 2009; Suarez-Gonzalez et al. 2018). However, a major limitation when 
assessing introgression is the availability of genetic resources to accurately estimate 
interspecific gene flow. 

Changes in climatic conditions led to the emergence of various biotic and abiotic 
stresses which are becoming a major threat limiting crop production and productivity 
(Gautam et al. 2013). Thus, broadening the crop genetic base will serve as armor 
against these rising challenges under climate change. The crop wild relatives 
(CWRs) are known to possess useful alien alleles and cryptic genetic variation, 
which are introgressed and expressed in cultivated gene pool (Pratap and Gupta 
2009). Recent advances in breeding and genomic tools and techniques provide an 
opportunity to introgress useful alleles left behind in the secondary and tertiary gene 
pool into the elite background useful for breeders. For crop improvement, genetic 
engineering strategies are relatively faster than traditional breeding programs, as well 
as cloning of genes responsible for imperative traits and introgression into plants. 

Drought and salinity are the major abiotic stresses that dramatically cause threat 
to the food security in the world. Triticum dicoccoides and Hordeum spontaneum,



the progenitors of cultivated wheat and barley, have adapted to a broad range of 
environments and developed rich genetic diversities for drought and salt tolerances. 
Drought- and salt-tolerant genes and quantitative trait loci (QTLs) have been 
identified in T. dicoccoides and H. spontaneum and have great potential in wheat 
and barley improvement. Advanced backcross QTL analysis, the introgression 
libraries based on wild wheat and wild barley as donors, and positional cloning of 
natural QTLs will play critical roles in elucidating the molecular control of drought 
and salt tolerance. Combining tolerant genes and QTLs in crop breeding programs 
can be aimed at improving tolerance to drought and salinity (Nevo and Chen 2010). 
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Root architecture traits are an important component for improving water stress 
and salinity adaptation. Considerable genetic variation exists for root-related traits in 
major crops such as wheat, rice, and maize (Zea mays) in both the domesticated 
species and wild relatives (Ribaut et al. 2009; Gowda et al. 2011). The presence of 
the rye-wheat translocation (1RS) reduced central metaxylem diameter, a trait that 
has been associated with drought tolerance in wheat (Richards and Passioura 1989; 
Sharma et al. 2010). Several Agropyron species and wheat 3 A. elongatum lines have 
been reported to enhance tolerance to abiotic stresses, including drought, 
waterlogging, and salinity (Dvorák et al. 1988; McDonald et al. 2001). The physio-
logical and molecular consequences of introgressing an alien chromosome segment 
(7DL) from a wild wheat relative species (Agropyron elongatum) into cultivated 
wheat (Triticum aestivum) were studied by Placido et al. (2013). The wheat translo-
cation line had improved water stress adaptation and higher root and shoot biomass 
compared with the control genotypes. The transcriptome analysis identified candi-
date genes associated with root development, and two of the candidate genes 
mapped to the site of translocation on chromosome 7DL based on single-feature 
polymorphism analysis. 

8.4.8 Use of High-Throughput and Automated Phenotyping 
Techniques 

The slow pace, high costs, and inconsistencies associated with trait quantification 
and data management using traditional phenotyping techniques still limit the prog-
ress of drought tolerance improvement. This could, also, have been contributing to 
the complexities of understanding the genetic and physiological basis of drought 
tolerance both at the phenotypic and the genomic level (Xu and Crouch 2008). The 
utilization of sophisticated, nondestructive, high-throughput phenotyping 
technologies with automated systems for capturing, storage, and statistical analysis 
of large volumes of data allows for fast and precise large-scale quantification and 
monitoring of various phenotypic traits (Araus and Cairns 2014). Ground and remote 
sensing techniques based on near- or far-infrared reflectance digital sensors, 
thermometers, and cameras are reported to precisely measure various phenotypic 
traits (Araus and Cairns 2014; Honsdorf et al. 2014). These include automated 
camera systems which are connected to computers for monitoring complex root 
architectural traits through periodic image capturing. Some of these tools are graced



with image processing and analysis software. These advanced phenotyping 
technologies may create local databases for easy management of the vast amounts 
of data that will be generated. 
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8.4.9 Omics: Genomics, Phenomics, Metabolomics, Achievements 

Plant ecology is a very complicated and interconnected system. For an edge in crop 
development, it is crucial to comprehend the fine-tuning and integration of various 
signals produced by environmental interactions in the plants. Multiple biotic and 
abiotic environmental challenges must be overcome by a plant. The outcome of the 
plant-environmental interaction may be controlled by prioritizing physiological 
pathways in plants; many of these are similar to stress responses while others have 
negative effects. Multiple stress causes result in complicated defensive signals in 
plants. The molecular and cellular processes behind abiotic stress adaptation in 
cereal crops have been extensively studied. The control of genes affects a plant’s 
response to drought, high temperatures, and salt (upregulation or downregulation). 
In this context, multi-omics techniques can be used to tackle the difficult issue of 
figuring out changes in plants at the genomic, proteomic, or metabolomic level in 
order to unravel the causes. 

8.4.10 Genomics 

Crop development projects have greatly benefited from the use of genomics-based 
technology. The use of molecular markers, QTL mapping, genetic mapping, com-
parative genomics, the intricate interactions between plants and their environment, 
and expression quantitative trait loci have all made genomic and systems biology 
methods to the discovery of stress tolerant phenotypes possible. These methods can 
offer a useful method for locating candidate genes implicated in the ability to 
withstand abiotic stress. Thus, a large number of genomic information in the form 
of sequenced genomes and expression profiles are driving the development of 
breeding techniques for stress reduction (Fig. 8.3) (Tomar et al. 2014). 

The discovery of restriction fragment length polymorphisms (RFLPs) and the 
subsequent correlation of these variants with a number of major agronomically 
significant variables presaged the promises of genomics to increase genetic variation 
per unit time in the 1980s. Later, numerous different marker systems were employed 
to map quantitative trait loci, most notably microsatellite or simple sequence repeat 
(SSR) markers (QTLs). However, despite their excellent usage in finding the 
polymorphisms and in applied breeding, these methods had limited throughput 
and were time- and cost-inefficient. For instance, there were only 279 loci on the 
first SSR map of wheat (Röder et al. 1998). According to Koussevitzky et al. (2008), 
the cytosolic ascorbate peroxidase 1 gene Apx1 is especially needed for Arabidopsis 
to be tolerant to drought and heat stress. Ectoine, a suitable osmolyte, is in charge of 
Halomonas elongata OUT30018’s ability to tolerate salt. Tobacco plant (Nicotiana



tabacum L.) cv. Bright Yellow 2 (BY2) was given three cloned ectoine biosynthesis 
genes, which increased resistance to hyperosmotic shock by accumulating ectoine 
and allowed it to develop normally in such circumstances (Nakayama et al. 2000). 
More than 15 million ha of rainfed lowland rice are under stress because of 
submergence in various areas of Asia (Neeraja et al. 2007). Problems with floods 
or anoxia affect 13% of the world’s total geographical area (Cramer et al. 2011). In 
rice, a single main quantitative trait locus (QTL) located on chromosome 9 controls 
submergence tolerance (Toojinda et al. 2003). Molecular markers for the Sub1 gene 
were employed by Neeraja et al. (2007) in a backcross breeding effort using the 
recurrent parent, named Swarna. This Sub1 offers tolerance in giant varieties that are 
delicate. It has now been established that Sub1A is the main factor influencing 
submergence tolerance (Septiningsih et al. 2009). The development of submergence 
tolerance by marker-assisted backcrossing (MAB) has been greatly facilitated by 
this QTL. 
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Fig. 8.3 Omics approaches for stress tolerance in plants 

Single nucleotide polymorphisms (SNPs), the smallest type of DNA variation, 
can be found, giving researchers the chance to examine potentially millions of DNA 
locations. As a result, it has become a popular site for markers. Large-scale germ-
plasm assessments in many cereals have been made possible by high-throughput, 
high-efficiency, repeatability, and cheap cost per data point, which has led to the 
practically total replacement of RFLPs or SSR marker platforms. Both genotyping-
by-sequencing and array-based genotyping are important techniques for SNP detec-
tion in grains. Both types of SNP identification may be accomplished using a variety 
of sequencing technologies. For the purpose of establishing the groundwork for 
whole-genome sequencing and determining the genetic basis of characteristics that 
are economically significant, high-density SNP genotyping is crucial.
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Linkage mapping is the process of locating quantitative trait loci (QTLs) in 
segregating populations that are mostly artificially produced. Many features of 
economic significance are of a quantitative type, meaning that they are controlled 
by the coordinated action of numerous genetic loci, such as grain yield, stress 
tolerance, and disease resistance (Bernardo 2010). To analyze the genetic basis of 
a quantitative characteristic, segregating populations including practically hundreds 
of individuals is necessary. The development of different segregating populations, 
including the F2 population, recombinant inbred lines (RILs), doubled haploid 
(DH) population, heterogeneous inbred family (HIF), near-isogenic lines (NIL), 
advanced intercross recombinant inbred lines (AI-RIL), backcross inbred lines, 
and multiparent advanced generation intercross (MAGIC), is primarily driven by 
the resources available and the goals of the research. Through QTL, which can be 
found at the Gramene database (http://www.gramene.org/qtl/, accessed on October 
5, 2022), the major cereal crops are mapped. It has QTLs for abiotic stressors such 
nutrient deficiency, heavy metal toxicity, salt, cold, and severe temperature. The 
Sorghum QTL Atlas is available online at https://aussorgm.org.au/sorghum-qtl-
atlas/ containing 150 QTL and GWAS research that have been published in sorghum 
from 1995 to the present (accessed on October 6, 2022). It is beneficial for sorghum 
crop development and comparative genomics (Mace et al. 2019). The ability to 
identify natural differences in all recombination events that take place during the 
evolutionary processes of a variety of organisms makes GWAS an effective tool. 
SNP identification is the primary goal of the GWAS (Marees et al. 2018). To detect 
genetic differences based on complex variables like growth rate, blooming period, 
and yield, WGAS analyses complete samples using databases that contain reference 
plant genome sequences and genetic maps. 

8.4.11 Transcriptomics 

Transcriptomics is the study of gene expression patterns that can identify the genes 
causing abiotic stress. For abiotic stress to be managed successfully, understanding 
such reactions may be essential. Investigating the functional characterization of 
specific genes in stress tolerance systems is made possible by transcriptome 
profiling. For better plant genomic resources, more next-generation sequencing 
(NGS) and RNA sequences for short RNAs have been produced recently (Imran 
et al. 2021). 

The high-throughput transcriptome sequencing dataset provides an efficient strat-
egy for gene discovery, molecular marker development, and marker-assisted breed-
ing (Munaweera et al. 2022). Typical plant responses to abiotic stress involve a 
network of molecules. ABA (abscisic acid) is a major phytomolecule that plays an 
important role in responding to a variety of stresses such as drought, heat stress, high 
salinity, heavy metal stress, low temperature, etc. They are also involved in various 
developmental processes, including seed germination, seed dormancy, and closure 
of stomata. ABA-dependent pathways appear to recruit antioxidant and

http://www.gramene.org/qtl/
https://aussorgm.org.au/sorghum-qtl-atlas/
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osmoprotectant mechanisms, whereas ABA-independent pathways generally 
involve protective proteins (Rane et al. 2021; Khan et al. 2021). 
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Under abiotic conditions including drought, salt, and cold, different miRNAs in 
rice, Medicago, Phaseolus, Arabidopsis, and other plants have a regulatory function 
(Trindade et al. 2010). Noncoding RNAs called miRNAs, which have a length of 
19–23 nucleotides, have a regulatory function in a number of biological processes 
(Budak et al. 2015). Arabidopsis overexpressing osaMIR393 exhibits tolerance to 
salt overload, and miR393 regulates this tolerance (Gao et al. 2011). According to 
Zhao et al. (2009), miR169 reduces the stress caused by salt and drought in rice via 
altering the expression of a nuclear transcription factor called YA (NF-YA). Drought 
resistance is conferred by tomato plants that overexpress the miR169c gene, which 
regulates the expression of the gene(s) involved in stomatal activity. WD-repeat 
proteins, which are essential for cucumber stress tolerance, are regulated by 
Bvu-miR13 (Li et al. 2015). MiRNAs target stress signaling pathways, which are 
involved in root development, leaf morphogenesis, and stress response, in addition 
to regulating TFs (Curaba et al. 2014). In silico analysis was used to identify 
13 mature miRNAs in B. vulgaris plants (Li et al. 2015). Superoxide dismutase 
SOD1 and SOD2 mRNA activity is targeted by miR398 that plays a function in 
decreasing ROS and subsequent consequences of abiotic stress (Kantar et al. 2011). 
Distinct kinds of miRNAs regulate different cellular responses to stress and meta-
bolic functions such transcriptional control, auxin homeostasis, ion transport, and 
apoptosis (Li et al. 2010). Additionally, it has been discovered that plants’ responses 
to aluminum stress are regulated by miRNA (Lima et al. 2011). MiRNA expression 
in two distinct rice subspecies, japonica and indica, with variable levels of aluminum 
tolerance, was compared. The use of RT-qPCR identified 16 different types of 
miRNA responses, demonstrating a complicated response to aluminum stress. 

The impacts of water stress, salinity stress, and combination stress were disclosed 
by Osthoff et al. (2019). Transcriptome sequencing was carried out in this study 
6 and 24 h following the stress treatment. The gene expression responses that were 
shown at 6 h of stress are still present at 24 h. However, compared to a 6-h stress 
treatment, hundreds of genes were further altered after 24 h. Nine hundred fifty-three 
genes showed differential expr bHLH (basic Helix-Loop-Helix), ERF (Ethylene 
Response Factors), and HSF (Heat Shock Factors) transcription factors that have 
all been enriched at each time point under the three shocks (6 and 24 h). Addition-
ally, the bZIP was enriched following both combined stress and water deficiencies at 
both time periods. After 24 h of treatment, salt stress, bZIP, G2-like, and HD-ZIP 
TFs were enriched, while 1802 genes did so following a 24-h salt therapy. bHLH 
(basic Helix-Loop-Helix), ERF (Ethylene Response Factors), and HSF (Heat Shock 
Factors) transcription factors have all been enriched at each time point under the 
three shocks (6 and 24 h). Additionally, the bZIP was enriched following both 
combined stress and water deficiencies at both time periods. After 24 h of treatment, 
salt stress, bZIP, G2-like, and HD-ZIP TFs were enriched. 

The differently expressed genes in bread wheat across the salt-tolerant and 
sensitive cultivars were also discovered by comparative transcriptome analysis 
following a 150 mM salinity treatment. Five thousand one hundred and



twenty-eight genes were differently expressed between salt-treated and control 
plants, according to the findings. One thousand nine hudred and ninety-five genes 
among them showed an upregulation, and 3133 genes showed a downregulation. In 
addition, 109 and 210 genes, respectively, were discovered to express themselves 
exclusively in salt-treated and control plants (Amirbakhtiar et al. 2019). 
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8.4.12 Proteomics 

The development of genomic technologies has altered the way we study biological 
systems by giving us a blueprint for potential gene products. The lack of a link 
between mRNA and protein quantity owing to posttranslational modifications, 
protein function, and localization results from the static nature of the genome. 
Therefore, it is crucial to research protein interactions and structure in order to 
understand how they affect plant growth and development. A comprehensive, 
high-throughput method called proteomics allows for the thorough identification 
and study of protein expression in a cell, tissue, or organelle of an organism at a 
certain time and under particular circumstances (Tan et al. 2013). Proteome profile 
study gives in-depth understanding of many metabolic processes and how they 
interact with distinct regulatory pathways in a biological system. Proteomics is a 
potent tool that, compared to other methods, including genomics technologies, offers 
a robust and superior description of how a cell functions. The identification of 
proteins and their expression profiles, posttranslational modifications (PTMs), and 
protein-protein interactions under stressed and normal conditions have been made 
possible recently by advances in quantitative proteomics research using high-
resolution and mass accuracy instruments (Agregán et al. 2021). Systematic high-
throughput methods, such as 2D-PAGE (two-dimensional polyacrylamide gel elec-
trophoresis), MALDI-TOF/MS/MS, and LC-MS/MS, are used to conduct plant 
proteome analyses. Utilizing protein mapping, PTM characterization, protein-
protein interaction, and systems biology techniques, the elucidation of protein 
activities and functional protein networks is assessed in plant metabolic and signal-
ing pathways (Holman et al. 2013). 

Proteomic methodologies offer fresh research techniques for a deeper compre-
hension of the molecular causes of drought stress in rice. There were 900 proteins 
found in rice roots under drought stress. Among these, 38% had more changes than 
the untreated group. Tubulins and proteins linked to transport were reduced, but 
chitinases and redox proteins implicated in disease were elevated. The proteomes of 
drought resistant (IRAT109) and susceptible (Zhenshan97B) cultivars were com-
pared. In contrast to the sensitive variety (two proteins in increased abundance; 
15 proteins in decreased abundance), the tolerant variety had higher protein abun-
dance (14 proteins in increased abundance; six proteins in decreased abundance). 
Proteins implicated in the action of the enzyme’s superoxide dismutase and 
dehydroascorbate reductase shielded IRAT109 (Ji et al. 2012). 

Three distinct wheat cultivars were tested for their capacity to produce grain 
under drought stress using an iTRAQ-based quantitative proteome analysis:



RAC875 (drought-tolerant), Excalibur (drought-tolerant), and Kukri (drought-
intolerant). At various stages of drought stress, these cultivars displayed distinctive 
physiological reactions, with equally drought-tolerant types (RAC875, Excalibur) 
displaying variations in their protein responses. In contrast to Excalibur, which 
lacked substantial proteins, RAC875 proteins demonstrated considerably abundant 
proteins. The ability of a protein involved in oxidative stress metabolism and ROS 
scavenging to boost SOD and CAT enzyme activity was present in all three cultivars 
at the same time. However, by reducing the proteins necessary for photosynthesis 
and the Calvin cycle, both drought-tolerant cultivars are implicated in the prevention 
of ROS. 
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iTRAQ and 2-DGE investigations on the maize leaf proteome were carried out to 
examine the impact of drought on the proteome. This research revealed that protec-
tive and stress-related proteins were upregulated in both genotypes (chaperones and 
dehydrins) (Benešová et al. 2012). Out of the 220 proteins that were identified as 
having differential expression, it was discovered that 106 were upregulated in the 
tolerant genotype and downregulated in the sensitive genotype. The preventive and 
detoxifying proteins ascorbate peroxidase, superoxide dismutase, glutathione reduc-
tase, and catalase were upregulated in the drought-tolerant genotype CE704. Addi-
tionally, the levels of the translation initiation factor eIF3 and the mitochondrial 
translation elongation factor EF-TuM were both increased. Comparative proteome 
analysis also discovered distinct protein accumulation locations in maize between 
the genotypes that are resistant (YE8112) and susceptible (MO17) to drought stress 
(Zenda et al. 2019). They discovered 721 proteins that were differently abundant 
(DAPs). Among them, 107 distinct DAPs shared by drought-sensitive and drought-
tolerant lines following drought treatment, 84 distinct DAPs exclusive to MO17, and 
13 particular DAPs peculiar to YE8112 were found. The tolerant genotype’s 
(YE8112) elevated proteins promoted chaperons like the ASR1 protein, photosyn-
thesis (PSII), and lipid metabolism. 

Rice’s responses to salt (150 mM NaCl) stress were examined by Xu et al. (2015) 
utilizing a proteomic method. A total of 56 proteins were discovered to have 
undergone substantial alteration, 16 of which improved the photosynthesis, antioxi-
dant, and oxidative phosphorylation pathways by upregulating peroxiredoxin Q and 
photosystem I subunit D. The abundances of thioredoxin x, thioredoxin peroxidase, 
glutathione S-transferase F3, PSI component H, light-harvesting antenna complex I 
subunits, vacuolar ATP synthase subunit H, chloroplast chaperonin, and ATP 
synthase delta chain were significantly decreased in response to salt exposure. The 
phosphor proteomic variations between a salt-tolerant and a salt sensitive maize 
cultivar under short-term salt stress were discovered by Zhao et al. (2016). The 
proteome analysis was carried out utilizing the iTRAQ technique after salt treatment 
with 200 mM NaCl in two different rice cultivars, Pokkali (tolerant) and IR64 
(sensitive). When compared to the sensitive cultivar IR64, the tolerant cultivar 
Pokkali had a greater concentration of proteins. Ascorbate peroxidase, superoxide 
dismutase, peptidyl-prolyl cis-trans isomerases, glyoxalase II, and oxygen evolving 
enhancer proteins OEE1 and OEE3, as well as PsbP, are among the proteins that 
have been discovered as being involved in stress tolerance (Lakra et al. 2019).
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8.4.13 Metabolomics 

In order to comprehend complicated biological processes and decode plant 
metabolomes, one relatively new “-omics” method called metabolomics was devel-
oped. A cell, tissue, organ, or organism’s tiny molecule (1500 Da) may be thor-
oughly profiled and compared using metabolomics (Deborde et al. 2017). A 
biological system’s metabolites must be identified and quantified in order to study 
their compositions and interactions with the environment (Khakimov et al. 2014). 
Furthermore, metabolomics focuses on examining biological activity as opposed to 
genomes, transcriptomics, and proteomics, making it comparatively simpler to link 
to the phenotype (Ibarra-Estrada et al. 2016). Metabolomics has been extensively 
utilized to study how plants respond to stress in adaptive ways. It is crucial to study 
the production of certain metabolites under diverse stressors in order to comprehend 
how plants respond to adverse environmental conditions (Sharma et al. 2023). New 
substances and unique metabolic pathways that accumulate under various stress 
circumstances are discovered by metabolomic research (Wen et al. 2014). Addition-
ally, metabolomic research contributes to a better knowledge of already known 
metabolic pathways. Numerous metabolome studies have been carried out over the 
past 10 years to look at how metabolite concentrations alter in response to various 
biotic and abiotic stress conditions. 

In response to abiotic stressors, plants accumulate several metabolites such as 
trehalose, glycine betaine, IAA, etc. According to Allen et al. (2009), the sheer 
accumulation of a particular chemical does not determine stress tolerance; rather, 
tolerance is determined by the flux’s adaptation to several routes for defense and 
development. Stoichiometry and metabolic modification have been described as 
methods for maintaining plants’ optimal fitness (Rivas-Ubach et al. 2012). Time-
series studies with the plant Arabidopsis thaliana revealed that metabolic activities 
react to abiotic changes more quickly than transcriptional activities (Caldana et al. 
2011). 

8.5 Antioxidative Enzyme-Based Approach for Combined 
Stress Tolerance 

8.5.1 Superoxide Dismutase 

Superoxide dismutase (SOD) is the first detoxification enzyme that acts as a compo-
nent of first line defense system against reactive oxygen species. SODs are a class of 
metalloenzymes that catalyze the dismutation of two molecules of O2

•- into O2 and 
H2O2. In plants, there are three main groups of SODs that have been reported: Cu/ 
Zn-SODs, Mn-SODs, and Fe-SODs. SOD removes O2

•- and hence decreases the 
risk of OH formation via the metal catalyzed Haber Weiss-type reaction (Gill and 
Tuteja 2010). Together with other antioxidant enzymes like CAT, peroxidases 
(POX), and APX, SOD is able to detoxify the resultant H2O2 and stop the creation 
of additional damaging ROS like OH•. According to the previous studies,



overexpression of Cu/Zn SOD and Mn-SOD in rice, sweet potato, Arabidopsis, 
alfalfa, and tobacco (Prashanth et al. 2008) improved the capacity of drought 
tolerance and recovery in plants. 
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8.5.2 Catalase (CAT) 

Catalase (CAT), also known as a H2O2 oxidoreductase, is a heme-containing 
enzyme that catalyzes the dismutation of H2O2 into H2O and  O2 mainly in 
peroxisomes (Vellosillo et al. 2010). Numerous studies demonstrated that expression 
abundance of CATs increased under various stresses for scavenging of ROS 
(Vandenabeele et al. 2004). The features that distinguish CAT from other H2O2 

metabolizing enzymes such as ascorbate peroxidases (APX), peroxiredoxins (PRX), 
glutathione/thioredoxin peroxidases (GPX), and glutathione S-transferases (GST) 
are that CAT do not require a reductant. When compared to control plants, the 
activities of SOD, POD, and CAT in the roots of salt-stressed barley plants were 
greatly increased at Day 2, but they significantly decreased from Day 4 onward 
(Liang et al. 2003). Combined stress of high temperatures and salt resulted in a 
decrease of CAT activity at higher levels in durum than bread wheat genotypes, 
while salt stress alone significantly increased CAT activity in all genotypes under 
normal temperature. 

8.5.3 Peroxidase 

Peroxidases (POXs) are oxidoreductases that transform a variety of compounds via a 
free radical mechanism into oxidized or polymerized products. These POXs scav-
enge the H2O2 produced during oxidative stress. POXs are reported from all plants, 
animals, and microbes and are essential for living systems. POXs are involved in 
many physiological and biochemical processes, including the cross-linking of 
molecules in the cell wall and lignin and suberin formation by oxidation of cinnamyl 
alcohol. 

8.5.4 Ascorbate Peroxidase (APX) 

Ascorbic acid-glutathione (AsA-GSH) cycle is essential metabolic pathway for 
protection against ROS and regulation of the cellular level of H2O2 in plants. This 
pathway includes ascorbate peroxidase (APX), dehydroascorbate reductase (DHAR) 
and glutathione reductase (GR), and monodehydroascorbate reductase (MDHAR) 
with antioxidant metabolites ascorbic acid (AsA) and reduced glutathione (GSH). It 
plays an important role of maintaining redox homeostasis in plants to protect them 
from oxidation damage (Foyer and Noctor 2016). Increased activity of APX was 
reported under drought stress in maize and soybean (Jiang and Zhang 2001). Under 
combined stress (drought and salinity), antioxidant enzymes, for example, guaiacol



peroxidase activity was upregulated as compared to control (Attia et al. 2020). The 
drought-tolerant wheat variety’s APX, CAT, and SOD activity peaked at the end of 
flowering, milky ripeness, and wax ripeness, respectively; the drought-sensitive 
cultivar, on the other hand, had the lowest SOD and GR activities at waxy maturity 
and the least amount of APX activity at milky ripeness (Huseynova 2012). 
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8.5.5 Glutathione Reductase (GR) 

Glutathione reductase (GR), also known as glutathione disulfide reductase (GSR), is 
a flavoprotein belonging to the family of NADPH-dependent oxidoreductases. It 
catalyzes the reduction of GSSG to GSH and plays an important role in cell defense 
against ROS (Hernández et al. 2017). An increase in GR activity in plants results in 
the accumulation of GSH and ultimately confers stress tolerance in plants. Various 
studies have demonstrated that drought stress increased GR activity in tobacco, 
barley, maize, wheat, rice, and pea (Sharma and Dubey 2005). Liang et al. (2003) 
reported that GR activity in the roots of salt-stressed plants at second day was 
unchanged, but at Day 4 and later, it drastically decreased in barley. Under normal 
(24/16 °C) temperature conditions, drought stress activated GR activity, and under 
high temperature water stress conditions, it significantly increased in all genotypes. 

8.5.6 Monodehydroascorbate Reductase (MDHAR) 

Monodehydroascorbate reductase (MDHAR) is one of the key enzymes in the 
conversion of oxidized ascorbate back to reduced ascorbate in plants (Kavitha and 
Murugan 2017). The exposure of plants to environmental stress conditions like high 
light leads to very quick oxidation of AsA to MDHA in chloroplast. Reddy et al. 
(2004) found that the enzyme activity of MDHAR was significantly high in the 
water-stressed leaves of mulberry cultivars, while contrary to this finding, reported 
that the activity of MDHAR decreased significantly in the heat and drought 
treatments in Crofton weed. MDHAR activity was enhanced under various other 
stresses such as salt, high light, and UV radiations. Sharma and Dubey (2005) 
reported that the activities of MDHAR, DHAR, and GR were higher in drought 
stressed rice seedlings. 

8.5.7 Dehydroascorbate Reductase (DHAR) 

Dehydroascorbate reductase (DHAR) is a monomeric enzyme, which is a member of 
the GSHS-transferase superfamily which maintains AsA in its reduced form by 
catalyzing the reduction of dehydroascorbate (DHA) to AsA using GSH as a 
reducing substrate (Hasanuzzaman et al. 2021). AsA recycling through MDHAR 
or DHAR is critical for maintaining the AsA level and redox state in the adaptation 
of plants to environmental conditions. Knockout mutants of Arabidopsis DHAR



were unable to show any significant differences in total AsA content until challenged 
with the abiotic stress, which showed the importance of DHAR in reducing the DHA 
under stress conditions. 
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8.5.8 Glutathione S-Transferase (GST) 

Glutathione S-transferases (GSTs) are multigene superfamily with cytosolic, mito-
chondrial, and microsomal localization in plants (Kumar and Trivedi 2018). GSTs 
are involved in safeguard of the cells against biotic and abiotic stresses and provide 
tolerance by catalyzing S-conjugation between the thiol group of GSH and electro-
philic moiety in the hydrophobic and toxic substrate (Nianiou-Obeidat et al. 2017). 
Enzymatic activity of GSTs is induced by various fungal elicitors, wounding as well 
as by cold, drought, oxidative stress, heavy metals, and salt (Srivastava et al. 2019). 
Drought-tolerant and drought-sensitive sorghum genotypes showed efficient H2O2 

scavenging mechanisms with significantly higher activities of GSTs (Jogeswar et al. 
2006). According to the Rahdari et al. (2012), the ability of antioxidant enzymes to 
scavenge ROS and reduce the damaging influences is closely related to plant drought 
or salinity stress resistance. Drought or salinity not only adversely affects numerous 
subcellular compartments, for instance, vacuole, cytoplasm, and nucleus, and also 
affects the cell organs, and whole plant level, subsequently affecting plant biomass 
and health. 

8.6 Secondary Metabolite Enzymes and Compounds 

Phenolic compounds are derived from the phenylpropanoid pathway, mainly from 
aromatic amino acid phenylalanine in most plants or tyrosine in few cases. Enzymes 
involved in the phenylpropanoid biosynthetic pathway include lyases, transferases, 
ligases, oxygenases, and reductases, many of which are encoded by gene 
superfamilies. 

8.6.1 Phenylalanine Ammonia-Lyases (PAL) 

In plants, phenylalanine ammonia-lyases (PAL) catalyze the first step of the 
phenylpropanoid pathway, i.e., conversion of L-Phe to trans-cinnamic acid, which 
supplies the precursors for many phenolic compounds (Sharma et al. 2022b). PALs 
are ubiquitous in plants and also found in fungi but have not yet been detected in 
animals. Studies have shown that PAL activity responds to various stresses, such as 
wounding, drought, salinity, heavy metals, and infection by viruses, bacteria, or 
fungi (MacDonald and D’Cunha 2007).
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8.6.2 Tyrosine Ammonia-Lyases (TAL) 

Tyrosine ammonia-lyases (TAL) convert L-tyrosine to ammonia and p-coumaric 
acid (Sharma et al. 2022b). TAL has been studied less than PAL, and it remains 
unclear whether TAL activity is due to a capability of PAL to accept tyrosine as a 
substrate or due to the activity of a specific enzyme (Jendresen et al. 2015). The rarity 
of TAL is likely a reflection of its specialized role in 4-coumaric acid biosynthesis, 
which is used as the cofactor for photoactive yellow protein (PYP) in Rhodobacter 
and initiates the conversion of tyrosine to N-(m,p-dihydroxy cinnamoyl) taurine 
moiety of Saccharomycin antibiotics. 

8.6.3 Polyphenol Oxidase (PPO) 

Polyphenol oxidase (PPO) is widely distributed in bacteria, animals, plants, and 
fungi (Boeckx et al. 2015). PPO has been involved in the formation of pigments, 
oxygen scavenging, defense against plant pathogens, and herbivores. During various 
abiotic stresses (cold, heat, and drought), there was significant increase in phenolic 
compounds, and oxidation of these accumulated phenolics was proposed to be 
inhibited by significant decreases in PPO. This decrease in PPO activity, following 
abiotic stress, was associated with improved antioxidant capacity of plant under 
stress (Sofo et al. 2005). 

8.6.4 Phenolic Compounds 

Phenols are plant secondary metabolites that hold an aromatic ring bearing at least 
one hydroxyl group which are synthesized by the shikimate-phenylpropanoid bio-
synthetic pathway. Secondary metabolites are generally classified into two groups: 
nitrogen compounds (alkaloids, nonprotein amino acids, amines, alkamides, cyano-
genic glycosides, and glucosinolates) and non-nitrogen compounds (monoterpenes, 
diterpenes, triterpenes, tetraterpenes, sesquiterpenes, saponins, flavonoids, steroids, 
and coumarins). Structurally, phenolic compounds are composed of the aromatic 
ring bonded directly to at least one (phenol) or more (polyphenol) hydroxyl groups 
(-OH) and other substituents, such as methoxyl or carboxyl groups, which cause the 
polar character of the compounds and allow dissolution in water. Phenolic 
compounds are usually divided into two groups—simple phenols and more complex 
derivatives—often containing several aromatic rings linked together (Sharma et al. 
2019). Phenolic compounds have the ability to donate electron; hence, their 
hydroxyl groups can directly contribute to antioxidant action by stimulating the 
synthesis of endogenous antioxidant molecules in the cell (Bendary et al. 2013). 
Phenolic compounds chelate iron and copper ions due to the presence of suitable 
functional groups—hydroxyl and carboxyl—while some phenolic compounds also 
inhibit membrane lipid peroxidation by “catching” alkoxyl radicals. These activities 
of phenolic compounds are dependent on the structure of molecules and the number



and position of hydroxyl groups. Under drought stress, increase in the number of 
flavonoids and phenolic acids was reported (Akula et al. 2018). 
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A previous study documented that phenylpropanoid biosynthetic pathway is one 
of the most stimulated pathways under salinity condition. The activation of 
phenylpropanoid biosynthetic pathway results in the improved production of various 
phenolic compounds, such as hydroxybenzoic acids (e.g., gallic acid, vanillic acid, 
syringic acid, p-hydroxybenzoic acid, and ellagic acid), hydroxycinnamic acids 
(e.g., caffeic acid, chlorogenic acid, p-coumaric acid, m-coumaric acid, ferulic 
acid, sinapic acid, and trans-cinnamic acid), and flavonoids (e.g., quercetin and 
iso-quercetin, rutin, luteolin and luteolin-7-O-glycoside, apigenin, kaempferol, and 
luteolin) (Sharma et al. 2019). 

8.6.5 Flavonoids 

They are synthesized through the phenylpropanoid pathway. Chalcone synthase 
(CHS), chalcone isomerase (CHI), and flavanone 3-hydroxylase (F3H) are key 
enzymes in this pathway (Hodaei et al. 2018). There are different classes of 
flavonoids depending upon the level of oxidation and pattern of substitution of the 
C ring, while individual compounds within a class differ in the pattern of substitution 
of the A and B rings. Important flavonoids in plants are flavones, flavanones, 
isoflavones, flavonols, flavanonols, flavan-3-ols, chalcones, and anthocyanidins. 
Until now, more than 5000 different flavonoids have been described which are 
classified into six major subclasses, such as flavones, flavonols, flavanones, 
flavanols, anthocyanidins, and isoflavones (Ross and Kasum 2002). Their structural 
variation in each subgroup is partly due to the degree and their hydroxylation, 
methoxylation, prenylation, and glycosylation pattern. Flavonoids can directly scav-
enge ROS by donating hydrogen atom, thus inactivating ROS (Sharma et al. 2023). 
Flavonoids themselves get converted to phenoxyl radical which can further react 
with other free radicals to form stable quinone structure (Treml and Šmejkal 2016). 

8.7 Photosynthetic Machinery 

8.7.1 Metabolism (Photosynthesis and Respiration) 

The green leaves of plants indicate its capability for photosynthetic activity and 
offers important clues about agricultural productivity, as well as the physiological 
and phenological state of the plant. One of the primary processes impacted by 
salinity and drought is photosynthesis (Chaves et al. 2009). However, long-term 
salt stress exposure also causes plants to experience ionic stress, which impairs 
photosynthesis and causes leaf senescence, both of which have a detrimental impact 
on growth (Chaves et al. 2009). When plants are stressed by prolonged drought 
stress, their roots continue to elongate, which may be explained by the demand for 
groundwater on the part of the plant (Brunner et al. 2015). Long-term salinity stress



might cause heavier roots to store more chloride. The photosynthetic components are 
negatively impacted by an excessive accumulation of ions, primarily Na2+ , which 
lowers enzyme activity and pigment synthesis. 
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Plants use stomata for two crucial processes: controlling CO2 entry into the leaf 
and regulating transpiration, which supplies plants with nutrients and regulates leaf 
temperature. These stressful circumstances reduce the rate of CO2 assimilation, and 
the excess light received that is not utilized by the plant may increase the generation 
of reactive oxygen species (ROS), which in turn causes oxidative stress. The 
reduction of the stomata aperture width (stomatal closure) prevents the loss of 
water to the atmosphere, and this protection mechanism is considered an adaptation 
response of plants to the onset of drought conditions (Saradadevi et al. 2017). Plants 
with salt exclusion mechanisms can either prevent salt from entering plant cells or 
reduce the amount of salt present in the cytoplasm by compartmentalizing salt in the 
vacuoles. In addition to lowering water potential and stomatal conductance, the 
combined stress also decreased plant photosynthetic efficiency. 

8.8 Accumulation of Stress Protein 

During water deficit and salt stress conditions, plants not only unregulated the 
production of osmoprotectants (e.g., proline and glycine betaine), antioxidant 
enzymes, but also enhance the expression of several drought- and salt stress-
responsive genes and proteins such as late embryogenesis abundant proteins 
(LEA) and dehydrins (Fahad et al. 2015; Wani et al. 2016; Ullah et al. 2018). 

8.9 Conclusion 

Various studies regarding the drought and salinity stress response in plants have 
suggested the diverse adaptation mechanism to combat such conditions. These 
studies have improved our knowledge regarding the strategies and mechanisms 
involved to improve the tolerance in plants. Plants mitigate the combined stresses 
by regulating the genomic, proteomic, and metabolic responses. Plants have built-in 
adaptation mechanism to tackle complex abiotic conditions. Technological 
advancements can help to develop plant species with resistance toward the combined 
drought and salinity stresses. These advancements include breeding strategies, omics 
approaches, enzyme engineering, and other metabolic adjustments. These strategies 
further may be helpful to tackle the stress conditions for plant by maintaining the 
stress-responsive signaling. In this way, these approaches can be the coordinated 
efforts to develop resistance plants/varieties which can be helpful in maintaining 
food and nutritional security.
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Abstract 

To meet the demand for oilseed and pulse crops, it is important to either increase 
agricultural productivity or make better use of underutilized land by using abiotic 
stress-tolerant types. With the help of recombination breeding and diverse 
germplasms could enhance productivity as well as yield but it has proven to be 
more challenging using conventional approaches because of the quantitative 
nature of inheritance to tolerant against stress. To mitigate the abiotic stress, 
plants employ different approaches through generating the ample amount of 
stress protectants such as amino acids, proteins and enzymes, organic acids, and 
various metabolites controlled by specific genes. Thus, there is a crucial need to 
establish the abiotic stress tolerant varieties which can persist under prolonged 
stress while keeping the exemplary levels of yield and productivity in upward 
trend. In keeping view of these aspects, this chapter discusses the breeding
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schema to enhance tolerance level of stress by using conventional methods, omics 
approach, high throughput phenotyping (HTP), gender responsive approaches for 
enhancing the adoption of released tolerant variety.
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9.1 Introduction 

Total population of world is expected to reach 9.2 × 109 people by 2050. To meet out 
the demand for feeding the population is required to increase either crop productivity 
or use unutilized area which are affected by salinity and alkalinity. As compared to 
other stress, salt stress is directly related with soil and water. Along with salt stress, 
physiological drought is always come. Therefore, if we concentrate on salt stress, we 
can screen the drought tolerant germplasm along with salt tolerant germplasm. In 
keeping view of the current agricultural production is totally dependent on large 
amounts of inputs and good quality water for irrigation which are major limiting 
factor. Taking all these things into account, oilseed and pulses could be played 
potential role for unutilized area for agriculture because oilseed and pulses need low 
input and less water. 

Plants exposed to diverse abiotic stresses experience morphological and 
anatomical damage such as changes in osmotic balance, fluctuation in ionic homeo-
stasis, and defects in photosynthetic activity, which consequently reduces the growth 
and productivity. To mitigate the abiotic stress, plants employ different approaches 
through generating the ample amount of stress protectants such as amino acids, 
proteins and enzymes, organic acids, and various metabolites controlled by specific 
genes (Singh et al. 2022). Thus, there is a crucial need to establish the abiotic stress 
tolerant varieties which can persist under prolonged stress while keeping the exem-
plary levels of yield and productivity in upward trend. Recent implementations of 
system biology for crop improvement by detecting the crucial stress protectants have 
increased our vast knowledge towards multigenic traits, responses, and defense 
mechanism of crops towards abiotic stress (Singh et al. 2022). We will discuss the 
various modern and traditional approaches used to identify the stress protectants and 
their mechanism of action to avoid abiotic stress in oilseed and pulses crop. In 
keeping view of these aspects, this chapter discusses the breeding schema to enhance 
tolerance level of stress by using conventional methods, omics approach, high 
throughput phenotyping (HTP), gender responsive approaches for enhancing the 
adoption of released tolerant variety.
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9.2 Breeding Scheme to Enhance Abiotic Stress Especially Salt 
Stress Tolerance by Using Conventional Methods 

In brassica Juncea (oilseed) and Lentil (pulses) productivity improved and has had 
tremendous success over the years due to the availability of genetic resources and 
breeding knowledge (Ranalli and Cubero 1997). Although the yield could be 
increased by employing different germplasm and recombination breeding, conven-
tional methods have been shown to be more difficult owing to the quantitative 
character of heredity and resistance to salt stress. The nature of variation for different 
traits in a crop can be distinguished in two forms: first one, discrete or discontinuous 
variation, i.e., showing distinct classes with well-defined phenotypic expression. 
Second one is, non-discrete or continuous variation, i.e., manifesting indistinguish-
able or varying degree of phenotypic expression. Varietal adaptability to salt toler-
ance is important for the stabilization of crop production both over regions and years. 
Adaptability of salt tolerance is the ability of a genotype to exhibit relatively stable 
performance in different levels of salt stress. It is measured in terms of phenotypic 
stability of a genotype over several environments. Stability of the tolerant genotype 
is the suitability of the genotype for a general cultivation over a wide range of 
environments (Fig. 9.1). In keeping view of all these perspective regarding breeding 
schema to develop salt tolerance variety of Brassica juncea and lentil, we developed 
work flow which are as follows: 

After selecting the donors (which high tolerant levels for abiotic stress) and 
recipient parents with the help of phenotyping. In order to improve the genetics of 
quantitative features that are directly related to salt tolerance, we apply biometrical

Fig. 9.1 Breeding schema to identify donors and recipient parents for salt tolerance



Various types of selection schemes, viz. mass selection, progeny selection, and
cyclic selection, are used depending on the mode of pollination of crop species,
the predominant gene action, and breeding objective. Selection is practiced both
in homozygous as well segregating populations. The efficiency of selection
largely depends on the extent of genetic variability present in the population,
and the heritability of concerned traits. Selection is generally more effective for
traits of high heritability than those having low heritability. High yield is the
prime objective in all breeding programs, although yield has low heritability and
direct selection is not sufficiently effective. Hence, it is desirable to select
indirectly for improved yield. Correlations, path analysis, and discriminant
function analysis provide the information about the relative contribution of
various component traits towards yield and aid in the selection of superior
genotypes from the breeding populations. Correlation measures the mutual
relationship among various plant characters and helps in determining the yield
components on which indirect selection can be based for improvement in yield.
Path analysis splits the correlation coefficient into the measures of direct and
indirect effects and determines the direct and indirect contribution of various
characters towards yield. Discriminant function helps in the identification of

methodologies to aid in the selection of appropriate parents for hybridization as well 
as in the decision of breeding methods. There are numerous biometrical strategies 
that can be used to create materials for salt tolerance in four main ways, which are as 
follows:
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(a) Evaluation of polygenic variation: 
The efficiency of selection largely depends upon the magnitude of genetic 
variability present in the existing germplasm. Thus, the success of genetic 
improvement in any character depends on the nature of variability present in 
the gene pool for that character. Hence, an insight into the magnitude of 
variability present in the gene pool of Brassica juncea and lentil is of utmost 
importance to a plant breeder for starting a judicious plant breeding program. 
The degree of these components for different traits is determined by the simple 
measures of variability, particularly the coefficient of variation, which divides 
the total variance into phenotypic, genotypic, and environmental components. 
The study of components of genetic variance helps in further partitioning of 
genetic variance into additive, dominance, and epistatic components. A magni-
tude of these components is a measure of the type of gene action involved in the 
expression of various traits. Information about gene action helps in deciding a 
breeding procedure for the genetic important of a trait. The D2 statistics 
evaluates large number of germplasm lines for genetic diversity and helps in 
the identification of genetically divergent parents for their exploitation in 
hybridization programs. Metroglyph analysis is a simple technique for the 
evaluation of phenotypic variability in large number of germplasm lines at 
a time. 

(b) Selection of elite genotypes:



traits combination having high selection efficiency than direct selection for
yield.
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(c) Choice of Parents and Breeding procedures: 
Hybridization is the most potent technique for breaking yield barriers and 
evolving varieties having built-in high yield potential. The selection of suitable 
parents for hybridization is one of the most important steps in a breeding 
program. Selection of parents on the basis of phenotypic performance alone is 
not a sound procedure since phenotypically superior lines may yield poor 
recombinants in the segregating generation. It is, therefore, essential that parents 
should be chosen on the basis of their genetic varieties or strains in terms of their 
genetic makeup. Three biometrical techniques, viz., generation mean analysis, 
biparental cross analysis, and triple test cross analysis are used for the analysis of 
individual cross in terms of components of genetic variance. Another three 
biometrical techniques, namely diallel cross, partial diallel cross, and line x 
tester analysis are used for the evaluation of several single crosses and com-
monly used in the selection of parents for hybridization. Tri-allele analysis is 
used for evaluating several three-way crosses and quadric-allele analysis is 
adopted for the simultaneous evaluation of several double crosses. The parents 
are chosen on the basis of their combining ability and the breeding procedure is 
decided on the basis of gene action involved in the expression of various 
quantitative characters. 

(d) Evaluation of varietal adaptability 
Salt tolerant varietal adaptability to salt fluctuations is important for the stabili-
zation of crop production both over locations and years. Estimation of pheno-
typic stability, which involved regression analysis, has proven to be a valuable 
technique in the assessment of varietal adaptability. Stability analysis is useful in 
the identification of adaptable genotypes and in predicting the response of 
various genotypes over changing environments. It is generally agreed that the 
more stable genotypes can somehow adjust their phenotypic responses to 
provide some measures of uniformity in spite of salt fluctuations. The buffering 
ability of the segregating populations seems to be directly related with the 
homeostatic responses (buffering capacity) of the parental lines. Therefore, it 
is feasible to develop phenotypically stable high potential genotypes by 
incorporation of homeostatic genotypes in the hybridization program. 

9.3 Omics Approach to Enhance Salt Tolerance 

Both oilseeds and pulses are reported to be highly affected by variety of abiotic stress 
(Choudhary et al. 2018; Joshi et al. 2021; Singh et al. 2022). Under prolonged abiotic 
stress (temperature, metals toxicity, drought, water, or salt), elevated levels of 
reactive oxygen species (ROS) such as 1 O2,  O2

•-,  H2O2, and OH
• induce damage 

to photosynthetic machinery and biomolecules such as DNA, protein, and lipids, in 
response to this, plants mitigate the damage through anti-oxidant defense mechanism 
(Sultana et al. 2014). The main organelles supporting the anti-oxidative machinery



include chloroplast, mitochondria, and peroxisomes which scavenges the ROS 
through enzymatic and non-enzymatic anti-oxidants. Enzymatic antioxidants 
include superoxide dismutase (SOD), catalase (CAT), peroxidase (POX), ascorbate 
peroxidase (APX), mono-dehydroascorbate reductase (MDHAR), dehydroascorbate 
reductase (DHAR), and glutathione reductase (GR) and non-enzymatic antioxidants 
are reduced glutathione (GSH), ascorbate (AA), carotenoids, and tocopherols (Gill 
and Tuteja 2010). In case of pulses, report suggested that tolerant chickpea 
genotypes displayed higher activities of CAT and POX when exposed to drought 
conditions (Choudhary et al. 2018). Report on L-glutamic acid treated Lentil (Lens 
culinaris Medik.) exposed to salt stress, suggested increased accumulation of pho-
tosynthetic pigments (Chlorophyll, Carotenoids), osmolytes (Proline, Glycine beta-
ine) works synergistically with anti-oxidants (non-enzymatic and enzymatic) by 
reducing the H2O2 and malonaldehyde contents along with increased seedling 
growth and yield per plant (Fardus et al. 2021). 
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Under the influence of heat stress, tolerant lentil variety PDL-2 displayed high 
glycine betaine content along with increased activity of SOD, APX, and glutathione 
peroxidase (GPX) compared to JL-3 (sensitive). Transcriptome analysis of both the 
genotypes resulted in higher number of contigs in the tolerant PDL-2 compared to 
JL-3. Similar trend was observed in SNPs, where highest number of SNPs was 
detected in the tolerant control followed by sensitive treated, tolerant treated, and 
sensitive control samples (Singh et al. 2019a, b). Multiple members of heat shock 
protein (HSPs) family protect the cellular protein structures and remove the faulty or 
denatured polypeptides from plant under stress. The role of HSPs as stress 
protectants was confirmed through the detection of several HSP-encoding transcripts 
by RNA-seq analysis of Lentil under different abiotic stresses (Khorshidvand et al. 
2021). Higher accumulation of protein such as proline having osmoregulatory and 
anti-oxidative properties provided drought tolerance to chickpea genotypes (Phule G 
09103, Phule G 2008-74 and Digvijay) (Ulemale et al. 2013). Another stress 
protectant, namely Thiourea enhanced the salt, drought, heat, and cold resistance 
in mung bean by regulating the proline content along with pentose phosphate 
pathway (Waqas et al. 2019). Glycine Betaine is another stress marker providing 
osmoprotection to plants in response to osmotic stress induced by drought, salinity, 
and temperature fluctuations. Exogenous treatment of betaine and proline solution to 
drought stressed lentil varieties resulted in increased activity of glutathione-S-trans-
ferase (GST), an anti-oxidative enzyme which catalyzes the reduction of free radicals 
and peroxides generated via environmental stresses (Molla et al. 2014). 

Oilseed crops commonly grown throughout the globe such as soybean, sun-
flower, canola, peanut, cottonseed, sesame, and mustard are vulnerable to various 
abiotic stresses. Various studies evaluated the impact of major abiotic stress on 
oilseed crops and found significant reduction in germination percentage, oil, protein, 
and crude fiber content (Singh et al. 2014a, b; Singh and Sharma 2016; Muhammad 
et al. 2021). Substantial decline in net photosynthetic activity, stomatal conductance, 
water use efficiency, transpiration rate, CO2 assimilation rate was recorded in 
Brassica genotypes under saline conditions (ECiw 15 dS/m). Higher ionic content 
in root and shoot samples further supported the detrimental impact of salt stress on



plant growth (Singh et al. 2019a, b). However, pretreatment of the seeds with H2O2 

stimulated the drought tolerance in Brassica juncea by reducing endogenous H2O2 

production along with increased activities of DHAR and GPX stress marker (Dat 
et al. 1998). 
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Report identified and characterized significant SOD genes in Brassica juncea and 
Brassica rapa through genome wide identification and chromosome location 
mapping, indicating their important role to avoid abiotic stress. Verma and group 
further identified stress responsive SOD genes in both the genotypes via Fragments 
per kilobase permillion reads (FPKM) analysis of sequence read archive (SRA) 
database available for drought, heat, and salt stress (Verma et al. 2019). Singh et al. 
found highly expressed genes (SOS1, SOS2, SOS3, ENH1, and NHX1) against the 
salt stress in tolerant genotypes (CS 54 and CS 52-SPS-1-2012). These genes 
specifically regulated the ionic homeostasis in mustard plants facing saline 
conditions. Another set of genes (APX1, APX4, DHAR1, and MDHAR3) 
circumvented the oxidative stress due to salinity in the tolerant mustard varieties 
(Singh et al. 2019a, b). Through high throughput sequencing of 588 Brassica napus 
samples, around 5,294,158 single nucleotide polymorphisms (SNPs) and 1,307,151 
indels were generated. Additionally, 60 loci identified via GWAS were considered to 
be associated with abiotic stress tolerance and other traits, which may provide 
valuable information for crop improvement (Lu et al. 2019). Furthermore, a 
non-targeted metabolome analysis conducted on mustard varieties CS 60 and CS 
245 under the influence of salt stress found higher number of key organic acids, 
organosulphates, and lipid derivatives in salt tolerant CS 60 compared to sensitive 
genotype CS 245. High levels of amino acid accumulation (Glutamyl-cysteine, N-
acetyl-L-glutamate 5-phosphate) prohibited the oxidative load induced by salt stress 
in CS 60 genotype (Singh et al. 2022). Transcript analysis showed that thiourea 
modulated the expression and activity of mitochondrial homeostasis and ATPase of 
Brassica juncea under salinity stress (Srivastava et al. 2009). 

9.4 High Throughput Phenotyping (HTP) to Enhance Abiotic 
Stress Tolerance 

Major abiotic stresses, viz. Salt stress, Draught, Mineral toxicity/deficiency, cold 
stress are challenging to the crop production worldwide ultimately to the food 
security. Various approaches from screening techniques to management are avail-
able but most effective, inexpensive, and manageable option is the development of 
tolerant crop cultivars (Kim et al. 2020). Significant progress has been achieved in 
crop genomics with continuously evolution of new technologies, however, crop 
improvement using convenient data is far away from satisfactory due to the lack of 
high-quality phenotypic data. Plant phenotyping is a corner stone in breeding 
program, i.e., quantitative description of plant’s anatomical, ontological, physiolog-
ical, and biochemical properties (Walter et al. 2015). 

Consequently, there is a need to collect highthroughput, efficient, and complete 
trait data like plant development, architecture, plant photosynthesis, growth, biomass



productivity, physiological, biochemical data in order to unlock the huge amount of 
plant information (Mir et al. 2019). This led to the invention of High Throughput 
Phenotyping (HTP) (Rutkoski et al. 2016). HTP is based on spectrum, sensors, and 
computation to accelerate the phenotypic data generation. It can potentially be cost 
effective as well as breeding cycle can be significantly shortened. It includes various 
types of approaches like spectroscopy (spectrum pattern of absorption, transmission, 
and reflection of photons are primarily determined by plant pigments, constituents, 
and structure), thermograpgy (plant temperature acts as indicator of physiological 
status of plant), photogrametry (stand count and ground cover), RGB imaging for 
phenology and envirotyping (soil characterization, weather characterization, and 
field management). Nowadays sensors and different types of platforms are also 
available for aerial phenotyping, e.g., drones, NDVI and vegetation indices, ther-
mography, RGB, and Hyperspectral. Manned aircraft have been also developed 
where different types of multispectral and thermal cameras are attached like 
NDVI, MCARI, chlorophyll index, LAI, CAB, FAPAR, QPAR, etc. Nowadays 
focus is also given on the development of ground rover phenotyping based on deep 
learning platforms. HTP approaches are noninvasive, multiple spatio-temporal 
dimensions, fast tracking, systemic data collection with reduced errors and allows 
automation (Kim et al. 2020). 
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9.5 High Throughput Phenotyping Approaches for Abiotic 
Stress 

9.5.1 RGB (Red, Green Blue) Images 

Imaging technologies differs for healthy plants to diseased/stressed plants in electro-
magnetic radiation interaction such as absorbance, transmission, reflectance, emis-
sion, fluorescence, etc. RGB as most easily accessible sensor works on sensing 
visible wavelength ranging from 400 to 700 nm. Traits such as vegetation indices, 
plant height, plant structure, growth rates, and morphological traits can be obtained 
(Kim et al. 2018; Crimmins and Crimmins 2008; Deery et al. 2014; Liu et al. 2017), 
e.g., Green seeker for NDVI and IR Thermometer for canopy temperature (Reynolds 
et al. 2020). 

9.5.2 Hyperspectral Imaging 

Vegetation, leaf growth, quality grains, level of phytochemicals, water indices, soil 
cover status, level of phytochemicals, and photosynthetic traits can be obtained by 
sensing thousands of bands per pixel by hyperspectral imaging sensors such as 
hyperspectral camera, thermal camera, and spectrometer (Stagakis et al. 2010; 
Zhao et al. 2013; El-Hendawy et al. 2019). Hyperspectral imaging can measure at 
wide range with improved prediction accuracy as well as identification of specific



plant stress response. Plant species such as arabidopsis, wheat, rice, and rye are 
phenotyped using this technology (Jangra et al. 2021). 
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9.5.3 Thermal Imaging 

LAI, disease severity, insect infestation to seed, stomatal conductance, canopy 
temperature, transpiration rates, water stress responses, etc. can be measured by 
thermal imaging (suitable to image temperature changes) that works based on 
sensing emitted radiation of object that increases with the object temperature 
above absolute zero (700 ~ 106 nm). Thermal imaging is applicable in both con-
trolled as well as field conditions but it needs soil background corrections and 
affected by wind and transient cloudiness (Baluja et al. 2012; Berni et al. 2009; 
Gago et al. 2015; Leinonen et al. 2006). 

9.5.4 Fluorescence Imaging 

Chlorophyll conductance, photosynthetic rates, pigment composition, quantum 
yield, health status of leaf as well as non-photochemical quenching can be estimated 
by fluorescence sensor (180–800 nm) that works by sensing fluorescence emitted by 
short wave light absorption of susceptible molecule. Major advantage of it is that it 
can detect stress before appearance of visual symptoms but major limitations are on 
robustness, reproducibility, and data analysis and need to follow strict protocols 
(Chaerle et al. 2006). 

9.5.5 NIR (Near Infrared) Images 

NIR sensors detect highest reflectance of green area in between 700 and 1300 nm 
(chlorophyll conductance and vegetation indices) and more absorbance by water 
than visible spectrum at above 1300 nm (Bei et al. 2011; Bendig et al. 2015; Yang 
et al. 2017), for example, drones for IR and spectral images and Phenocart (Reynolds 
et al. 2020), FT-NIR for oil quality parameters (Singh et al. 2014a, b). 

9.5.6 Light Detection and Ranging (LiDAR) 

It is the new remote sensing technology that measures various parameters such as 
leaf area index (LAI), nitrogen status, vegetation cover, Canopy, leaves, and height 
by scanning surface of target object and analyzing reflected light as distance (Lefsky 
et al. 2002; Lin 2015; Eitel et al. 2014; Madec et al. 2017; Omasa et al. 2006).
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9.5.7 Other HTP Technologies 

NMR (nuclear magnetic resonance) play important role in measuring the plant 
responses on plant leaves exposed to dehydration or to osmotic stresses (Capitani 
et al. 2009). MRI (magnetic resonance imaging) as powerful 3D-imaging tool of 
structures (Van As and Van Dusschoten 1997) can image both soil water contents, 
morphometric parameters, metabolic study and root architectures (Pohlmeier et al. 
2008). 3D imaging based on stereo cameras and time of flight cameras can pheno-
type canopy and shoot structure, plant height and root structure with high accuracy 
with low noise level, e.g., sorghum, maize, pepper, rye, etc. Positron emission 
tomography (PET) can generate both quantitative and spatial information for water 
transport, flow speed, and sectorality but till date it has limited application in plants 
such as barley, sugarbeet, etc. X-Ray digital and computed sensors have been also 
applied for phenotyping in crop like wheat, rice for grain quality, monomorphic 
parameters, flow speed, etc. (Jangra et al. 2021). 

9.5.8 HTTP Platforms 

Innovations in sensing approaches for aerial as well as ground phenotyping have 
opened the door for investigation studies and significant phenotyping, e.g., robotics, 
aeronautics computing, drones, phenomobiles, phenoliner, etc. Others are like 
Shoelomics to study root architecture (Trachsel et al. 2011), Phenoscope for large 
scale experiment (Tisné et al. 2013), Breed vision as multisensor platform 
(Busemeyer et al. 2013), Rhizomes for paper based high throughput root 
phenotyping (Le Marié et al. 2014), plant accelerator (Neilson et al. 2015), 
Microphenotron (Burrell et al. 2017), Phenocart developed at CIMMYT (Crain 
et al. 2016), Terresttrial 3D laser (Friedli et al. 2016), Phenoboot 1.0 (Salas 
Fernandez et al. 2017), GPhenoVision (Jiang et al. 2018), Phenofield for characteri-
zation of abiotic stress, variety tolerance evaluation and other physiological analysis, 
etc. (Beauchene et al. 2019). 

9.6 Gender Responsive Approaches for Enhancing 
the Adoption of Salt Tolerant Variety of Mustard 
and Lentil 

9.6.1 Approach Ameliorating Feminization in Agriculture 

Salinity aggravating the hardship in agriculture culminating in migration of men 
(Chen 2018) for better job opportunities led female farmers to take up farming 
(Kawarazuka et al. 2022) in toto. Although feminization is already taking place, 
research has shown that spatially specified gendered preferences and adoption 
techniques evolve with adaption choices. Therefore, efforts can be made to improve 
the same in the issue soil as well (Ravera et al. 2016). Climate change has already



diminished the income generating opportunities of women farmers due to gendered 
norms (ADB 2013). Hence reclamation efforts through salt tolerant lentil (Panuccio 
et al. 2021) and mustard varieties (Singh et al. 2020) are promising in the salt 
affected areas/zones, as both crops are low input intensive and fulfill nutrient and 
forage requirement. This would be a right step in providing an opportunity to the 
female to derive income from their salt affected land. Eventually a sense of achieve-
ment which was hitherto missing in them would set an example to lead in successful 
adoption of the salt tolerant varieties in similar salt affected areas. 
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9.6.2 Nudging on Familial Food and Nutritional Security 

Albeit being provider to the family, most men and women farmers are ignorant on 
food and nutritional security. If they can be nudged on, especially the woman of the 
family on the proper soil health management there can be a drastic change in the 
familial nutritional security (IFPRI 2020). Adoption of salt tolerant mustard and 
lentil cropping can release the stress a small holder farmer feels in feeding his/her 
family, as in it leads to augmenting farm income through effective soil management, 
hence better yield and eventually fulfilling the nutritional security of the family. 

9.6.3 Alleviating Drudgery Approach 

Due to unpredictable crop yields and longer travel lengths for fuel, fodder, and water 
for their livestock, work burdens increased for women in rainfed agricultural 
households in Maharashtra, India (World Bank 2022). World Bank report even 
says installation of solar based irrigation systems have benefitted women to grow 
high value climate smart crops and earn higher incomes in problem areas. This is an 
indication on how drudgery alleviating approach can reduce the drudgery already 
existing in the problematic soil through salt tolerant variety of lentil and mustard, 
which is already in the cropping practice of Indo Gangetic salt affected areas in 
India. Studies corroborated the fact that women can lead adaptation strategies 
efficiently if interruption through social norms don’t supersede (Md et al. 2022). 

9.6.4 Participatory Development Stakeholder Approach 

Actively participating in decision making, adoption practices have proven to encour-
age people to commit to successful ventures. Farming is not an exception, but 
women are pushed to background in all the decision-making scenarios in a rural 
agrarian Indian household. The problem is grave especially when their land under 
cultivation is problematic or salt affected. Encouraging women to make a participa-
tory stakeholder in the adoption of salt tolerant varieties of mustard and lentil crops 
can yield results in both tangible and intangible manner. Former being in the form 
increased yield due to participation of women with better information on salt tolerant



varieties and latter being feeling a responsible stakeholder in the augmented farm 
income. Study conducted by Galiè (2013) depicted how participative plant breeding 
can assert identity for women as farmers. Albeit women performing majority roles of 
farming in salt affected areas their role as farmers are not positioned due to dominant 
norms. 
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9.7 Conclusion 

To mitigate the abiotic stress, plants employ different approaches through generating 
the ample amount of stress protectants such as amino acids, proteins and enzymes, 
organic acids, and various metabolites controlled by specific genes. Therefore, there 
is a crucial need to develop and release the tolerant varieties for abiotic stress by 
using conventional breeding methods or modern breeding methods. 
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Abstract 

Anthropogenic climate change is inducing the dangerous and sweeping disrup-
tion in nature while touching the billions of lives across the globe through food 
security. Extreme temperatures, low water availability, salinity, mineral defi-
ciency, and toxicity are major abiotic factors that affect crop’s productivity and 
sustainability worldwide. To mitigate the demand of growing population, there is 
a need to increase the production and productivity of crop under abiotic 
challenges. Despite the great efforts for abiotic tolerance in crops has been 
done by conventional breeding as well as by biotechnological method but results 
so far obtained have been rather scarce due to the complexity of the response to 
salt and drought stress. Therefore, novel techniques are required for isolate and 
functionally characterization of gene that involved in salinity and drought toler-
ance. In this chapter, we focus on the genomics tools, viz., traditional QTL, MAS, 
transcriptomic analysis, association mapping, GWAS, NGSs, TILLING and 
EcoTILLING, RNAi, CRISPR/Cas, and other gene tagging approaches for 
genetically and functionally dissection of these complex traits. Confidently, the 
collaborative use of above-mentioned genomics tools can help in deep insights 
into the genetic and physiological mechanisms of tolerance to drought and 
salinity in crop plants, thus empowering the accepted schematic of future breed-
ing programs. 
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10.1 Introduction 

In a sustainable ecosystem, there should be enough food to feed the world’s 
constantly growing population. However, the challenge posed by the prospect of 
climate change and unforeseen natural extremes has increased that would lead to 
food insecurity (Abberton et al. 2016). In the fields, crop plants are frequently 
subjected to one or more biotic and/or abiotic stresses that drastically impair 
agricultural production and productivity, creating a huge gap between demand and 
supply. Among the different abiotic stresses, drought and salinity most burtal 
environmental factors that remarkably impacted on agricultural output worldwide 
(Chantre Nongpiur et al. 2016; Fathi and Tari 2016). According to one report, about 
10.5 and 60 million km2 of land are plagued by salinity and drought, respectively 
(Zhang et al. 2014). It is become more and more difficult to sustainably feed the 
world’s population in an acceptable and healthy manner. These challenges have been 
exacerbated in part by past human activity. Global temperatures have risen by an 
average of 1 °C from the pre-industrial era due to the 150 years of fast economic 
expansion and the associated increase in greenhouse gas (GHG) emissions. If things 
continue as they are, the average global warming between 2030 and 2050 is 
predicted to be 1.5 °C (Fróna et al. 2021). As per one climatic report of UN, rising 
temperatures varnished the Himalayan glaciers till by 2035 that is water resources of 
Asia’s largest rivers (Ganges, Brahmaputra, Mekong, Indus, Yangtze, Salween, and 
Yellow). As a consequence, by the end of the twenty-first century, the melting of 
glaciers will have accelerated sea level up to 59 cm (Hossain et al. 2021). 

Drought causes severe damage during all the stages of crop growth from seedling 
to maturity. In case of wheat, occurrence of drought at early growth stage resulting in 
poor seedling establishment and less number of tillers per unit area. Whereas the 
production of dry matter, effective tillers, and grains per plant are decreased by the 
occurrence of drought during the middle stage of growth. Similarly, terminal drought 
resulting in poor assimilates production, poor fertility, and low grain weight (Tiwari 
et al. 2015). In another example of tomato number of seeds, the size of the seeds and 
the quality of the seeds are typically reduced by drought stress during vegetative or 
early reproductive growth (Pervez et al. 2009). Similarly, plant growth and develop-
ment are severely inhibited by salt stress, which also damages membranes, causes 
ion imbalances due to the accumulation of Na+ and Cl-, increases lipid peroxidation, 
and increases the production of reactive oxygen species such as superoxide radicals, 
hydrogen peroxide, and hydroxyl radicals (Shiferaw et al. 2011; Rasool et al. 2013). 
As population of the world is 7.75 billon till 2020 and by 2050 it will reach up to 
9 billion (Manning 2015) which will continue worsen the current problems of global 
food insecurity. Whereas food demand of growing population will be increased by 
two folds till 2050 (Rosegrant et al. 2009). Although a large number of high-yielding 
varieties of field crops were developed over the past two to three decades yet they 
could not overcome the hurdles in production improvement due their vulnerability to 
biotic and abiotic stresses (Warkentin et al. 2015; Duc et al. 2015). Therefore, to 
cope with the demand of growing population there is need to increase the production 
and productivity of crop with challenging environment.
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However, conventional breeding has absolutely dominated since the beginnings 
of plant domestication for developing crops and varieties that have assisted in the 
formation of modern societies (Fedoroff 2010). The global increase in food produc-
tion is about 32 metric tonnes per year through improved agriculture practices and 
conventional breeding, which is 12 metric tonnes less than what is needed to meet 
the target of the Declaration of the World Summit on Food Security, which aims to 
acquire 70% more food by 2050 (Tester and Langridge 2010). However, due to 
intricate networks of plant response mechanisms against these stress, conventional 
breeding approaches become difficult for improvement (Sinclair 2011). After that 
another one strategy used to cope with climatic change is transgenic technology. 
However, it is still controversial in most countries due to political and moral issues 
(Chantre Nongpiur et al. 2016). But results so far obtained have been rather scarce 
due to the complexity of the response to salt and drought stress. Therefore, novel 
techniques are required for isolate and functionally characterization of gene that 
involved in salinity and drought tolerance. In this chapter, we focus on the genomics 
tools, viz., traditional QTL, MAS, transcriptomic analysis, association mapping, 
GWAS, NGSs, TILLING and EcoTILLING, RNAi, ZFNs, CRISPR/Cas, and 
other gene tagging approaches for genetically and functionally dissection of these 
complex traits. Confidently, the collaborative use of above-mentioned genomics 
tools can help in deep insights into the genetic and physiological mechanisms of 
tolerance to drought and salinity in crop plants, thus empowering the accepted 
schematic of future breeding programs. 

10.2 Identification of Salt and Drought Stress Responsive Genes 

For the development of salt and drought tolerant varieties, we must first have a 
comprehensive understanding of the complex mechanisms by which plants respond 
to salt and drought stress. Therefore, the first crucial step to achieving the required 
results is to identify the genes/QTLs implicated in salinity stress response that would 
be highly helpful to the breeder in order to create new drought and salt resistant 
cultivars (Dilnur et al. 2019). Effective genomic approaches that increase stress 
tolerance will be based on the discovery of novel genes, the characterization of 
their expression patterns in response to drought and salt stress, and a better under-
standing of their roles in stress adaption (Cushman and Bohnert 2000). Various 
approaches for gene discovery available are briefly described as follows. 

10.2.1 Quantitative Trait Loci (QTL) Analysis 

Tolerance to salinity and drought is multiplex phenomenon that is influenced by both 
genotypes of crops as well as by environment. Therefore, for the development of salt 
and drought resistant varieties there is a need to understand the genetic basis of 
underlying stress mechanism (Bizimana et al. 2017; Kamoshita et al. 2008). Quanti-
tative trait locus (QTL) is location in DNA that is linked to a particular phenotypic



trait, which can be attributed to polygenic effects, i.e., is governed by two or more 
genes. These QTLs are often found on different chromosomes. On the other hand, 
quantitative trait locus (QTL) analysis is a statistical technique that is used to explain 
the genetic dissection of variation in quantitative traits by correlating their pheno-
typic data and genotypic data (Falconer and Mackay 1996; Kearsey 1998). Chromo-
somal mapping is used for localization of chromosomal region that significantly 
influence the variation of quantitative traits in a population. It assists in the identifi-
cation of the genes that responsible for variation and to understand that how many 
numbers of QTL have a significant contribution to trait variation in a population 
(Zeng 2001). The insights of QTL mapping through marker-assisted breeding can 
assist to improve the genetic potential of crops. A well explained example as in case 
of rice for drought and salinity tolerance, where marker-assisted backcrossing was 
used to create chromosomal segment substitution lines (CSSL) of the KDML105 
having QTLs for drought tolerance (DT) on chromosomes 1, 3, 4, 8, and 9 (Toojinda 
et al. 2011). Table 10.1 illustrates various instances of QTLs (quantitative trait loci) 
for improving crop production under saline and drought conditions. 

192 A. Sharma et al.

Table 10.1 QTLs (quantitative trait loci) associated with crop plant production under salinity and 
drought stresses 

Stresses Crop Identified genes References 

Salinity and 
drought 

Rice Identified QTLs associated with salinity and 
drought tolerance at seedling stage 

Kanjoo et al. 
(2011) 

Salinity and 
drought 

Barley Two QTL for drought tolerance and one QTL for 
salinity tolerance 

Fan et al. 
(2015) 

Drought Wheat Detection of QTLs associated with yield and its 
components under drought 

Rehman Arif 
et al. (2020) 

Salinity Soyabean Salt tolerance QTL confers a large dominant 
effect over salt sensitivity 

Hamwieh and 
Xu (2008) 

Salinity Wheat Identified QTL associated with salinity tolerance 
in wheat 

Díaz De León 
et al. (2011) 

10.2.2 Marker-Assisted Selection (MAS) 

Marker-assisted selection (MAS) involves the use of molecular markers that are 
closely linked with agronomic traits of interest which is either controlled by individ-
ual genes or QTL. Molecular markers aids in selecting the parents having contrasting 
traits for improvement of new targeted traits (Monneveux et al. 2003). For the 
development of better hybrids, donor parents with good heritability and combining 
ability for drought tolerance-related traits should be used. The quality of molecular 
markers varies based on the ability to identify closeness and distant relationships 
among accessions. For example, restriction fragment length polymorphism (RFLP), 
amplified fragment length polymorphism (AFLP), and simple sequence repeat (SSR) 
markers have polymorphism and random amplified polymorphic DNA (RAPD) 
markers are simple, time-saving due to their rapidity, and require small amounts of



DNA. The advantages of SSR are that they are co-dominant, polymorphic, highly 
informative, easy to apply with relative high resolution, and less expensive for 
molecular biotechnology studies. Among the number of molecular markers used 
for crop genotyping, single nucleotide polymorphisms (SNP) markers are currently 
at the peak due to high abundance, ability to identify the polymorphism at single 
base level and can accommodate the whole genome with high throughput and high 
resolution compared to others. 
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Marker-assisted backcrossing (MABC) is used as the tool for selection of the best 
traits by the plant breeders that contain alleles with high recovery of recurrent parent 
genome. The use of marker-assisted backcrossing can exploit traits which have been 
difficult to exploit through conventional methods from one variety to another in a 
number of crops. MABC helps to identify tightly linked QTLs associated with traits 
of interest (Gill et al. 2017). They are transferred to the potential lines through 
marker-assisted backcrossing, involving foreground and background selection, thus 
reducing the breeding cycle and linkage drag as compared to a conventional 
approach. MAS utilizes novel sources of genetic materials provided by allelic 
variations in the gene of interest and can create, design, and develop a cheap 
molecular marker for salt tolerance (Rahman et al. 2008). MAS is the most 
promising and successful method for developing new salt-tolerant rice lines (Singh 
et al. 2016). Molecular marker studies have also been successfully used to deploy 
drought tolerance in sorghum through mapping of QTLs conferring drought toler-
ance. By applying MABC, Saltol QTLs was introgressed into a popular elite variety 
in different countries: Saltol QTLs was introgressed into two Bangladeshi varieties, 
BR11 and BRRI dhan28 (Huyen et al. 2012), AS996 and BT7 in Vietnam (Bimpong 
et al. 2016), Rassi in West Africa (Singh et al. 2011), and Pusa Basmati 1121 and 
PB6 in India (Chukwu et al. 2019; Geetha et al. 2017). In India, a multi-institutional 
program on the introgression of Saltol QTLs into elite mega-rice varieties is in 
progress (Shailani et al. 2021). 

10.2.3 Transcriptomic Analysis 

Transcriptomics is one of the branches of omics that is gaining wide acceptance in 
the field of crop improvement signifying its importance in the study of an entire set 
of transcripts (Piétu et al. 1999). All types of transcripts, including messenger RNAs 
(mRNAs), microRNAs (miRNAs), and different types of long noncoding RNAs 
(lncRNAs) come under Transcriptomics. Due to complex nature of abiotic stress 
induced responses, researcher’s community had limited success in improving of salt 
or drought tolerance through conventional or transgenic breeding (Flowers 2004; 
Yamaguchi and Blumwald 2005). The use of high-throughput methods in modern 
transcriptomics has made possible to analyze the expression of diverse transcripts in 
different physiological or pathological conditions and widening our base of under-
standing of the relationships between the transcriptome and the phenotype. At 
transcriptional level large numbers of genes have been identified in different crops 
that display tolerance to various abiotic stresses. Large number of stress-inducible



genes has been identified by analyzing the transcript of those genes to improve the 
stress tolerance of transgenic plants (Umezawa et al. 2006). A total of 4954 and 5545 
genes were found in drought tolerant and salinity-tolerant genotypes of chickpea, 
respectively, by comparative analysis of the transcriptomes at different development 
stages (Garg et al. 2016). Song et al. (2020) found a total of 7622 differentially 
expressed genes (DEGs) under salt stress, of which 4055 were upregulated by 
carrying out transcriptome analysis. 
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Table 10.2 Identification of different TF families through transcriptome analysis relevant to salt 
and drought stress tolerance 

Sr. 
no. 

TF 
family Crop 

Target 
stress References 

1 ERF Tomato, barley, rice, 
and wheat 

Salt Zhang et al. (2004), Jung et al. (2010), 
Xu et al. (2007) 

2 WRKY Maize Salt Li et al. (2013) 

3 NAC Melon Salt Wei et al. (2016) 

4 AP2-
EREBP 

Chickpea Drought Garg et al. (2016) 

5 bHLH Chickpea Drought Garg et al. (2016) 

Transcription factors (TFs) are key regulators of stress tolerance mechanism and 
play important role in regulating the differential response of genotypes under stress 
conditions. The response of upland cotton under salinity stress was analyzed by 
comparative phenotypic and transcriptomic analysis and it was found that more TF 
genes were upregulated in stress tolerant than stress sensitive (Zhang et al. 2021). 
Recently, there are several reports (Rasheed et al. 2016; Takahashi et al. 2018; 
Nakaminami et al. 2018) deciphering the role of peptide hormones and small open 
reading frames (sORFs) in regulating the plant response under drought and salt 
stress. Also the importance of non-coding RNAs in mitigating the stress conditions 
has been extensively examined in recent years (Chekanova 2015). The role and 
example of various transcription families through transcriptome analysis relevant to 
salt and drought stress tolerance in different crops are discussed in Table 10.2. 

10.2.4 Association Mapping (AM) 

The high-resolution method of association mapping, which is based on the theory of 
linkage disequilibrium, has tremendous potential for the analysis of complex genetic 
characteristics. The size of the experimental population, the magnitude of the 
target allele effect, the density of markers used, the rate of LD decay between marker 
and target allele, errors in phenotyping and genotyping data, and the desired 
statistical significance level all influence the power of association studies. As a result 
of the development of the novel high-throughput genotyping and sequencing 
technologies, it is expected that this approach will be widely used in agricultural 
plants in the long term. Association mapping is a valuable tool for the detection of 
novel genes or QTLs of important field crops in regard of soil salinity and drought



stress. Soil salinity and drought are important abiotic stresses that affect crop 
productivity. Development of soil salinity and drought resistant cultivars are critical 
to reduce climate-related risk, maintain productivity, and enhance livelihood of crop 
growers. Certain accessions were found to have beneficial allele to improve traits, 
plant height, root length and spikelet fertility, which contribute to the grain yield 
under stress. On a collection of 107 barley accessions tested in both well-watered 
and drought-stressed conditions, association mapping was used to investigate the 
relationships between 76 SSR markers and 6 drought-related characteristics and 
revealed are significantly associated (Abou-Elwafa 2016). Eight marker loci were 
identified as being associated with salt tolerance in cotton, of which two loci 
(NAU2580-1 and NAU2580-2) accounts for the majority of the phenotypic variance 
in salt tolerance, indicating a substantial correlation between the marker NAU2580 
and salt tolerance genes in cotton. Eight new STS markers based on three salt 
tolerance genes were developed, but only Wn11463,a marker for SKC1, was 
significantly associated with salt tolerance, suggested that STS marker Wn11463 
would be helpful in MAS for rice salinity breeding (Emon et al. 2015). A detailed 
discussion on the association mapping for the sustainability of crop production in 
soil salinity and drought stress is available in Table 10.3. 
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Table 10.3 The association mapping for the sustainability of crop production under soil salinity 
and drought stresses 

Crop Stress Major finding References 

Rice Salinity The association mapping strategy identified four loci 
significantly associated with salinity tolerance 

Pushparajan 
et al. (2011) 

Rice Drought Genomic characterization haplotype variation for 
potential use as molecular markers to combine drought 
avoidance and tolerance traits 

Beena et al. 
(2021) 

Barley Drought Association mapping identified 48 molecular markers 
that are significantly associated with 6 drought tolerance 
related traits 

Abou-Elwafa 
(2016) 

Cotton Salanity Among these eight marker loci, two (NAU2580-1 and 
NAU2580-2) were highly significantly associated with 
salt tolerance 

Zhao et al. 
(2016) 

Rice Salinity Two markers (Wn11463 and RM22418) showed 
significant association with salinity tolerance score 

Emon et al. 
(2015) 

10.2.5 Genome-Wide Association Mapping (GWAS) 

The response of different plant species, to withstand in various environmental 
stresses is a complex phenomenon. Scientists all across the world are employing 
GWAS to identify the underlying molecular mechanism of such complicated traits. 
A large panel of diversified germplasm is typically used to give a high-resolution 
gene mapping method that is based on recombination events (Syed et al. 2020). 
Though the panel size is a big limitation of this study, however, several studies were 
carried out by many researchers on different crops such as cotton (Mahmood et al.



2019), wheat (Cormier et al. 2014), and maize (Zaidi et al. 2016). In these genomic 
approaches by using cost-effective genome-wide DNA markers, whole genome 
exposure has been accomplished in two different crops. This approach has higher 
statistical power and resolution to identify significant QTLs to account for the broad 
phenotypic variability found when compared to a biparental mapping population. As 
in GWAS, the population size is larger, such that in most studies, single nucleotide 
polymorphisms (SNPs) have been used in genome-wide association studies to find a 
number of QTLs for abiotic stress, particularly drought and salinity tolerance. 
Common QTLs for traits linked to drought and salinity tolerance can be identified 
by employing meta-analyses (Abdelraheem et al. 2019). Details on genome-wide 
association mapping for identifying QTLs under salinity and drought stresses are 
discussed in Table 10.4. 
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Table 10.4 Genome-wide association mapping for identifying QTLs under salinity and drought 
stresses 

Stress Crop Major finding References 

Drought Rice Identified QTL containing candidate genes for 
drought 

Hoang et al. 
(2019) 

Salinity Rice Candidate genes can be identified by QTL Kumar et al. 
(2015) 

Drought Chickpea Identified candidate genes that can facilitate the 
fast development of drought tolerant varieties 

Li et al. (2018) 

Drought Wheat Identify genomic regions associated with 
seedling stage root architecture and shoot traits 
using GWAS 

Thirunavukkarasu 
et al. (2014) 

Drought Wheat Identify QTL associated with yield and yield 
components 

Edae et al. (2014) 

Drought 
and 
Salinity 

Alfalfa Identified alfalfa cultivars with enhanced 
resistance to drought and salt stresses 

Yu et al. (2016) 

10.2.6 New Generation Sequencing (NGS) 

The NGS technologies has made a remarkable revolution in the field of DNA 
sequencing and greatly enhanced the progress of genome sequencing through use 
of robust, multitasking, and cost-effective technologies such as roche 454 sequenc-
ing, illumina, SOLiD, Ion torrent, oxford nanopore technology tec. Ability of this 
technology to detect large number of single nucleotide polymorphisms (SNPs) and 
insertions/deletions (InDels) has proved its potential in the domain of crop improve-
ment (Huang et al. 2013; Varshney et al. 2009). Through the identification of large 
number of SNPs positions in the genome we are able to understand the genetic basis 
of phenotypic differences exhibited by different cultivars in response to various 
abiotic stresses, such as salinity and drought. Endophytes play important role in 
mitigation of salinity stress through induction of synthesis of antioxidants species 
and production of osmolytes, which help in overcoming the osmotic effect caused by



stress factors (Barnawal et al. 2016). Therefore, NGS may hold great promise in 
understanding microbiome of both the epiphytic and endophytic (Verma et al. 2021). 
Tang et al. (2013) identified drought tolerant genes in Populus euphratica through 
the use of Roche’s 454-GS FLX System. Illumina sequencing technology was 
applied to sequence a transcriptome of red clover (Trifolium pratense L.) for 
identification of genes that were responsible for drought tolerance. These genes 
were found to give three metabolites (pinitol, proline, and malate) the concentration 
of which increased under the influence of drought stress (Yates et al. 2014). Area 
of saline soil is increasing day by day in different part of the country and has negative 
impact on both quantity and quality so; large scale studies have been conducted 
deciphering the use of NGS to find genes responsible for salt tolerance. Wang et al. 
(2015) found genes responsible for copper tolerance through the application of 
Illumina technology and same technology was used by Le et al. (2011) in their 
study to explore the function of plant-specific NAC transcription factor family 
during development and dehydration stress in soybean. Both Roche and Illumina 
technologies were used to interrogate the transcriptome analysis of finger millet, for 
its potential in influencing the tolerance to salinity, drought, and diseases (Rahman 
et al. 2014). Juntawong et al. (2014) also found its calibre in elucidating molecular 
responses of Jatropha roots to waterlogging through transcriptome profiling. NGS 
has revolutionized the field of moleculars markers mining and identification and 
mapping of causal mutations within a short period at relatively low cost. Because of 
fast sequencing with less error, now it is possible to develop a large number of 
molecular markers specific to salinity and drought tolerance without using reference 
genomes, for example, in durum wheat (Trebbi et al. 2011) and common bean 
(Cortés et al. 2011). NGS technologies also have applications in the genome editing 
approaches to edit a specific gene related with tolerance to abiotic stresses as some 
examples given in Table 10.5. 
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Table 10.5 Identification of gene for salt and drought stress tolerance by different NGS 
technology 

Sr. 
no 

NGS based 
techniques/ 
approaches Name of the gene(s) Trait(s) 

Crop/ 
species References 

1 De novo 
sequencing 

GmCHX1 Salt stress Wild 
soybean 
W05 

Qi et al. 
(2014) 

2 IlluminaHiSeq2000 XLOC_000635 Salt stress Chickpea Mahdavi 
et al. (2018) 

3 IlluminaHiSeq2000 Ca_03175 Salt stress Chickpea Mahdavi 
et al. (2018) 

4 MutMap OsRR22 Salt 
tolerance 

Rice Papworth 
et al. (1996) 

5 IlluminaHiSeq 
2500 

18,369 differently 
expressed genes 

Drought 
tolerance 

Lentil (Lens 
culinaris) 

Singh et al. 
(2017)
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10.2.6.1 TILLING and EcoTILLING 
In genomics, the focus on functional genomics is increasing to deduce the function 
of a gene of interest. Reverse genetic techniques have been widely used to analyze 
the resulting phenotype from sequence data. Approaches such as site-directed 
mutagenesis, gene knockout, RNAi, and transposon tagging involve transgenic 
material, which is sometimes not feasible in case of many plant species. TILLING 
(Targeting Induced Local Lesions IN Genome) is a non-transgenic reverse genetics 
high-throughput approach that is applicable to all plant species which can be 
mutagenized, regardless of their pollinating system, ploidy level, or genome size. 
It focuses on identifying SNPs (single nucleotide polymorphisms) and/or INDELS 
(insertions/deletions) in a gene or genes of interest from a mutagenized population. 
This technique needs prior information related to DNA sequence and it takes benefits 
of a mismatch endonuclease to locate and detect induced mutations. Ultimately, it 
can provide an allelic series of silent, missense, nonsense, and splice site mutations 
to examine the effect of various mutations in a gene. TILLING has proven to be a 
practical, efficient, and an effective approach for functional genomic studies in 
numerous plant species. Ecotype TILLING (EcoTILLING), a variant of TILLING, 
analyses genetic variation naturally present in populations and has been successfully 
utilized in plants to discover SNPs including rare ones. 

TILLING enables rapid identification of mutations in genes of interest from 
within a mutagenized population and has been applied to a wide range of crops 
including wheat, rice, maize, and sorghum in order to evaluate mutations in target 
genes. In cereals, several space-induced and EMS-induced mutant populations have 
been used to identify mutants with important traits including salinity tolerance, grain 
size, and recombinant crossovers via TILLING by sequencing (TbyS). Through 
EcoTILLING, allelic variation through identification of polymorphism and associa-
tion analyses was found for resistance to drought in rice. A new durum wheat 
TILLING population has been developed by using ethyl methane sulfonate (EMS) 
with five target genes related to drought tolerance (DHN11; pTd27; DHNWWZ; 
RUBISCO; SNAC). The method of Ecotype Targeting Induced Local Lesions in 
Genomes (Ecotilling) was used to analyze the genes associated with drought toler-
ance level in rice. The study illuminated that association analysis aimed at Ecotilling 
diversity of natural groups could facilitate the isolation of rice and wheat genes 
related to complex quantitative traits (Table 10.6). 

10.2.6.2 RNAi 
The finding and discovery of RNAi was not systematic rather accidental when 
Jorgensen (1995) in an attempt for upregulation of activity of chalcone synthase 
for deep purple flower pigmentation in petunia found variegations and some cases of 
complete colour loss. This phenomenon was called as co-suppression. Later on 
research of Guo and Kemphues (1995), Mello and Fire (1995) established use of 
both sense and antisense strands was more effective in target gene silencing. This 
ended up being the turning point in RNAi research and the RNA interference 
phenomenon in drought and salinity tolerance. There are several miRNAs associated 
with drought responsiveness such as miR169, miR396, miR171, miR319, miR393,



miR156, miR158, etc. (Younis et al. 2014; Liu et al. 2009a, b). Other miRNAs viz., 
miR159 in Arabidopsis germinating seeds involved in the cleavage of MYB101 and 
MYB33 transcripts induced by ABA or drought treatments (Reyes and Chua 2007; 
Abe et al. 2003). The plants overexpressing MYB101 and MYB33 were better 
osmotic stress tolerant and ABA hypersensitive. mi167 as a result to drought stress 
was found to be downregulated in rice seedings but upregulated in Arabidopsis (Liu 
et al. 2008, 2009a, b). In the event of drought stress, for necessary accumulation of 
Phospholipase D (PLD) the expression of miR167 was resultantly inhibited in maize 
(Ding et al. 2009; Wei et al. 2009). NFYA5 (a subunit of nuclear factor Y, NF-Y) 
known to play role in environmental stress responses was regulated by miR169. 
Over expression of NFYA5 lead to drought tolerant phenotypes whereas over 
expression of miR169 are very sensitive to drought stress (Li et al. 2008). Several 
others like miR393 targeting TIR1 (transport inhibitor response 1) were upregulated 
in Arabidopsis and rice (Dharmasiri and Estelle 2002) transgenic tobacco plant over 
expressing the miR396 improves drought stress tolerance by lowering the stomata 
density (Liu et al. 2009a, b; Yang and Yu 2009), etc. There were reports of several 
differentially regulated salt stress responsive miRNAs in plant like Arabidopsis such 
as miR156, miR158, miR159, miR319, miR393, miR394, miR396, miR397, etc., 
thus miRNAs play role in accordance response to salt stress. In rice during salt stress 
miR393 works in Auxin pathways by targeting the phytosulfokinne receptor (Liu 
et al. 2008). In response to salt stress, the genes miR2001, miR2004, and miR2006 
that, respectively, target putative proteins (Protein GPR107 precursor), (EMB2745), 
and (exonuclease FAD binding domain containing protein) were increased. During 
salt stress, miR2003 targets a Heat repeat family protein that is produced and 
contains the ribosomal protein S11 (Jian et al. 2010). A number of miRNA are 
involved in both salt and drought stress. The Arabidopsis thaliana plant has 
miRNAs that are involved in both salt and drought conditions, including miR159, 
miR167, miR168, miR169, miR393, miR396, and miR397. Some miRNA have 
varied actions depending on the type of stress, for example, some miRNA are 
upregulated under drought stress whereas the same miRNA are downregulated 
under salt stress. 
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Table 10.6 Identified gene for salt and drought stress tolerance by Tilling and EcoTilling 

Species Gene name 
No. of 
genes Trait References 

Oryza 
sativa 

OSCP17 1 Salt 
tolerance 

Negrao et al. 
(2011) 

19 Drought 
tolerance 

Yu et al. (2012) 

osCPK17, osRMC, osNHX1, 
osHKTI; 5, SalT 

5 Salt resistant Negrao et al. 
(2013) 

Durum 
wheat 

DHN11; pTd27; DHNWWZ; 
RUBISCO; SNAC 

5 Drought 
tolerance 

El Yadini et al. 
(2021)
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10.2.6.3 CRISPR/Cas9 
CRISPR is a natural immune system of Streptococcus pyogenes against viruses. 
Cas9 protein cleaves out viral genome to prevent it from hijacking bacterial genome 
and causing disease, while CRISPR array saves a copy of the invading virus genome 
in the bacterial genome to thwart future viral attack. CRISPR/Cas9 falls under the 
bacterial-specific Class II division of the CRISPR/Cas system, which is further 
segmented into Classes I through III. This latest technology is used in drought and 
salinity stress tolerance. As, SlLBD40 gene (LBD family), was knockout in tomato 
with reduced water loss from plants (Liu et al. 2020). Similarly, SlARF4 (auxin 
response factor) knockout’s leaves were able to stand upright even after wilting in 
comparisons to wild types tomato (Chen et al. 2021a, b). The OST2 gene, which 
codes for a plasma membrane H+ ATPase involved in stomatal response, was 
knocked out through CRISPR/dCas9. This resulted in a high degree of stomatal 
closure with a low level of water loss, which improved Arabidopsis’ ability to 
withstand drought (Osakabe et al. 2016). A key positive regulator of the drought 
stress response is AREB1/ABF2 (ABA-responsive element binding protein 1/ABRE 
binding factor). The histone acetyltransferase (HAT) from Arabidopsis improves 
chromatin relaxation and encourages gene expression. The promoter activity of 
AREB1 was significantly boosted by HAT coupled with dCas9 (Roca Paixão et al. 
2019). OsERA1 mutant showed increased drought tolerance in rice as stomatal 
conductance reduced comparatively. As shown, multiple CRISPR/Cas9 alterations 
improved drought resistance (Shi et al. 2017). 

The OsRR22 gene mutants perform better than wild types in 0.75% sodium 
chloride (NaCl) as compared to wild types as it performs in both cytokinin signal 
transduction and metabolism (Zhang et al. 2019). OsVDE in rice was found to be 
negatively regulating in salinity stress and its mutant had lower transpiration water 
loss because of enhanced stomatal closure and higher ABA content (Wang et al. 
2021). A class of transcription factors called AITRs controls how plants react to 
abiotic stresses. There are six genes in Arabidopsis that produce AITRs. Using 
CRISPR/Cas9 to knock out any one of these genes resulted in increased tolerance 
to salt treatment, demonstrating that the complete family of AITR genes in 
Arabidopsis increases salinity tolerance (Chen et al. 2021a, b). TaHAG1 
overexpressed (TaHAG1-OE) wheat plants had better root length, fresh weight, 
and less chlorotic leaves was demonstrated by CRISPR/Cas9 mutated seedlings 
(Zheng et al. 2021). Using CRISPR/Cas9 technology, a portion of the potato coilin 
gene that codes for the CTD was altered. The wild forms displayed rapid yellowing, 
leaf fall, and more severe root development inhibition under salt-stress conditions, 
demonstrating that potato coilin is implicated in the plant defense response to salinity 
(Makhotenko et al. 2019). 

10.3 Conclusion 

Ensuring present and future food security, agricultural production is biggest chal-
lenge in varying environment, especially in developing nations. Therefore, there is 
need to understand the genomic architecture of the plant in response to abiotic



stresses, especially, salinity and drought. Due to the complexity nature of plant in 
response to salt and drought stress, traditional breeding methods are no longer 
effective ways to increase agricultural productivity. In this chapter we discussed 
about the genomic tools to understand the genetic dissection of plant in response to 
salt and drought stress tolerance that help in boosting up the crop production in 
adverse environment conditions. However, it should be noted that the primary 
function of genomics as a tool is to improve existing technologies, rather than its 
replacement. Finally, to develop a crops or varieties that are resilient to salinity and 
drought with high production, any two or all three genomics approaches with 
conventional breeding would be effective. 
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Abstract 

Abiotic stresses particularly drought and salinity are the major cause of crop loss 
all over the world. Abiotic stresses are expected to rise due to changing climatic 
conditions driven by anthropogenic activities. In the current scenario, it is utmost 
important that we reduce these crop losses and enhance the production to meet the 
increasing food demands. Therefore, the development of more tolerant new 
varieties is important to ensure food security to feed the world population. 
Proteomics is a powerful analytical tool for the investigation of crop response 
towards stress. Advancement in proteomic techniques allows the identification 
and quantification of stress responsive proteins, their expression analysis and 
translational study followed by protein modification. A study of collective infor-
mation of differentially expressed proteins is important to elucidate the molecular 
mechanisms acting behind stress tolerance mechanism. Proteomic techniques 
clarify the tolerance mechanisms under major abiotic stress, and thus helpful in 
the development of abiotic stress tolerant varieties. Through proteomics based 
functional analyses we can characterize the relevant traits for the crop breeding 
and genetic engineering programs for the production of next generation crops. 
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11.1 Introduction 

Stress, either biotic or abiotic in crops, is one of the major problems of agriculture 
worldwide. Abiotic stress confers to the environment in which plant resides; it can be 
physical or chemical whereas biotic stress occurs when plant get affected by 
biological unit like insect, birds, etc. (Gull et al. 2019). Abiotic stresses not only 
affect the growth and development of crops but also result in their yield loss. There 
are various common abiotic stresses faced by crops such as drought, salinity, 
temperature fluctuation (high or low), mineral, and waterlogging (Sharma et al. 
2019). Crops generally counteract stresses through two basic strategies, i.e., one is 
stress avoidance and the other is stress tolerance. Among abiotic stresses, drought 
and salinity play major role in yield loss of crops. Salinity is one of the major 
contributing factors which spoils soil, retards plant growth and productivity in arid as 
well as semi-arid areas. It decreases the area of cultivable area (Singh et al. 2015; Li  
et al. 2015). The salt affected area is increasing day by bay; in current status, more 
than 6% of the world’s total land area is affected by salinity (Munns and Tester 
2008). Salinity imparts negative impact on overall growth and development of all the 
major crops. It results in the development of osmotic stress due to high salt 
concentration in the outside SAP. It also generates ion toxicity, one common way 
is through accumulation of access of salts on the transpiring leaves (Acosta-Motos 
et al. 2017). It affects both qualitative and quantitative traits of the crop. It is well-
known fact that about 90% of agricultural land is affected by abiotic stresses (Barkla 
et al. 2013). Mantri et al. (2012) reported that the compromised plant growth and 
substantial yield loss had been obtained because of abiotic stresses. Due to abiotic 
stress, genes exhibit altered levels of expression. This altered expression levels can 
be analyzed through proteomics and could be used for breeding and gene editing 
programs in the creation of crop plants with better resistance capacity towards 
abiotic stresses (Raza et al. 2021). Stress proteomics is the study of proteins in 
plants which encounters the abiotic stresses such as temperatures (cold, frost, and 
heat), drought, excessive watering (waterlogging/flooding), salinity (sodicity), 
minerals (heavy metal and metalloid), disease attack (by fungi, bacteria, parasites, 
viruses, and insects), and weeds. Stress proteomic studies allow us to identify the 
stress-associated genes, their regulation, and function and are therefore helpful for 
crop improvement. Approximately 50% yield loss was reported because of abiotic 
stresses (heat, cold, drought, salinity, nutrient, and heavy metals) (Kajla et al. 2015). 
Proteomics aims the study of complete set of proteins in a sample at a given time and 
specific conditions, and it offers itself as universal analysis tool for any alteration or 
change in protein and proves itself as an effective method over transcriptomics for 
assessing the role of stress-related proteins (Jensen 2006). 

Plants are necessarily adapted to an environment where stresses are present, and it 
is controlled by a cascade of various cellular responses and eventually expressing the 
proteins or set of proteins that protect them from damage (Ramanjulu and Bartels 
2002). Different strategies are being employed for the development of tolerant crops. 
In stress tolerance, various factors play important role such as expression of various 
genes and proteins, several transcription factors, molecular chaperons,



histone-modifying enzymes, osmolytes, and many metabolites. Proteomics means 
the study of proteins in all aspects enabled to develop tolerant crops with high 
efficiency. The focus of this present article is on proteomic techniques that 
strengthen the tolerance mechanisms of crops under major abiotic stress (salinity 
and drought), and thus helpful in the development of abiotic stress tolerant varieties. 
Cash crops are the agricultural crops which are grown for economic purposes by the 
farmers. These crops differ from subsistence crops in view that these are cultivated 
for market commodities. The cash crops include almost all crops as most of the 
plants grown nowadays are for revenue such as cereals, vegetables, fruits, 
oil-producing crops, etc. (Sturgeon 2013). 
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11.2 Protein Profiling of Various Plants During Salinity Stress 
and Drought Stress 

The wide range of salinity induced effects has been reported on crop plants including 
decrease in transpiration and photosynthesis rate, stomatal conductance, and relative 
water content (Marriboina et al. 2017). The comparative proteomic analysis of 
different crop plants under salinity stress leads to the identification of numerous 
salt-responsive proteins, which has specific role in important biological processes 
such as photosynthesis, antioxidant, oxidation, stress and defense, energy metabo-
lism, ion homeostasis, metabolism (carbohydrate, nitrogen and protein) signal trans-
duction, energy, cell growth and cell structure, protein synthesis and storage, 
transporters, redox regulation, disease/defense-related processes, transcription, 
ATP synthesis, etc. (Fig. 11.1). 

The salt stress response has been comprehensively studied by Xu et al. (2015). 
They identified 56 differentially expressed proteins (DEP’s) after salinity treatment 
to rice seedlings. They isolated and identified various proteins involved in different 
biological processes such as photosynthesis, transcription, transcription factors, 
oxidative phosphorylation, antioxidant activity, carbon and nutrients, IAA, signal 
transduction, protein synthesis, protein degradation, nucleosome, actin regulation, 
biosynthesis, metabolism, etc. Functional categorization of these differentially 
expressed proteins has also been extensively studied (Xu et al. 2015). Under salt 
stress, it is necessary to protect photosynthetic apparatus as it is important for the 
growth of the plant. The photosynthetic apparatus of the plant generally includes 
RuBisCO activase, and chlorophyll-binding proteins, which regulates light reaction, 
photosynthesis-related processes, and CO2 fixation. Many studies reported increased 
expression of RuBisCO activase and ATPase in leaves of salt stressed plants (Chen 
et al. 2015). Numerous proteins were upregulated and downregulated after stress 
treatment in various plants, and conflicting results were also found in many studies. 
The proteins 40s ribosomal protein, abscisic acid, actin, aspartate aminotransferase, 
ATP synthase, ATPase, catalase, dehydroascorbate reductase, dihydrolipoyl dehy-
drogenase, enolase, fasciclin-like arabinogalactan protein 2,3,4,6,11,13, ferritin, 
fructokinase, fructose-bisphosphate aldolase, glutamine synthetase, glutathione-S-
transferase, glyceraldehyde 3-phosphate dehydrogenase, histone proteins (h1, h2a,



h2b, h3, h4), iron deficiency-induced protein idi1, idi2, ids2, ids3, L-ascorbate 
peroxidase, lipoxygenase, malate dehydrogenase, monodehydroascorbate reductase, 
pathogenesis-related protein, peroxidase, phosphoenolpyruvate carboxykinase, 
phosphoglycerate kinase, ribosomal protein (s19, s4, s2, l19, l2, l3), rubisco large 
chain, rubisco small chain, succinate dehydrogenase, transketolase, ubiquitin are 
generally shows differential expression in plants during salt stress and are involved 
in a number of biological processes (Parker et al. 2006; Shen et al. 2017; Wu et al. 
2014; Kim et al. 2005; Yousuf et al. 2017; Xu et al. 2015; Cheng et al. 2016; 
Sugimoto and Takeda 2009). Rubisco (large chain) is one of the most important 
proteins which helps in the process of photosynthesis that occurs inside the plant 
cell, it got upregulated during salt stress. Increase in the concentration of rubisco 
protein under salt stress is essential for plant so that plants can tolerate stress at low 
CO2 levels (Acosta-Motos et al. 2017). For carboxylation of CO2 at low CO2 levels, 
a rise in the level of rubisco protein (large subunit) is beneficial. Ferritin protein also 
got upregulated during salt stress, these proteins can store iron atoms, and are 
employed for the regulation of iron atoms in the chloroplast, so that minimize the 
effect of iron toxicity. Hydroxyl radicals are one of the most potent ROS produced 
by the cell because of oxidative stress; its formation in the cell could be reduced by 
ferritin (Parker et al. 2006). Various proteins expression is different in different 
plants such as catalase shows upregulation in wheat while downregulation in barley 
(Witzel et al. 2009; Woodrow et al. 2017); dihydrolipoyl dehydrogenase shows 
upregulation in sugarcane while downregulation in barley and cotton (Passamani 
et al. 2017; Wu et al. 2014; Li et al. 2015); glutamine synthetase shows upregulation
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Fig. 11.1 Functional classification of differentially expressed proteins in rice under salt stress. The 
percentage for each process in which protein is involved is shown and represented in the Pie-chart 
(Xu et al. 2015)



in mustard and wheat while downregulation in barley (Yousuf et al. 2017; Woodrow 
et al. 2017; Wu et al. 2014); glyceraldehyde 3-phosphate dehydrogenase shows 
upregulation in mustard and sugarcane while downregulation in cotton (Yousuf et al. 
2017; Passamani et al. 2017; Cheng et al. 2016); monodehydroascorbate reductase 
shows upregulation in barley while downregulation in cotton (Li et al. 2015; Wu  
et al. 2014). Increase in the rate of photosynthesis may be related with the 
upregulation of ATP synthase because during salt stress plants need secondary 
transport mechanism which increases ATP synthesis in stressed plants (Parker 
et al. 2006; Shen et al. 2016; Wu et al.  2014; Kim et al. 2005; Yousuf et al. 2017). 
Various differentially expressed proteins under salinity in different cash crops are 
listed in Table 11.1.
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Among abiotic stresses, drought is one of the primary yield limiting factors which 
reduces yield by reducing starch biosynthesis as enzymes involved in this process 
are also diminished. The stage of the plant determines the effect of drought stress on 
crop yield. Seed germination stage is the most affected stage by water deficiency. 
Drought stress affects both yield and quality during grain filling, and at flowering 
stage rate of photosynthesis decreases, which leads to the reduction in grain number 
and weight. It also promotes the accumulation of toxic metabolites in the plant. 
Drought stress is the most deleterious stress among all because it affects approxi-
mately every crop all over the world. Drought stress is not only the major problem in 
the arid and semi-arid areas but also in irrigated regions as a consequence of limited 
water supply in these areas (Sadaqat et al. 2003). As in other abiotic stresses, plants 
also respond towards drought stress by differentially expressing numerous proteins 
which help in adaptation to the changing environment and therefore provides 
tolerance against the stress. These are the most common differentially expressed 
protein in the plant during drought stress, 14–3–3 Protein, 40s ribosomal protein, 
actin, alcohol dehydrogenase, ATP synthase, beta-1,3-glucanase, caffeoyl-CoA O-
methyltransferase, catalase, chaperone protein, citrate synthase, Cu-Zn superoxide 
dismutase, cytochrome b6-f complex iron-sulfur subunit, dehydroascorbate reduc-
tase, ferredoxin-NADP reductase, glutamine synthetase, glutathione-S-transferase, 
glutelin, glyceraldehyde 3 phosphate dehydrogenase, heat shock protein, 
lipoxygenase, malate dehydrogenase, NADH dehydrogenase, oxygen-evolving 
enhancer protein, phosphoglycerate kinase, ribosomal proteins, ribulose 
bisphosphate carboxylase large chain, rubisco small subunit protein, S-
adenosylmethionine synthetase family protein, tubulin (Hao et al. 2015; Zadraznik 
et al. 2017; Faghani et al. 2015; Shi et al. 2014; Oh and Komatsu 2015; Koh et al. 
2015; Ashoub et al. 2015). 

ATP synthase, an enzyme responsible for ATP synthesis shows upregulation 
during drought stress as ATP synthesis process was known to be considerably 
affected by water stress so to overcome these stressed conditions overproduction 
of this protein occurs inside the cell. Many studies suggested that there is an 
upregulation of this protein under the stressed condition in tolerant lines while it 
shows downregulation in sensitive lines of the same plant. It happens because this 
enzyme can maintain ion homeostasis and energy production (Zadraznik et al. 2017; 
Shi et al. 2014; Ashoub et al. 2015; Faghani et al. 2015). A list of differentially
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Table 11.1 A summary of the main results of differential-expression proteins under salt stress in 
conventional cash crops 

Process 
involved 

40S ribosomal protein Wheat, 
cotton 

Translation Jiang et al. (2017), Li et al. 
(2015) 

Abscisic acid Rice, Maize, 
Tomato 

Stress and 
defense 

Xu et al. (2015), Gurmani et al. 
(2013), Zörb et al. (2013), Amjad 
et al. (2014) 

Actin Rice, Barley Cell 
organization 

Xu et al. (2015), Dermendjiev 
et al. (2021) 

Aspartate 
aminotransferase 

Cotton, 
Barley, 
Canola 

Photosynthesis Cheng et al. (2016), Wu et al. 
(2014), Wang et al. (2021a, b) 

ATP synthase Cotton, 
Barley, 
Mustard, 
Tomato 

ATP 
biosynthesis 

Shen et al. (2016), Wu et al. 
(2014), Yousuf et al. (2017), 
Vaishnav et al. (2020) 

ATPase Cotton, 
Barley 

ATP synthesis Cheng et al. (2016), Wu et al. 
(2014) 

Catalase Wheat, 
Onion 

Redox 
regulation 

Woodrow et al. (2017), 
Chaudhry et al. (2021) 

Dehydroascorbate 
reductase 

Barley, Rice Oxidative 
stress 

Shen et al. (2016), Kim et al. 
(2022) 

Dihydrolipoyl 
dehydrogenase 

Sugarcane, 
Barley, 
Cotton 

Redox 
homeostasis 

Passamani et al. (2017), Wu et al. 
(2014), Li et al. (2015) 

Enolase Cotton, 
Soybean 

Carbohydrate 
metabolism 

Cheng et al. (2016), Li et al. 
(2015), Liu et al. (2021) 

Fasciclin-like 
arabinogalactan protein 
2,3,4,6,11,13 

Cotton Cytoskeleton 
metabolism 

Li et al. (2015), Jiang et al. 
(2017) 

Ferritin Rice Chlorophyll 
metabolism 

Xu et al. (2015) 

Fructokinase Cotton, 
mustard 

Carbohydrate 
metabolism 

Cheng et al. (2016), Yousuf et al. 
(2017) 

Fructose-bisphosphate 
aldolase 

Rice, Maize Carbohydrate 
metabolism 

Cheng et al. (2016), Araujo et al. 
(2021) 

Glutamine synthetase Mustard, 
Wheat, 
Barley 

Nitrogen 
metabolism 

Yousuf et al. (2017), Woodrow 
et al. (2017), Wu et al. (2014) 

Glutathione-S-
transferase 

Cotton, 
Sugarcane, 
Wheat 

Stress and 
defense 

Li et al. (2015), Passamani et al. 
(2017), Hao et al. (2021) 

Glyceraldehyde 
3-phosphate 
dehydrogenase 

Mustard, 
Sugarcane, 
Cotton 

Carbohydrate 
metabolism 

Yousuf et al. (2017), Passamani 
et al. (2017), Cheng et al. (2016) 

Histone proteins (H1, 
H2A, H2B, H3, H4) 

Wheat Transcription Jiang et al. (2017), Xu et al. 
(2015)



Name of protein Plant References

expressed proteins under drought stress in different cash crops is given in Table 11.2. 
Plants differ in their extent of tolerance as different crop can tolerate stress to a 
different extent such as barley can tolerate salt and drought stress to a higher level 
than other crops; wheat is a moderately tolerant (Zeeshan et al. 2020). Above 
information regarding different differentially expressed proteins clearly shows that 
the abundance of same protein in crop under stress can be observed in increased or 
decreased state.
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Table 11.1 (continued)

Process 
involved 

L-ascorbate per Oxidase Mustard, 
Cotton 

Stress and 
defense 

Yousuf et al. (2017), Li et al. 
(2015) 

Lipoxygenase Sugarcane, 
Wheat 

Energy 
metabolism 

Passamani et al. (2017), Menga 
and Trono (2020) 

Malate dehydrogenase Mustard, 
Cotton 

Carbohydrate 
metabolism 

Yousuf et al. (2017), Cheng et al. 
(2016) 

Monodehydroascorbate 
reductase 

Barley, 
Cotton 

Stress and 
defense 

Li et al. (2015), Wu et al. (2014) 

Pathogenesis-related 
protein 

Barley, 
Wheat, 
Mustard, 
Sugarcane 

Stress and 
defense 

Passamani et al. (2017), Wu et al. 
(2014), Jiang et al. (2017), 
Yousuf et al. (2017) 

Peroxidase Cotton Stress and 
defense 

Cheng et al. (2016), Li et al. 
(2015) 

Phosphoenolpyruvate 
carboxykinase 

Cotton, 
Wheat 

Carbohydrate 
metabolism 

Cheng et al. (2016), Woodrow 
et al. (2017) 

Phosphoglycerate 
kinase 

Cotton, 
Barley 

Photosynthesis Cheng et al. (2016), Wu et al. 
(2014) 

Ribosomal protein (S19, 
S4, S2, L19, L2, L3) 

Mustard, 
Wheat 

Translation Yousuf et al. (2017), Xu et al. 
(2015), Jiang et al. (2017) 

Rubisco large chain Rice, Cotton, 
mustard 

Photosynthesis Kim et al. (2005), Cheng et al. 
(2016), Yousuf et al. (2017) 

Rubisco small chain Barley, Rice Photosynthesis Wu et al. (2014), Roy 
Choudhury et al. (2022) 

Succinate 
dehydrogenase 

Cotton Stress and 
defense 

Li et al. (2015) 

Transketolase Mustard Carbohydrate 
Metabolism 

Yousuf et al. (2017) 

Ubiquitin Mustard, 
Cotton 

Energy 
metabolism 

Yousuf et al. (2017), Li et al. 
(2015) 

Vacuolar processing 
enzyme 

Rice Cell death Kim et al. (2014)
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Table 11.2 A summary of the main results of differential-expression proteins under drought stress 
in conventional cash crops 

Process 
involved 

14–3–3 Protein Wheat, Common 
bean 

Signal 
transduction 

Hao et al. (2015), Zadraznik 
et al. (2017), Faghani et al. 
(2015), Shi et al. (2014) 

40S ribosomal 
protein 

Common bean, 
Rice 

Translation Zadraznik et al. (2017), 
Hamzelou et al. (2020) 

Actin Bermudagrass, 
Soybean 

Cell 
organization 

Shi et al. (2014), Oh and 
Komatsu (2015) 

Alcohol 
dehydrogenase 

Common bean, 
Groundnut 

Energy 
metabolism 

Zadraznik et al. (2017), Jacob 
et al. (2022) 

ATP synthase Common bean, 
Bermudagrass, 
Barley, Wheat, 
Tomato 

Photosynthesis Zadraznik et al. (2017), Shi 
et al. (2014), Ashoub et al. 
(2015), Faghani et al. (2015), 
Yang et al. (2020) 

Beta-1,3-glucanase Wheat, Rice Cell 
organization 

Faghani et al. (2015), Wang 
et al. (2021a, b) 

Caffeoyl-CoA O-
methyltransferase 

Wheat, Tobacco Energy 
metabolism 

Hao et al. (2015), Zhao et al. 
(2021a, b) 

Catalase Common bean, 
B. napus 

Stress and 
defense 

Zadraznik et al. (2017), Koh 
et al. (2015) 

Chaperone protein Common bean, 
Wheat, B. napus 

Stress and 
defense 

Zadraznik et al. (2017), Hao 
et al. (2015), Koh et al. (2015) 

Citrate synthase Common bean, 
Maize 

Energy 
metabolism 

Zadraznik et al. (2017), Hu 
et al. (2020) 

Cu-Zn Superoxide 
dismutase 

Wheat, 
Bermudagrass 

Stress and 
defense 

Faghani et al. (2015), Shi et al. 
(2014) 

Cytochrome b6-f 
complex iron-sulfur 
subunit 

Bermudagrass, 
Wheat 

Photosynthesis Shi et al. (2014), Faghani et al. 
(2015), Kamal et al. (2013) 

Dehydroascorbate 
reductase 

Wheat, Rice Stress and 
defense 

Hao et al. (2015), Melandri 
et al. (2020) 

Ferredoxin-NADP 
reductase 

Bermudagrass, 
Wheat, Barley 

Amino acid 
synthesis 

Ashoub et al. (2015), Faghani 
et al. (2015), Shi et al. (2014) 

Glutamine 
synthetase 

Barley, 
Bermudagrass 

Amino acid 
synthesis 

Ashoub et al. (2015), Shi et al. 
(2014) 

Glutathione-S-
transferase 

Barley, Wheat, 
Soybean 

Stress and 
defense 

Oh and Komatsu (2015), 
Faghani et al. (2015) 

Glutelin Common bean, 
Barley 

Storage Zadraznik et al. (2017), Ye 
and Zhang (2020) 

Glyceraldehyde 
3 phosphate 
dehydrogenase 

Soybean, 
Bermudagrass, 
Common bean, 
Wheat, B. napus 

Carbohydrate 
metabolism 

Oh and Komatsu (2015), Shi 
et al. (2014), Zadraznik et al. 
(2017), Faghani et al. (2015), 
Koh et al. (2015) 

Heat shock protein Bermudagrass, 
Common bean, 
Barley 

Stress and 
defense 

Shi et al. (2014), Zadraznik 
et al. (2017), Ashoub et al. 
(2015), Hao et al. (2015)
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Table 11.2 (continued)

Process 
involved 

Lipoxygenase Common bean, 
Soybean 

Energy 
metabolism 

Zadraznik et al. (2017), Oh 
and Komatsu (2015) 

Malate 
dehydrogenase 

Wheat, 
Bermudagrass, 
B. napus 

Carbohydrate 
metabolism 

Faghani et al. (2015), Shi et al. 
(2014), Koh et al. (2015) 

NADH 
dehydrogenase 

Bermudagrass, 
Common bean 

Photosynthesis Shi et al. (2014), Zadraznik 
et al. (2017) 

Oxygen-evolving 
enhancer protein 

Bermudagrass, 
Wheat, B. napus 

Photosynthesis Shi et al. (2014), Hao et al. 
(2015), Koh et al. (2015) 

Phosphoglycerate 
kinase 

Bermudagrass, 
Common bean 

Carbohydrate 
metabolism 

Shi et al. (2014), Zadraznik 
et al. (2017) 

Ribosomal proteins Common bean, 
Soybean 

Translation Zadraznik et al. (2017), Oh 
and Komatsu (2015) 

Ribulose 
bisphosphate 
carboxylase large 
chain 

Bermudagrass, 
B. napus, Wheat, 
Barley, Wheat, 
Common bean 

Photosynthesis Koh et al. (2015), Faghani 
et al. (2015), Ashoub et al. 
(2015), Hao et al. (2015), Shi 
et al. (2014), Zadraznik et al. 
(2017) 

RuBisCO small 
subunit protein 

Bermudagrass, 
B. napus, Wheat 

Photosynthesis Shi et al. (2014), Faghani et al. 
(2015), Koh et al. (2015) 

S-
adenosylmethionine 
synthetase family 
protein 

Barley, Soybean, 
Wheat 

Amino acid 
synthesis 

Ashoub et al. (2015), Oh and 
Komatsu (2015), Faghani 
et al. (2015) 

Tubulin Common bean, 
Wheat 

Cell 
organization 

Zadraznik et al. (2017), Hao 
et al. (2015) 

11.3 Drought and Salinity Tolerance Improving Strategies 
in Crops Through Proteomics Approach 

The proteomic analysis of various crops has been done to elucidate the proteins 
involved after stress response in various crops that underlies salinity and drought 
stress. A number of different proteomic tools including basic to advanced have been 
used in the proteomic studies such as One dimensional Gel Electrophoresis (1-DE), 
Two dimensional Gel Electrophoresis (2-DE), Diagonal gel electrophoresis, Differ-
ence Gel electrophoresis (DIGE), Isobaric Tags for Relative and Absolute Quantita-
tion (iTRAQ), Tandem Mass Tags (TMT), Stable Isotope Labeling by/with Amino 
acids in Cell culture (SILAC), Mass spectrometry based Matrix-assisted laser 
desorption/ionization (MS-MALDI), Electrospray ionization (ESI)—Liquid 
chromatography–mass spectrometry (LC-MS), hyphenated mass spectrometry tech-
nique (LC-ESI-MS/MS) to identify change in the abundance of proteins during 
salinity and drought stress.
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The conventional breeding tools have limited success in the development of 
tolerant crops therefore new advanced omics strategies are gaining importance. 
The omics studies such as proteomics, transcriptomics, and metabolomics offer 
numerous advantages which are being used to decipher and understand the stress 
tolerance mechanism at molecular level. The use of proteomics-based markers can 
serve as an efficient selection tool over phenotype-based selection (Kumar et al. 
2022). A combination of omics (genomics, proteomics, and metabolomics) 
approaches with bioinformatic tools can provide an all-inclusive understanding of 
the biological architecture of crops under stress. The molecular mechanisms of 
defense responses of the crop plant underlying stress condition regulated by changes 
in gene transcription level, cellular protein, and metabolite profile level. This deep 
insights of changes of proteome level as per stress conditions will thereby provide a 
better understanding for the development of stress tolerant crops (Dey et al. 2022). 
Current progressions in the plant proteomics specifically stress proteomics have led 
to the identification of numerous potential genes and proteins for the development of 
drought and salt-tolerant crops (Gupta et al. 2022). The differentially expressed 
proteins under stressed condition plays key role in tolerance and their elucidation led 
to the development of tolerant crops. In this chapter a list of differently abundant 
proteins has been provided under drought and salinity stress. 

11.4 Conclusion and Future Prospective 

Proteomic analysis on various common cash crops under different abiotic stresses 
unveiled important information on stress responsive proteins. There are numerous 
abiotic stresses, i.e., cold, heat, drought, waterlogging, salinity, ozone, inadequate or 
excessive light, irregularity in mineral nutrition, hypoxia, anoxia, heavy metals ion 
concentration, herbicide treatment, presence of radioactivity, mechanical stress 
(wounding) but cold, heat, drought, salinity, heavy metals ion concentration, and 
waterlogging stress which affects the plants. Plant growth adversely got affected by 
abiotic stresses, which results in very low crop productivity. To lessen the effect of 
these adverse conditions, plants change their various pathways so as to adapt 
according to the new conditions. There is numerous protein which shows differential 
expression during abiotic stresses and are involved in various biological processes. 
During these abiotic stresses plant responds by regulating their gene expression 
which directly means plant produces proteins which help them to acclimatize in the 
new environment. ROS are the main factors which affects plants during stress 
condition. Therefore, majority of proteins produced by the plants under stress 
conditions are proteins that are involved in the process of antioxidation. Other 
important proteins that take part in combating the effect of these stresses are involved 
in protein folding, photosynthesis, disease, and defense-related proteins (proteolytic 
enzymes and proteosomal factors). In this chapter we have discussed some common 
DEP’s and their mechanism through which enable plants to tolerate stressed envi-
ronmental conditions. The differential abundance of proteins under salinity and 
drought stress helps in the identification of proteins responsible for salinity and



drought tolerance. The contributions of a number of antioxidants, cellular enzymes, 
plant hormones, and cell signaling molecules in stress adaptation by the plants have 
been revealed. Although a lot of research work has been done still several novel 
genes, proteins, and signaling molecules that have essential role in the tolerance 
mechanism yet to be identified and characterized. There is a need of continuous and 
further in-depth investigation for the acquisition of novel salinity and drought 
tolerance mechanisms of cash crops. 
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Abstract 

The environmental stresses have no boundaries and without any warnings they 
hamper the plant biomass output and quality. Among these stresses, drought and 
salinity stress were the most significant in reducing the plant productivity. 
Nevertheless, because of its cumulative, subtle effects, and multifaceted nature, 
it negatively affects the morphological, physiological, biochemical, and molecu-
lar characteristics of plants and renders their ability to synthesize oxygen. In order 
to adapt to stress, plants have evolved a variety of intricate defense and adaptation 
mechanisms, including biochemical and physiological responses that vary 
depending on the species. We briefly highlight the complex adaption mechanisms 
and regularity network that enhance plant water stress tolerance and adaptability. 
The strategies used by plants under drought and saline conditions include 
modifications in growth pattern and structural dynamics, reduction of transpira-
tion loss through changing stomatal conductivity, leaf rolling, root elongation, 
accumulation of compatible solutes, and enhancing the efficiency of transpira-
tion, homeostatic balance between osmolytes, and delayed senescence. 
Approaches that are made to alleviate the stress include exogenous application
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of potassium, secondary metabolites, and osmoprotectants. Advanced omics 
technologies include trans-genomics and metabolomics were performed to 
increase stress tolerance. Besides nanoparticles utilization that control antioxidant 
enzyme activity for stress adaption in plants, improving plant tolerance by 
restoration of cell homeostasis, and mitigating the negative impacts of water 
stress are very promising for agriculture.
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12.1 Introduction 

Abiotic stress is one of the most significant factors that affect plant development and 
productivity; it has a significant effect on growth and is to blame for the greatest 
losses in crop output. In most plant species, growth decreases can reach up to 50% 
(Munns 2005). There are numerous environmental factors that have a serious impact 
on plants, including salinity, high temperatures (Rani et al. 2016), chilling, heat 
stress (Mohan et al. 2020), metal toxicity, and increasing carbon dioxide (CO2) 
levels. Climate change has a notable influence on the development and productivity 
of different plants (Li et al. 2009). Various research studies have been done over the 
last few years on plants administered to abiotic stress. Plants that are subjected to 
various stresses also employ particular mechanisms to complete their life cycle. 
Different plant species respond differently according to habitat, physiology, and 
severity and duration of stress. The process by which plants fight drought also differs 
between plant species. Therefore, to adapt to harsh climatic condition like drought, 
plants use less resources and change their rate of development (Osakabe et al. 2014; 
Bielach et al. 2017). It is necessary to increase the plant’s ability to withstand 
drought under particular evolving conditions. Fostering additional research on 
drought-tolerant plants and implementation of cost-effective and advantageous 
agricultural methods will be of utmost significance to fulfill future food demand. 
The impact of drought stress on plant growth and crop yield is discussed in this 
chapter. Different morphological, physiological, biochemical, and molecular 
mechanisms used by plants to mitigate the negative effects of drought on plant 
growth, such as decreased leaf size, decreased stem elongation, reduced root prolif-
eration, increased water-use efficiency, closure of stomata, decreased turgor pres-
sure, and increased ABA biosynthetic rate. We have summarized current molecular, 
physiological, and metabolic developments in understanding plant responses to salt 
and drought in this chapter. We also emphasize the significance of applying this 
knowledge to create crops that are resistant to the consequences of future expected 
climate change.
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12.2 Drought and Salt Stress Combined Causes 

Global climate change anticipated to intensify in future as a result of increasing 
temperatures and CO2 levels, which eventually modifies rainfall distribution and 
pattern. Although scarce rainfall is typically the major cause of drought stress, high 
temperature events, intense light, and dry winds can also cause soil water to 
evaporate, which can exacerbate an already severe drought stress occurrence 
(Cohen et al. 2021). On a worldwide scale, drought stress conditions are often 
brought on by climate change and affect large regions. In addition to drought, salt 
stress is regarded as a major factor in plant water shortage (Mostofa et al. 2018). The 
presence of soluble salts in soil at larger quantities is termed as salinity. The two 
types of saline soils are sodic (or alkali) and saline soils. The presence of carbonate 
and insoluble sodium carbonate crust is what distinguishes sodic soils from other 
types. With an electrical conductivity of >4 dS/m, an electrical/ESP >15%, saline 
soils are common in dry locations, estuaries, and coastal margins. Around the world, 
nearly 20% of arable land is impacted by salinity, and this area is growing yearly. 
Plants are divided into halophytes and glycophytes based on how they respond to 
salt. High temperatures, hydrological and pedological processes, the raise of water-
borne salts in soils, excessive fertilization, and overgrazing are some of the factors 
contributing to increasing salinization of soil (Szaboles 1994). Since drought 
conditions are likely to cause greater losses in crop yield than losses from any 
other abiotic stress, the relation between drought and salinity is necessary for crop 
productivity. 

Elevated CO2 levels reported a higher photosynthetic rate and produced greater 
yields (Brown et al. 2018). However, climate change has negative effects on 
agricultural and natural ecosystems. Glaciers may melt as a result of rising air 
temperatures. In reality, global warming has caused a drop in yearly cumulative 
precipitation in many rain-fed agricultural regions throughout the world (Warner and 
Afifi 2014). By the end of the twenty-first century, the predicted rises in temperature 
was roughly 2 °C higher than current levels materialize and nearly one-fifth of the 
global population may suffer from critical water scarcity (Ray et al. 2019). In 
comparison to places that get irrigation through canals, rivers, and water channels, 
more stress is anticipated under rainfall areas (Konapala et al. 2020). If current trends 
continue, it is predicted that summer precipitation amounts in rain-fed regions would 
decline by 70% by the start of the twenty-second century (Yu et al. 2013). Some 
researchers predict that increase in atmospheric CO2 level would cause excessive 
rainfall and heavy crop loss (Guo et al. 2015; Reddy 2015). As a result, variations in 
monsoon rainfall intensity, incidence, and length have an impact on the moisture 
content of the rhizosphere, which in turn affects plant production in specific regions 
of the world.
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12.3 Effects and Responses of Stress in Plants 

Plants may experience a variety of challenges depending on the dynamics of their 
environment, which might negatively impact their growth and development 
(Battaglia et al. 2019; Bukhari et al. 2019). Due to climate change and global 
warming, the latter has lately caused drastic decreases in the output of grain crops 
and is only predicted to get worse (Bal and Minhas 2017; Hafez and Seleiman 2017). 
The symptoms of drought stress in plants are an increase in the rate of leaf 
senescence and drooping, scorching and limp leaves, leaf rolling and brittleness, 
closed flowers and flower sagging, etiolation, wilting, turgidity, premature fall, 
senescence, and yellowing of leaves (Khan et al. 2018; Ruehr et al. 2019). Excess 
water also has an influence on plant performance and hinders growth and ultimate 
production, whereas water deficit often has a significant negative impact (Zargar 
et al. 2017). Furthermore, variations in soil temperature, lack of oxygen, mechanical 
resistance, and salt can all have a significant effect on root structure. Root cells from 
salinized plants frequently have irregularly thickened and twisted cell walls 
(Shannon et al. 1994). In woody tree roots, salts frequently encourage the suberiza-
tion of the hypodermis and endodermis, which produces a well-developed casparian 
strip closer to the root apex that is distinct from that observed in non-salinized roots 
(Walker et al. 1984). Additionally, certain plants morphology demonstrate how 
sensitive they are to salt. These changes restrict the spread of this crop to locations 
with high-quality irrigation water. High salt uptake ratio values promote sodicity, 
which improve soil resistance, inhibit root development, and inhibit water transport 
through the root through a reduction in hydraulic conductivity. Salinity inhibits plant 
growth by osmotic and toxic effects (Rengasamy and Olsson 1993). 

12.4 Physiological Effects 

An extensive deep root system is advantageous to uptake water from deeper layers. 
Water stress in Catharanthus roseus has been observed to cause an increase in root 
development (Jaleel et al. 2008). However, in maize, water stress did not signifi-
cantly decrease root development (Sacks et al. 1997). The ratio of root to shoot in 
plants often rises under low water availability (Wu and Cosgrove 2000). When roots 
are exposed to drought stress, a signal cascade is triggered that travels through the 
xylem to the shoots and causes physiological changes that ultimately determine how 
well the plant will respond to the stress. The root-shoot signaling has been linked to 
ABA, cytokinins, ethylene, malate, and other unknown substances. The stomatal 
closure caused due to drought through the transpiration is a significant alteration 
to the fields under restricted water supply. The ABA encourages the guard cells to 
outflow K+ ions, which lowers turgor pressure and causes stomata to close. Due to 
loss of cell turgor or cell membrane disruption, dehydration of plants has been found 
to result in an increase in ABA levels of up to 50-fold (Yang et al. 2021). 

Environmental stress affects the photosynthetic apparatus directly by essentially 
interfering with all key processes involved in photosynthesis (Allen and Ort 2001).



Crop plants under severe drought stress had their gas exchange parameters severely 
hampered. This could be because of a reduction in leaf expansion, a malfunctioning 
photosynthetic system, early senescence of the leaves, and chloroplast lipids oxida-
tion (Menconi et al. 1995). The entry of carbon dioxide and loss of water occurs at 
stomata. The closure of stomata deprives the leaves of CO2, resulting in a reduction 
in photosynthetic carbon uptake and an increase in photorespiration. A common sign 
of oxidative stress is a reduction in chlorophyll content, which might be a result of 
chlorophyll breakdown and pigment photo-oxidation. Plants need photosynthetic 
pigments primarily to capture light and produce reducing agents. Depending on the 
length and intensity of the drought, numerous species have reported decreased or 
stable chlorophyll levels (Kyparissis et al. 1995). Besides, by using optical micros-
copy on semi-thin layers, Navarro et al. (2007) detected the anatomical alterations in 
the leaves of salt-stressed Arbutus unedo. There was no change in first layer of 
palisade cells, but second layer size considerably improved concurrently with salt 
levels (0, 52, and 105 mM NaCl). They also reported a significant decrease in 
the intercellular gaps inside the spongy mesophylls. This reduction had an impact 
on the conductance of CO2 via the stomata and mesophyll. Fv/Fm, Y(II), qP, and the 
electron transport rate (ETR) often decrease in saline circumstances, but 
enhancements qN, NPQ, and Y(NPQ) was also presented (Acosta-Motos et al. 
2015a, b; Moradi and Ismail 2007). 
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12.5 Biochemical Effects 

An early stage of the plant’s defensive response to stress is the formation of ROS, or 
the oxidative burst, which also serves as a supplementary stimulant to start the plants 
following defense response. As a by-product of oxygen regular metabolism, the 
generation of ROS occurs (free radicals, and peroxides) naturally and plays a 
significant role in cell signaling. However, when there is a drought, the levels of 
ROS rapidly rise, which causes oxidative damage to proteins, DNA, and lipids (Apel 
and Hirt 2004). The ROS may cause significant harm to plants because of their high 
reactivity. The damage is done by peroxidation of lipids, breakdown of proteins, 
cellular fragmentation and finally it leads to cell death. Lipid peroxidation is a direct 
result of the ROSs ability to target membrane lipids. These radicals include O2

-, 
H2O2, and •OH as examples (Mittler 2002). Because of the excess ROS production 
caused by the drought, the amount of malondialdehyde (MDA) rises (Kumari et al. 
2018; Naveen et al. 2021). A biomarker for peroxidation has been the amount of 
MDA in the cell body (Moller et al. 2007). The MDA is considered to be a 
noteworthy sign of membrane lipid peroxidation. A measure for the frequency of 
free radical reactions in tissues is lipid peroxidation. Additionally, these processes 
result in the production of reactive oxygen species, particularly H2O2, which is 
created during photorespiration in peroxisomes. The MDA and H2O2 concentrations 
in the water-stressed plants of P. cathayana enhanced by 88.9% and 99.7%, respec-
tively, but they increased in P. kangdingensis about, 44% and 63.6%, respectively, 
according to Yang and Miao (2010).
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12.6 Molecular Effects 

Under drought stress, plants correctly detect changes in water deficit levels in the soil 
and acclimatize to the conditions by accumulating ABA. Additionally, both 
ABA-dependent and ABA-independent regulatory mechanisms control the stress 
responses brought on by drought (Nakashima et al. 2014). Hormone-like peptides 
have been implicated in new signaling functions that mediate responses to drought 
stress in the recent research (Takahashi et al. 2019). Plants detect the presence of a 
water shortage in their roots and share this information with other distant organs. The 
hydraulic change signal can move at a pace of 1 m/min through the vascular system. 
According to a previous study, lycophytes and ferns control stomatal closure without 
the use of ABA (Brodribb and McAdam 2011). To maintain stomatal closure, Vitis 
vinifera accumulates ABA under drought conditions (Tombesi et al. 2015). 

The vasculature of dried leaves has significant expression of the NINE CIS 
EPOXYCAROTENOID DIOXYGENASE3 (NCED3) gene, which codes for a 
crucial ABA production enzyme (Iuchi et al. 2001). Additionally, the hydraulic 
tension brought on by turgor loss triggers the leaves ABA production (Christmann 
et al. 2007). Recent studies have demonstrated that the peptide CLAVATA3/ 
EMBRYO-SURROUNDING REGION-RELATED25 (CLE25) act as a signal for 
ABA synthesis in the leaves (Christmann and Grill 2018). By the expression of 
NCED3 in the leaves, CLE25 travels from roots to leaves and improves accumula-
tion of ABA. The BARELY ANY MERISTEM (BAM) 1 and BAM3 Receptor-like 
Protein Kinases (RLKs) are able to detect CLE25 in the leaves. Therefore, increase 
in the ABA which leads to stomatal closure and stress-inducing genes, are controlled 
by CLE25-BAM1 and BAM3 systems. 

The plasma membrane is thought to be where extracellular Na+ is detected, but 
the sensors associated with this process remain a mystery. The NaCl elevated 
concentration produces a Ca2+ influx into the cytosol through the plasma membrane 
and tonoplast, as evidenced by the fast rise of free Ca2+ in the cytosol (Sanders 2000; 
Tracy et al. 2008). Calcium sensors, namely SOS3 calcenerin of B like proteins, may 
contribute to an increase in the amount of free calcium in the cytosol. There is a 
hypothesis that dimerization of SOS3 and the successive interaction of the dimers 
with SOS2 calcinerin B-like protein kinase will result in an increase in the calcium 
concentration in the cytosol (CIPK24). The SOS1 is the Na+ /H+ antiporter that is 
phosphorylated by the combination SOS3/SOS2 (Zhu 2002). SOS1 is thought to 
also serve as a sodium sensor, even though no osmosensor has yet been discovered 
(Shi et al. 2000). 

12.7 Tolerance Mechanism 

Plants use a variety of techniques and methods to mitigate the negative consequences 
of drought and salinity stress. Agriculturists employ a variety of methods to 
strengthen the ability of plants to withstand drought stress. Some of them are 
discussed below.
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12.7.1 Morphological Modifications 

Through evolution, many adaptation mechanisms have been developed by plants 
that help them to be more resilient to the negative consequences of stress (Batool 
et al. 2020). When plant is subjected to drought stress, three major coping 
mechanisms are stress avoidance, escape, and tolerance. The next sections go 
through the plant defense strategies against stress, including escape, avoidance, 
and tolerance. 

12.7.1.1 Escape 
To avoid the negative effects of drought, some plants use mechanisms including fast 
development and shortening the life cycle, self-reproduction, and seasonal growth 
before the start of the driest portion of the year (Alvarez et al. 2018). Although this 
process can sometimes result in a significant reduction in the duration of the plant 
growth cycle and the ultimate plant production (Blum 2011), early blooming is 
likely the finest potential escape adaptation mechanism in plants (Tekle and Alemu 
2016). 

12.7.1.2 Avoidance 
A well-established deep root system checks the water scarcity by enhancing water 
uptake and reduces the transpiration losses (Dobra et al. 2010). Some other 
xeromorphic traits includes the presence of hairy cuticles and leaves limits the loss 
of water and preserves the water to present within the plant tissues (Brestic et al. 
2018). Development of such structures, nevertheless, becomes burden to the plant in 
case of decreased production and smaller-than-average vegetative and reproductive 
components (Wasaya et al. 2018). 

12.7.1.3 Resistance 
On the other hand, a photosynthetic machinery level adaptive tolerance mechanism 
comprises restrictions on the growth of new leaves and decreases in plant leaf area. 
Similar to this, in the arid areas, the development of trichomes on the dorsal and 
ventral side of the leaves is an external trait which enables plant to withstand water 
shortages (Zhang et al. 2019). Thus, these specific physiological structures add an 
additional layer over the leaf and boost light reflection rate of leaf and provide an 
increased resistance over water loss. Thus, there is a decrease in the rate of water loss 
by leaf transpiration (Tiwari et al. 2020). However, it is widely acknowledged that 
adjustments to the root system, such as those to root size, length, expansion and 
growth rate, serve as primary method by which drought-tolerant plants counteract 
water shortages (Tzortzakis et al. 2020). 

12.7.2 Ion Homeostasis 

When plants are stressed by drought, potassium (K) treatment reduces the negative 
effects of the water shortage while maintaining plant productivity. The plants absorb



more K for their intracellular regulatory mechanisms while under drought stress 
(Hasanuzzaman et al. 2018). Plants increased K levels result in oxidative damage, 
which might result in the formation of ROS during the photosynthesis process 
(Foyer 2018). In order to maintain photosynthetic carbon dioxide fixation, plants 
growing in stress have a high K requirement. The increase in ROS in plants during 
plant stress may be caused by a decrease in CO2 (Seleiman et al. 2020a, b, c). When 
plants were cultivated under drought conditions, the generation of ROS disrupts the 
photosynthetic process and carbohydrate metabolism (Xin et al. 2018). By the 
application of a lower dosage of K than a greater dose, the low rate of photosynthetic 
activity was seen in plants growing under drought stress (Zahoor et al. 2017). 
Therefore, for plants to sustain their physiological activities, sufficient K is required. 
In the transport mechanisms that allow for plant absorption, Na+ ions directly 
compete with K+ ions. It should be emphasized that under conditions of high 
salinity, plants are significantly more successful at absorbing Na+ than K+ . Due to 
their comparable physicochemical properties, Na+ and K+ ions compete against one 
another for the catalytic sites of metabolic enzymes that normally bind to K+ cation. 
In cytoplasm, by maintaining a high ratios of K+ /Na+ plants tolerate salt (Maathuis 
and Amtmann 1999; Zhu 2001). It has also been shown that applying K can improve 
the poor grain yield of crops cultivated in water-scarce conditions. For plants to 
function at their best physiologically, K can be applied topically or as a soil 
amendment (Brestic et al. 2018; Hawrylak-Nowak et al. 2018). As a result, K 
application is crucial for achieving optimal yield output of crops produced. 
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12.7.3 Osmotic Protection 

Osmoprotectant signaling controls the wide spectrum of plant stressors that inhibit 
plant development and production. Under stressed conditions, osmoprotectants raise 
and are in charge of sustaining the physiological (Brito et al. 2019; Seleiman and 
Nahar 2019). Proline, fruton, mannitol, trehalose, and glycinebetaine are a few 
significant osmoprotectants found in plants under water stress (Zouari et al. 2019). 
These compounds enhance under stress and reduce the cells water potential, which 
encourages retention of water without inhibiting with regular metabolism. Osmotic 
adjustment under stress, preserves turgidity of cell and improves plant development 
(Bartels and Sunkar 2005; Krasensky and Jonak 2012). Additionally, when osmotic 
stress intensifies or lasts longer, these suitable solutes stabilize cellular structures 
(Hoekstra et al. 2001). Moreover, they also act as free radical scavengers, and thus 
by eliminating ROS they restore redox equilibrium of the cell (Miller et al. 2010). 
Exogenous supplementation of proline improves internal free proline levels and 
provides tolerance to drought (Semida et al. 2020). Finally, Sallam et al. (2019) 
reported that application of polyamines, such as spermidine, can effectively boost 
plant resistance to drought stress in crops like wheat and barley (Hordeum vulgare 
L.) 2019. Controlling the inflow of Na+ and Cl- ions at the interface between plant 
roots and soil is a key tactic for supporting essential activities when exposed to salt 
stress. Inorganic compound absorption is primarily regulated by halophytes in line



with growth and osmotic homeostasis requirements (Flowers et al. 1977). The Na+ 

ions enhancement in plant tissues, in contrast to halophytes, far surpasses the 
physiological requirements of glycophytes (Kronzucker et al. 2006). Therefore, by 
reducing Na+ and Cl- ion content, that enter glycophyte tissues might reduce the 
effects or symptoms of sodium stress. 
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12.7.4 Secondary Metabolites 

Plant’s ability to withstand drought can be increased by using synthetic and natural 
growth regulators (Ashraf et al. 2011). Since, water equilibrium under drought 
conditions is maintained by gibberellins (GA), it can be used to minimize the loss 
in length and weight of hypocotyl under stressed-seedlings (Javid et al. 2011). 
Following the administration of GA, the stomatal conductance, photosynthesis, 
and respiration rates of wheat, cotton, and maize all rose in water-scarce locations, 
leading to better grain yields than untreated-GA plants (Javid et al. 2011). The 
productivity of crops during droughts can also be increased by exogenous 
applications of ABA, uniconazole, brassinolide, and jasmonate (Fahad et al. 2015; 
Ahmad et al. 2018). It has also been investigated how polyamines (PAs) defend 
against salt stress. For instance, PA treatment enhanced glutathione and ascorbate as 
well as several other antioxidant enzymes, such as DHAR, GR, CAT, and GPX 
against salt stress (Nahar et al. 2016). In addition, researchers have looked into the 
potential role of PAs in grapevine (Vitisvinifera L.) plantlet response to salt stress. 

Plant’s ability to withstand drought is greatly improved by a growth hormone, 
salicylic acid (SA). By controlling growth, development, and defensive mechanisms, 
SA modifies how plants react to external challenges. The stimulation of SA inducing 
genes are PR1 and PR2 under drought stress provides more evidence for the function 
of SA in drought (Kang et al. 2013). According to Bandurska and Stroinski (2005), 
the SA treatment improved the stability of the membranes and proline levels and 
accumulation of ABA in water-stressed barley, gives an ability to plants to withstand 
stress. The SA treatment in wheat, withstanded the stress and improved AsA-GSH 
cycle (Singh and Usha 2003), besides it also reduced the significant water loss from 
wheat plants. Exogenous SA application increased antioxidative metabolism and 
reduced the detrimental effect of salt stress on photosynthesis. Additionally, under 
water stress, SA supply has improved zea mays defensive mechanisms (Saruhan 
et al. 2012). Foremost flavonoids including flavonols and anthocyanins provide 
tolerance (Nakabayashi et al. 2014). Additionally, these specific substances reduce 
oxidative stress in plants by acting as free radical scavengers. 

12.7.5 Nanoparticles 

The properties of nanoparticles (NPs) include particle shape, variable pore size, 
potential reactivity, and vast surface area. Specific contents are released when 
nanoparticles are directed into plant cellular organelles (Seleiman et al.



2020a, b, c). The SOD, CAT, and POD antioxidant enzyme activity was improved 
and regulated by the use of nanoparticles (Siddiqi and Husen 2016). For instance, the 
SOD activity in plants was increased when TIO2 NPs were used (Ghasemlou et al. 
2019). In order to boost the resistance of different plants to drought stress, several 
trace elements and their oxides of NPs were used in agriculture. It has been 
demonstrated that using silicon nanoparticles (Si-NPs) can lessen the harmful 
impacts of stress, including salinity, drought, chilling stress, and metal toxicity 
(Siddiqui et al. 2020). The improvement of osmoprotectants, sugar solubles, 
carbohydrates were reported by the usage of NPs like silica and ZnO nanoparticles 
(Seleiman et al. 2020a, b, c). Wheat plants resilience to drought was similarly 
improved by Si-NPs (Rizwan et al. 2019). Similar to this, using ZnO nanoparticles 
helped plants that were stressed by salt and drought (Seleiman et al. 2020a, b, c). The 
use of ZnO NPs during the early stages of development boosted sapling seed 
reserves and improved plant drought tolerance (Seydmohammadi et al. 2019). 
Additionally, it has been shown that ferrous and zinc work effectively together to 
increase a plants ability to withstand drought stress. The deleterious effects of 
drought stress on plants were decreased by using TIO2 nanoparticles, which in 
turn activated a number of compounds (Movafeghi et al. 2018; Seleiman et al. 
2020c). In lentil, the usage of silver and copper NPs were increased to provide 
resistance to stress. Nano-silica may increase the drought resilience of certain plant 
species (Seleiman et al. 2020a, b, c). Wheat resistance to drought was strengthened 
under zinc and copper NPs (Khan et al. 2019; Maswada et al. 2020). 
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12.7.6 Metabolic Engineering 

The creation of drought-tolerant crops is one of the best ways to manage drought 
stress (Ullah et al. 2018). Therefore, improving drought tolerance without signifi-
cantly lowering grain output is a difficult task. An ideal technique is to increase 
stress-related metabolites in plants and induce drought tolerance in them by meta-
bolic engineering (Naghshbandi et al. 2019). One of the traditional approaches to 
provide resistance in arid and semi-arid areas is to successfully breed for drought 
resistance by engineering the biosynthetic pathway of raffinose. Galactinol synthase 
(AtGolS) gene with particular AtGolS2 gene is triggered under drought, cold, and 
heat stress in particular causes the accumulation of raffinose and galactinol (Salvi 
et al. 2020). Heat-shock transcription factor A2 (AtHsfA2) also increased AtGolS2 
expression in response to oxidative stress (Nishizawa et al. 2008). Raffinose gene 
expression enhancement by AtGolS2 expression, improved the plant’s ability to 
withstand drought and defending them against oxidative stress. Through ROS 
scavengers and suitable solutes, galactinol and raffinose both have the capacity to 
protect cells from environmental stress (Salvi et al. 2020). This is because rice and 
soybean metabolome analyses revealed an increase in raffinose and galactinol levels, 
which represented a response to drought stress. To evaluate stress responses and 
phenotypes in dry field conditions, AtGolS2 has been used to the transformation of 
rice and soybean. In transgenic rice and soybean, overexpressing AtGolS2 boosted



grain output in dry field conditions in addition to improving drought resistance 
(Honna et al. 2016). Crop plants are transformed by the application of AtGolS2, 
which triggers the plants’ stress tolerance in dry regions. In transgenic Arabidopsis 
and Brachypodium, overexpression of AtGolS2 increased the levels of galactinol and 
raffinose, improved tolerance against drought, and shielded plants suffering from 
oxidative damage (Taji et al. 2002; Himuro et al. 2014). These findings 
demonstrated that value of AtGolS2 engineering as a biotechnological tool to 
minimize loss in grain yield during drought. 
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12.8 Conclusions 

Drought and salinity stress were the abiotic stressors that is gaining attention since it 
has a negative impact on plant growth and development which significantly reduces 
plant biomass and production, contributing to global food insecurity. Certain plant 
processes that increase drought tolerance are adopted in order to combat the negative 
effects of drought stress on plants. The strategies that were adopted by plant under 
drought and saline conditions were growth in root length, minimization of transpira-
tion loss by hindering the stomatal conductance, compatible solutes accumulation, 
production of more secondary metabolites, and delay in senescence. In saltwater 
environments, a healthy root system may guarantee water and nutrient intake and 
increase plant tolerance. Important processes for salt tolerance include salt exclusion, 
salt compartmentalization in vacuoles, and enhancement of osmoprotectants. Addi-
tionally, palisade parenchyma and interstitial gaps are increased in leaves while 
spongy tissue is decreased and whenever the stomatal aperture is smaller, CO2 

diffusion is aided by the parenchyma. Drought stress is regulated by the phytohor-
mone ABA at the cellular and subcellular levels and imparts resistance. To provide 
resistance to the drought stress utilization of omics technology, i.e., transcriptomics, 
phenomics, metabolomics, and genomics are of great focus. Additional techniques 
including exogenous application of secondary metabolites, osmoprotectants, and 
potassium are worthwhile under water deficit conditions. Besides, application of 
nanoparticles and metabolic engineering adaptation improves resistance to drought 
stress by maintaining the cellular homeostasis and thus mitigating the negative effect 
of drought stress. In order to lessen the risk to the world’s food security, these 
advanced technologies help us understand plants in dry conditions better and may 
boost their output. 
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Transcriptional Regulatory Network 
Involved in Drought and Salt Stress 
Response in Rice 

13 
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Abstract 

Transcription factors (TFs) family intimately regulate gene expression in 
response to hormones, biotic and abiotic factors, symbiotic interactions, cell 
differentiation, stress signaling pathways in plants, and protective genome 
activities in response to water and salt stress conditions. TFs are specialized 
proteins which bind to specific DNA elements in gene promoters and modulate 
gene expression in response to various external and internal stimuli. Water and 
salt stress-responsive genes expression is regulated by a large number of common 
transcription factors (TFs). AP2/ERF, NAC, bZIP, HD-ZIP, and MYB family of 
transcription factor/genes are regulated by drought, salt, heat, cold, etc. DREB1/ 
CBF, DREB2, and HD-ZIP TF/gene family control are not involved in the 
abscisic acid (ABA) dependent pathway of stress mitigation. OsAREBs/ABF, 
NAC, MYB, and MYC TF/genes are identified in ABA- dependent transcrip-
tional networks in rice. TFs are crucial part of plant signal transduction pathway 
mediated by signal receptors, phytohormones, and other regulatory compounds 
also. The expression of downstream genes may produce a subset of TFs or 
regulate other functional proteins involved in physiological drought adaptation. 
Thus, the hierarchic regulations of TF activities, downstream gene expression, 
and protein–protein interaction comprise a complex regulatory network, which
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participates in stress response and adaptation in rice crop. This chapter 
summarizes the basic mechanisms of water and salt stress response at plant tissue 
and cellular level through transcriptional factors with the integration and discus-
sion of regulatory network based on scientific findings in last two decades in rice. 
But more insight is needed to find new tools for enhancing cereals’ adaptation to 
abiotic stresses.
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13.1 Introduction 

All abiotic stress such as drought, high salinity, and high temperature due to the 
effect of climate change is most critical environmental factors that adversely affect 
crop yield and plant growth. These stresses induce different biochemical and physi-
ological responses in plants. Plant adaptation to environmental stresses is dependent 
upon the activation of cascades of molecular networks involved in stress perception, 
signal transduction, and the expression of specific stress-related genes and 
metabolites (Vinocur and Altman 2005). These responses include stomatal closure, 
repression of cell growth, decrease the photosynthesis, activation of respiration, and 
upregulation and down regulation of transcription factors and genes. Plants respond 
and adapt to water deficit at both the cellular and molecular levels, for instance, by 
the accumulation of osmolytes and proteins specifically involved in stress tolerance. 
An assortment of genes with diverse functions are induced or repressed by these 
stresses (Shinozaki et al. 2003; Bartels and Sunkar 2005). Most of their gene 
products may function in stress response to tolerance at the cellular level. Signifi-
cantly, the introduction of various stress-inducible genes via gene transfer resulted in 
improved stress tolerance and grain yield in rice (Zhang et al. 2004; Umezawa et al. 
2006). Crop plants selected for their economic yield need to survive abiotic stress 
through mechanisms that maintain crop yield (Basu et al. 2016). 

13.2 Morphological, Physiological, Biochemical, and Molecular 
Changes Under the Abiotic Stress 

A schematic model of abiotic stress perception and responses at morphological, 
biochemical, physiological, and molecular level affecting yield attributes in rice has 
been presented in Fig. 13.1. Exhibition of a distinct or a combination of intrinsic 
changes ascertains the capacity of a plant to sustain itself under unfavorable envi-
ronmental conditions (Farooq et al. 2009). This comprises a range of physiological 
and biochemical adjustments in plants including leaf wilting, leaf area reduction, leaf 
abscission, root growth stimulation, alterations in relative water content (RWC), 
electrolytic leakage (EL), production of reactive oxygen species (ROS), and



accumulation of free radicals which disturb cellular homeostasis ensuing lipid 
peroxidation, membrane damage, and inactivation of enzymes thus influencing cell 
viability (Bartels and Sunkar 2005). Other than these, abscisic acid (ABA), a plant 
stress hormone, induces leaf stomata closure, thus reducing transpirational water loss 
and photosynthetic rate which improves the water-use efficiency (WUE) of the plant. 
Molecular responses to abiotic stress, on the other hand, include perception, signal 
transduction, gene expression, and ultimately metabolic changes in the plant thus 
providing stress tolerance (Agarwal et al. 2006) 
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Fig. 13.1 A schematic model of abiotic stress perception and responses at morphological, bio-
chemical, physiological, and molecular level affecting yield attributes in rice 

Many genes respond to drought and salt stresses at the transcriptional level and 
the products of these genes function in the stress response and tolerance (Shinozaki 
and Yamaguchi-Shinozaki 2000; Bray et al. 2000; Mann et al. 2021). Transcriptome 
analyses have identified several genes that are induced by abiotic stresses, and these 
genes have been classified into two major groups (Shinozaki and Yamaguchi-
Shinozaki 2000; Bray et al. 2000). One group encodes products that directly protect 
plant cells against stresses, whereas the products of the other group regulate gene 
expression and signal transduction in abiotic stress responses. Molecular and geno-
mic analyses have shown that several different transcriptional regulatory systems are 
involved in stress-responsive gene induction (Mann et al. 2019; Shinozaki et al. 
2003). Now, analyzing the functions of stress-inducible genes is critical to further 
our understanding of the molecular mechanisms governing plant stress response and



tolerance, ultimately leading to enhancement of stress tolerance in rice through 
genetic manipulation. 
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13.3 Stress Signals, Signaling Molecules, Pathways, 
and ABA Role 

Under dehydration (water stress and salt) stress conditions, diverse signaling 
molecules such as phospholipids, hormones, and calcium ions (Ca2+ ) regulate stress 
signaling pathways for maintaining an osmotic adjustment or homeostasis and 
regulating plant growth and development. Plant hormonal regulations and Ca2+ 

dependent modification of enzymatic activities are co-ordinately or independently 
integrated into the stress signaling pathways (Fig. 13.2). 

As signaling molecules, phospholipids including IP3 (Inositol triphosphate), 
DAG (Diacylglycerol), and PA (phosphatidic acid) play an important structural

Fig. 13.2 Abiotic stress signal transduction and response pathway in plants (Source: Xu et al. 
2011)



role during stress responses in inducing cytosolic Ca2+ spiking. Under stress 
conditions, PA and IP3 levels rapidly increase in rice, arabidopsis, and tobacco. 
Furthermore, several studies have shown that IP3 and its biosynthetic related genes 
rapidly increased in response to hyperosmotic stress and stress hormone ABA 
treatment (DeWald et al. 2001). The formation of the phospholipid-based signaling 
molecules is mainly regulated by phospholipase C and D (PLC/PLD). IP3 act as 
strong elicitors in mobilizing cytosolic Ca2+ levels in plants (Zhu et al. 2001). This 
implies the activation of phospholipid formations for salt stress induced cytosolic 
Ca2+ spiking possibly by membrane anchored salt signaling sensor proteins.
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The phytohormones, ABA belongs to the class of isoprenoids (terpenoids) and 
involved in plant growth, development, and adaptation to various stress conditions 
(Verslues et al. 2006). A dynamic balance of biosynthesis and degradation 
determines the amount of available cellular ABA. In plants, these two processes 
are influenced by developmental and environmental factors such as light, salinity, 
and water stress. Indeed, the endogenous level of ABA and its biosynthetic genes in 
plant are rapidly increased by abiotic stresses including drought (Fig. 13.3) and salt 
stress (Fig. 13.4). The elevated ABA hormone aids plant to acclimate under lower 
water availability by closing guard cells and accumulating numerous proteins for 
osmotic adjustment. Interestingly, the expression of many ABA biosynthetic genes 
seems to be regulated by a stress-induced Ca2+-dependent phosphorylation and its 
signaling pathways in rice (Saengngam et al. 2012). For example, overexpression of 
drought-responsive OsDSM2 (Drought-hypersensitive mutant2) and OsCam1-1 
genes led to accumulation of ABA and tolerance to salt stress in rice. OsDSM2 
and OsCam1-1 genes encode an ABA biosynthetic β-carotene hydrolase and a Ca2+-
binding calmodulin, respectively (Du et al. 2010; Saengngam et al. 2012). These 
results suggest that stress-activated Ca2+ spiking could provide the positive feedback 
loop for ABA biosynthesis, and this event might be critical for stress tolerance in 
rice. 

Osmotic stress signaling is transduced via ABA-dependent or ABA-independent 
pathway. ABA- dependent pathway includes mitogen activated protein kinase (MAP 
Kinase) cascades, calcium-dependent protein kinases (CDPK), receptor-like kinases 
(RLK), SNF1-related protein kinases (SnRK), transcription factors (OsRAB1, MYC/ 
MYB, and OsNAC/SNAC), and micro- RNAs. ABA-independent pathway includes 
transcription factors (OsDREB1 and OsDREB2) and stress related genes (OsPSY1, 
OsNCEDs). Ionic stress does signaling via Ca2+ /PLC pathway and salt overly 
sensitive (SOS) pathway and Calmodulin (CaM) pathway. Ca2+ ions are sensed by 
Ca2+ sensor (OsCBL4) and the sensor activates calcineurin B-like protein kinase 
(OsCIPK24), which in turns activates Na+ /H+ antiporter (OsSOS1), Na+ /H+ 

antiporter (OsCAX1), vacuolar H+ /ATPase, vacuolar Na+ /H+ exchangers 
(OsNHX1), and suppress K+ /Na+ symporter (OsHKT1) to maintain ionic homeosta-
sis under salt stress. Ca2+ ions activate calmodulin (OsMSR2) which further 
activates vacuolar Na+ /H+ exchanger (OsNHX1) (Kumar et al. 2013). 

An ABA-dependent Ca2+-dependent protein kinases (CDPKs), OsCPK21, have 
been cloned and the OsCPK21-ox transgenic rice exhibited higher salt stress toler-
ance than wild type plant with enhanced expression of the ABA and salt-stress



inducible genes such as OsNAC6 and Rab21 (Asano et al. 2011). An SNF1-related 
protein kinase (SnRK) functions in salt stress tolerance as well. In rice, ten members 
of SnRK2 family have been shown to be activated by hyperosmotic stress through 
phosphorylation (Kobayashi et al. 2004). Among them SAPK4 seems to play a role 
in the salt stress tolerance. SAPK4-ox transgenic rice revealed an improved salt 
tolerance with a reduced Na+ accumulation in the cytosol. The vacuolar Na+ /H+ 

antiporter gene, OsNHX1 is less expressed in the transgenic plants, indicating the
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Fig. 13.3 Schematic diagram of transcriptional network involved in drought response



reduced Na+ accumulation due to cellular Na+ exclusion rather than vacuolar 
sequestration of the ion (Diédhiou et al. 2008).
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Fig. 13.4 Schematic diagram of salinity stress signal perception and response 

AREB/ABF-SnRK2 (sucrose non-fermenting-1 related protein kinase 2) pathway 
plays a crucial role in ABRE-mediated transcription in response to osmotic stress in 
plants (Fujita et al. 2013). Three members of the rice subclass III SnRK2 protein 
kinase family, OsSAPK8, OsSAPK9,  and  OsSAPK10, can be activated by ABA 
signal and hyperosmotic stress and directly phosphorylate a rice AREB/ABF, 
OsTRAB1, in response to ABA and hyperosmotic stress (Kobayashi et al. 2005).



OsSAPK9 positively regulates salt-stress tolerance and bacterial blight resistance by 
interacting with OsSGT1 (Zhang et al. 2019). Two SnRK2 genes, OsSAPK4 and 
OSRK1, improve salt tolerance in rice by regulating salt-responsive genes and 
functioning as the upstream regulators of stress signaling in rice (Diédhiou et al. 
2008; Nam et al. 2012). 
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13.4 Transcription Regulatory Network: Down 
and Upregulation of TFs Gene Under Drought and Salt 
Stress 

Transcription factors (TFs) have proven quite useful in improving stress tolerance in 
transgenic plants, through influencing expression of a number of stress-related target 
genes (Yamaguchi-Shinozaki and Shinozaki 2005). TFs are pivotal players in plant 
stress signaling and signal transduction pathways. Among the key TFs, MYB, 
WRKY, NAC, ZF-HD, AP2-EREBP, and bHLH proteins play crucial roles in the 
regulation of reprogramming the transcriptome and associated responses in stress. 
Considering this, genome-wide identification of NAC, ZF-HD, AP2-EREBP, 
WRKY, and bHLH TF families, performed in rice revealed the expression patterns 
and gene ontology of 17 NAC, 3 ZF-HD, 13 AP2-EREBP, 11 WRKY, 8 bHLH key 
genes having the putative novel variants in stress and signal transduction. These key 
players are needed to be studied in order to categorize and outline their functional 
roles in ABA signaling network (Muthuramalingam et al. 2018). Transcription 
factors families and proteins are tabulated with their role and involvement in 
respective gene regulation pathways under abiotic stress in rice (Table 13.1). Further 
TFs of these important families are summarized with their role in drought and salt 
stress adaptation in rice crop plants. ABA-dependent pathways and TFs as key 
components in transcriptional regulatory networks under salinity in rice. Figure 13.3 
represents a generalized role of TFs in drought stress conditions. 

13.5 Basic Leucine Zipper (bZIP) 

The basic leucine zipper (bZIP) transcription factors play important roles in the ABA 
signaling pathway and could be involved in crosstalk among stress, hormone, and 
sugar signaling in rice. ABA, acting as a pivotal signal molecule in biotic and abiotic 
stress responses of plants, is required for full activation of AREB/ABF TFs (Yoshida 
et al. 2010). AREB/ABF is a bZIP (basic leucine zipper)-type transcription factor, 
which can bind to the cis-acting elements responding to ABA (Uno et al. 2000). 
AREB/ABF-homologous genes have been reported to be regulated by salt stress. 
Both OsABF1 and OsABF2 are positive regulators for abiotic stress responses and 
ABA-dependent signaling transduction pathways in rice (Hossain et al. 2010a, b). 
Many bZIP TFs, such as OsbZIP12 (Joo et al. 2014), OsbZIP23 (Xiang et al. 2008), 
OsbZIP46 (Tang et al. 2012), OsbZIP62 Yang et al. (2019), are positive regulator of 
ABA signaling and drought stress tolerance in rice and their expression are also
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induced by drought, hydrogen peroxide, and abscisic acid (ABA) treatment. 
OsbZIP71 encodes a rice bZIP TF, an atomic-limited protein linked to the G-box 
theme but play a vital role in rice ABA-independent drought and salt tolerance and 
flowering time. OsbZIP72 plays a decisive role in drought resistance through ABA 
signaling and may help with drought tolerance in rice. OsbZIP72 is a critical 
regulator in abiotic stress reaction and ABA signaling transduction pathways (Liu 
et al. 2014). Upregulated expression of OsbZIP66 is significantly induced upon 
treatments of rice plants with drought, high salinity, and ABA-dependent manner 
(Yoon et al. 2017). TF OsbZIP46 directs ABA signaling-mediated drought tolerance 
in rice by regulating pressure-related genes (Tang et al. 2012). Expression of the 
OsbZIP23 gene causes an adverse effect on stress, including ABA, salt, and drought, 
while other stress-responsive genes of this family are slightly induced only by one or 
two of these stressors.
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The expression of the OsABI5, a bZIP gene, is initiated by high salinity and ABA 
and down regulated by cold and drought in rice seedlings. Over expression of the 
OsABI5 gene in rice conserved high sensitivity to salt stress, and OsABI5 repression 
enhanced drought stress tolerance and resulted in low rice fertility (Zou et al. 2008). 
OsABF1 binds to DNA sequences containing an ACGT core motif. Overexpression 
of one of these genes, COR413-TM1, which encodes a putative thylakoid membrane 
protein, resulted in a drought tolerance phenotype without obvious side effects. In 
addition, OsABF1 directly regulates the expression of the protein phosphatase 2C 
(OsPP48 and OsPP108) and bZIP (OsbZIP23, OsbZIP46, and OsbZIP72) genes, 
thus forming a complex feedback circuit in the drought/abscisic acid signaling 
pathway (Zhang et al. 2017). OsbZIP23 transcription factor upregulated by drought 
are closely associated with the starch-sucrose pathway while those that are 
downregulated are involved in photosynthesis (Kim et al. 2017). 

Rice (Oryza sativa) homeodomain-leucine zipper transcription factor gene, 
OsTF1L (Oryza sativa transcription factor 1-like), is a key regulator of drought 
tolerance mechanisms. Overexpression of the OsTF1L in rice significantly increased 
drought tolerance at the vegetative stages of growth and promoted both effective 
photosynthesis and a reduction in the water loss rate under drought conditions. 
Importantly, the OsTF1L overexpressing plants showed a higher drought tolerance 
at the reproductive stage of growth with a higher grain yield than non-transgenic 
controls under field drought conditions. Genome- wide analysis of OsTF1L 
overexpression plants revealed upregulation of drought-inducible, stomatal move-
ment, and lignin biosynthetic genes (Bang et al. 2019). A b-ZIP TF OsGATA8 has 
been shown to contribute toward multiple stress tolerance and seed development in 
Arabidopsis and rice (Nutan et al. 2020). 

13.6 MYB Factors 

MYB transcription factors have been demonstrated to play key regulatory roles in 
plant growth, development, and abiotic stress response. The positive and 
upregulation response of OsMYB1 suggests that its overexpression in crop plants



may help in providing protection to plants to grow under wounding, salt, drought, 
and heat stresses in rice (Deeba et al. 2017). OsMYB511 is a TF in rice that controls 
abiotic stress responses and has been activated by exogenous ABA, high tempera-
ture, and osmotic pressure. OsMYB511 gene showed high expression at an earlier 
development stage in rice panicles. A co-articulation investigation uncovered an 
extra two MYB qualities co-communicated with OsMYB511, suggesting that they 
coordinate direct pressure reactions in rice (Huang et al. 2015). 
OsMYB6-overexpressing plants showed increased tolerance to drought and salt 
stress compared with wild type plants, as are evaluated by higher proline content, 
higher CAT and SOD activities, lower REL and MDA content in transgenic plants 
under drought and salt stress conditions. These results indicate that OsMYB6 gene 
functions as a stress-responsive transcription factor which plays a positive regulatory 
role in response to drought and salt stress resistance (Tang et al. 2019). OsMYB48-1 
functions as a novel MYB-related TF overexpressed in drought and salinity toler-
ance by regulating stress-induced ABA synthesis Xiong et al. (2014). MID1 (MYB 
Important for Drought Response1), encoding a putative R-R-type MYB-like tran-
scription factor improved rice yield under drought. MID1 primarily expressed in root 
and leaf vascular tissues, with low level in the tapetum is induced by drought and 
other abiotic stresses. Compared with wild type, MID1-overexpressing plants were 
more tolerant to drought at both vegetative and reproductive stages and produced 
more grains under water stress (Guo et al. 2016). Expression of OsMYB1R1 was 
downregulated by drought stress. The OsMYB1R1- overexpression plants exhibited 
increased relative electrical conductivity (REC), increased malondialdehyde (MDA) 
content, and decreased proline content compared with the wild type, whereas lower 
REC and MDA content and higher proline content in the RNAi plants (Peng et al. 
2022). 
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13.7 NAC Factors 

The NAC (NAM, AFAT, and CUC) transcription factors play critical roles in rice 
development and stress regulation. NAC transcriptional factors constitute a large 
family with 158 members in Oryza sativa indica and several members of this family 
have been demonstrated to play crucial roles in rice abiotic stress response. NAC 
transcription factors are one of the regulatory proteins that are involved in stress 
signaling pathway. The involvement of NAC TFs in rice abiotic stress response is 
extensively explored. Over expression of ONAC002 (SANC1/OsNAC9), 
ONAC003, ONAC048 (SNAC2/OsNAC6), ONAC009 (OsNAC5), ONAC122 
(OsNAC10), ONAC045, or ONAC058 (OsNAP) ONAC022, ONAC066 improved 
significantly the drought and salinity tolerance in transgenic rice (Hu et al. 2006, 
2008; Nakashima et al. 2007; Zheng et al. 2009; Jeong et al. 2010, 2013; Takasaki 
et al. 2010; Song et al. 2011; Redillas et al. 2012; Chen et al. 2014; Liang et al. 2014; 
Fang et al. 2015; Hong et al. 2016; Yuan et al. 2019a, b) and some of these 
transgenic rice lines showed increased drought tolerance under severe drought stress 
conditions without any adverse effect on yield or even with yield increase.
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Functional studies have identified at least 9 rice ONAC genes that play important 
roles in abiotic stress tolerance and these abiotic stress-related includes ONAC002 
(SANC1/OsNAC9), ONAC048 (SNAC2/OsNAC6), ONAC009 (OsNAC5), 
ONAC122 (OsNAC10), ONAC045, ONAC058 (OsNAP), ONAC022, ONAC095, 
and ONAC003 (SNAC3). It is found that overexpression of SNAC1, SNAC2 or 
ONAC022 significantly enhanced tolerance to dehydration, cold and salt stresses in 
transgenic rice plants, while transgenic rice plants overexpressing the root-specific 
OsNAC5, OsNAC6, OsNAC9, or OsNAC10 displayed significant improvement in 
drought tolerance. Root-specific overexpression of OsNAC10 enlarges roots, 
enhancing drought tolerance of transgenic plants, which increases grain yield signif-
icantly under field drought conditions (Jeong et al. 2010). 

Overexpression of ONAC022; OsNAC2 is induced by drought, high salinity, and 
ABA-mediated pathways (Hong et al. 2016; Jiang et al. 2019). ONAC106 is induced 
by salt and cold stresses, indicating that this gene involves in abiotic stress response. 
The ABRE (Abscisic Acid Regulatory Element) cis-element is identified in the 
promoter region of ONAC106, suggesting that it may involve in the abscisic acid 
(ABA)-dependent signaling pathway (Basri et al. 2016). OsNAC2 directly binds the 
promoters of late embryogenesis abundant 3 (OsLEA3) and stress-activated protein 
kinases 1 (OsSAPK1), two marker genes in the abiotic stress and ABA response 
pathways, respectively. Rice OsNAC2 regulates both abiotic stress responses and 
ABA-mediated responses, and acts at the junction between the ABA and abiotic 
stress pathways (Shen et al. 2017a, b; Jiang et al. 2019). 

Expression of ONAC095 is upregulated by drought stress and abscisic acid 
(ABA) but downregulated by cold stress. ONAC095 is found to have dual functions 
in drought and cold stress tolerance. The suppression of ONAC095 demonstrate that 
it plays opposite roles in drought and cold stress tolerance, acting as a negative 
regulator of drought response but as a positive regulator of cold response in rice 
(Huang et al. 2016). ONAC066 is a nucleus-localized transcription activator that can 
respond to multiple abiotic stress factors. Functional analyses using overexpression 
and RNAi-mediated suppression transgenic lines demonstrate that ONAC066 is a 
positive regulator of drought and oxidative stress tolerance in rice (Yuan et al. 
2019a, b). 

The rice ONAC022 over expression demonstrated higher survival ratio and less 
Na+ accumulation are observed in roots and shoots in response to drought and salt 
stress. Expression of ONAC022 is induced by drought, high salinity, and abscisic 
acid (ABA). ONAC022 functions as a stress-responsive NAC with transcriptional 
activator activity and plays a positive role in drought and salt stress tolerance through 
modulating an ABA-mediated pathway (Hong et al. 2016). Overexpression of 
OsNAC14 resulted in drought tolerance at the vegetative stage of growth. Field 
drought tests demonstrated that OsNAC14 overexpressing transgenic rice lines 
exhibited higher number of panicle and filling rate compared to non-transgenic 
plants under drought conditions. OsNAC14 mediates drought tolerance by recruiting 
factors involved in DNA damage repair and defense response resulting in improved 
tolerance to drought (Shim et al. 2018).
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The OsNAC6 gene is one of the transcription factors in rice that regulate gene 
expression during stress conditions. The overexpression OsNAC6 transgene 
exhibited higher tolerance against drought and salinity stresses (Rachmat et al. 
2014). OsNAC6-mediated root structural adaptations, including increased root num-
ber and root diameter, which enhanced drought tolerance. The OsNAC6 root-
specific overexpressing transgenic rice lines are less affected by drought stress 
than nontransgenic controls. Genome-wide analyses of loss and gain of function 
mutants revealed that OsNAC6 upregulates the expression of direct target genes 
involved in membrane modification, nicotianamine (NA) biosynthesis, glutathione 
relocation, 30-phophoadenosine 50-phosphosulphate accumulation and glycosyla-
tion, which represent multiple drought tolerance pathways (Lee et al. 2017a, b). The 
knockout of OsNAC006 caused enhanced sensitivity to drought and heat tolerance 
in rice, which lowered chlorophyll levels, reduced SOD and POD enzyme activities, 
and increased MDA content. RNA sequencing (RNA-seq) transcriptome analysis 
revealed that OsNAC006 regulates the expression of genes mainly involved in 
response to stimuli, oxidoreductase activity, cofactor binding, and membrane-related 
pathways (Wang et al. 2020). 

13.8 WRKY Factors 

WRKY transcription factor (TF) is one of the largest TF families in plants and plays 
an important role in plant development and stress protection. WRKY transcription 
factors (TFs) have been reported to respond to biotic and abiotic stresses and regulate 
plant growth and development. OsWRKY11 is induced by pathogens, drought, and 
heat, suggesting a function in biotic and abiotic stress responses. It is a transcrip-
tional activator that localized to the nucleus. Ectopic expression of OsWRKY11 
resulted in enhanced resistance to a bacterial pathogen, Xanthomonas oryzae 
pv. ryzae. OsWRKY11 also bound directly to the promoter of a drought-responsive 
gene, RAB21, activating its transcription. OsWRKY11 integrates plant responses to 
pathogens and abiotic stresses by positively modulating the expression of biotic and 
abiotic stress-related genes (Lee et al. 2018). OsWRKY47 imparted drought stress 
tolerance. OsWRKY47 expression is caused by drought stress in plants, and their 
mutants showed higher susceptibility to drought and decreased yield, whereas 
overexpressing OsWRKY47 plants are more tolerant. Interestingly, a WRKY tran-
scription factor named OsWRKY78 has been reported to be involved in regulation of 
grain size in rice under the drought conditions (Guo et al. 2019). OsWRKY55 is 
overexpressed in various tissues and plays a critical role in responses to drought 
stress and reduce plant height under normal conditions by decreasing the cell size in 
rice, further providing valuable information for crop improvement (Huang et al. 
2021). 

Upregulated WRKY57 transcription factor is able to confer drought tolerance to 
transgenic rice (Oryza sativa) plants. The enhanced drought tolerance of transgenic 
rice revealed lower water loss rates, cell death, malondialdehyde (MDA) contents, 
and relative electrolyte leakage while a higher proline content and reactive oxygen



species-scavenging enzyme activities during stress conditions (Jiang et al. 2016). 
OsWRKY97, which positively regulates drought tolerance in rice, over expressed in 
various tissues and could be induced by various abiotic stresses and increased the 
accumulation of ABA and reduced water loss. Over expression of OsWRKY97 in 
plants achieved higher proline content and reduced levels of MDA and reactive 
oxygen species (ROS) (Hou et al. 2020). OsWRKY11, OsWRKY56, and 
OsWRKY62, suggesting a feedback control acting on the upregulation of WRKY 
transcription factors. Genes involved in the submergence stress and resulting aeren-
chyma development had a W-box in their promoter regions (Viana et al. 2018). 
OsWRKY5 negatively regulates drought tolerance, which is mainly expressed in 
developing leaves at the seedling and heading stages. Its expression is reduced by 
drought stress and by treatment with NaCl, mannitol, and abscisic acid (ABA). The 
loss of OsWRKY5 activity increased sensitivity to ABA, thus promoting 
ABA-dependent stomatal closure. OsWRKY5 functions as a negative regulator of 
ABA-induced drought stress tolerance, suggesting that inactivation of OsWRKY5 or 
manipulation of key OsWRKY5 targets could be useful to improve drought toler-
ance in rice cultivars (Lim et al. 2022). 
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13.9 Zinc Finger Proteins 

The gene from the CCCHZF rice family, OsC3H10, primarily expressed in plants, 
consequently causes a rapid decline during seed imbibition; moreover, the expres-
sion of OsC3H10 was induced by drought high salinity and ABA. OsC3H10 
regulated drought resistance by modulating stress-related gene expression involving 
various drought-tolerant pathways. However, root-specific overexpression of 
OsC3H10 was inadequate to cause drought tolerance, whereas the plant overall 
had increased drought tolerance (Seong et al. 2020). Several genes of zinc finger 
proteins are involved in playing essential roles in drought salt stress. Using CRISPR-
Cas9 mediated genome editing in rice (OsDST), the DST gene increased drought 
and salinity stress tolerance and improved crop production. The DST mutant was 
first produced in rice, and stomatal density was associated with reducing stomatal 
development genes in the DST mutant (Kumar et al. 2020). 

13.10 Basic Helix-Loop-Helix Protein (bHLH) 

Basic helix-loop-helix protein (bHLH) is the most extensive class of transcription 
factors in eukaryotes, which can regulate gene expression through interaction with 
specific motif in target genes. bHLH transcription factor is not only universally 
involved in plant growth and metabolism, including photomorphogenesis, light 
signal transduction, and secondary metabolism, but also plays an important role in 
plant response to stress (Sun et al. 2018). 

The rice OsbHLH068 gene is a part of the ABA-dependent pathway, and delayed 
seed germination and late flowering. OsbHLH068 overexpression in Arabidopsis



resulted in late flowering, delayed seed germination, decreased salt-induced H2O2 
accumulation, increased MDA, and promoted root elongation (Chen et al. 2017). 
The rice OsbHLH035 is involved in germinating seeds and enabling the recovery of 
seedlings from salt stress through the ABA-dependent and ABA-independent 
pathways. Over expression of the OsbHLH035 gene, seed germination was delayed, 
and the average growth of Arabidopsis seedlings recovered after salt stress (Ortolan 
et al. 2021). OsbHLH35 presented small and curved anthers, leading to a reduction 
of 72% on seed production. This regulation was also observed in planta through the 
analysis of transgenic plants over expressing OsGRF11 (OsGRF11 OE), confirming 
that OsGRF11 is a negative regulator of OsbHLH35 in rice. OsbHLH35 plays an 
essential role in anther development in rice and the fine control of its expression is 
crucial to ensure proper seed production (Ortolan et al. 2021). 
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It is well reported that bHLH TFs play essential roles in gene regulation in many 
plant species under various abiotic stressors. OsbHLH024 plays the role of a 
negative regulator of salt stress, which helps to understand better the molecular 
basis of rice production improvement under salt stress (Alam et al. 2022). 

NH4 
+ is important for the growth and the yield production of paddy-soil grown 

rice. We further analyzed transcription factors respond to NH4 
+ , and identified an 

NH4 
+-repressed bHLH transcription factor involved in NH4 

+ acquisition process. 
RNAi-mediated suppression of bHLH and bHLH overexpression (bHLH OX) 
resulted in the accumulation of lower and higher NH4 

+ contents in transgenic rice 
roots, respectively (Wang et al. 2017). 

Salt, cold, and heavy metals are major factors limiting crop productivity and 
quality. OsSMP1 (stress membrane protein) gene of rice responds to cold, drought 
and heat treatment. The results of RT-PCR showed that the relative expression level 
of the OsSMP1 gene was upregulated in rice under ABA, high salt, and cold 
treatments. There were some cis-elements upstream of OsSMP1 that regulate 
ABA, low temperature, and drought. These results imply that OsSMP1 is a positive 
regulator of rice tolerance to salt, cold, and heavy metal via an ABA-dependent 
pathway and is potential for improving rice tolerance to abiotic stress (Zheng et al. 
2021). 

13.11 AP2/ERF 

The AP2/ERF is one of the largest families of TFs, with 301 members in Oryza 
sativa crop plants, which regulate multiple responses such as stress, metabolism, and 
development in plants. The rice ABA-independent gene OsERF48 directly binds to 
the promoter of OsCML16 via AP2/ERF cis-acting regulatory elements, thereby 
activating its transcription. Overexpression of OsERF48 causes regulation of 
OsCML16, a calmodulin like protein gene that enhances root growth, drought 
tolerance, and grain yield and is involved in cell wall proteins, carbohydrate metab-
olism, and stress signaling in drought conditions in the field (Liu et al. 2020). The 
rice OsERF71 gene is an AP2/ERF TF involved in an ABA- independent pathway 
controlling drought resistance by regulating cell wall modifications. After OsERF71



overexpression, roots are sufficient for drought resistance phenotypes and increase 
yield under drought stress (Lee et al. 2017a, b). 
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AP2/ERF transcription factor HAIRY LEAF 6 (HL6) regulates auxin biosynthe-
sis. HL6 controls the elongation of epidermis hair, and its regulatory role in the 
elongation of epidermis hair is mainly dependent on the function of OsWOX3B (Sun 
et al. 2017). GA is the main phytohormone for regulating plant height and its 
biosynthesis can be regulated by the AP2/ERF family gene. REDUCED PLANT 
HEIGHT1 (OsRPH1) negatively regulates plant height, internode length, and leaf 
sheath length by controlling the expression of GA-related genes. Exogenous GA3 
treatment restores the defect of plant growth in overexpression lines. A recent study 
showed that a AP2 transcription factor, small organ size1 (SMOS1)/nitrogen-
mediated tiller growth response 5 (NGR5) was a key element of gibberellin signaling 
pathway and interacted with gibberellin receptor GA-insenstive dwarf1 (GID1) 
protein. NGR5 can also interact with the protein complex of Polycomb Repressive 
Complex 2 (PRC2) to regulate the expression of target genes by mediating the 
methylation level of histone H3K27me3 (Wu et al. 2020). Ethylene is an important 
phytohormone for plant growth, development and stress tolerance, and its biosyn-
thesis is regulated by the AP2/ERF transcription factor. The drought-responsive ERF 
gene, OsDERF1, negatively regulates ethylene synthesis by activating the transcrip-
tion of OsERF3 and OsAP2-39, and plays a negative role in drought stress. SNOR-
KEL1 and SNORKEL2 are strongly induced by ethylene and derived internode 
elongation through the GA pathway (Wan et al. 2011). 

13.12 OsHBP1b Factors 

Transcription factors (TFs), as the regulators of gene expression, are the key players 
contributing to stress tolerance and crop yield. Histone gene binding protein-1b 
(OsHBP1b) is a TF localized within the Saltol QTL in rice. Rice productivity is 
adversely affected by environmental stresses. Histone gene binding protein-1b 
(OsHBP1b) is a TF localized within the Saltol QTL in rice. Over-expression of the 
full-length gene encoding OsHBP1b in the homologous system (rice) has shown its 
contribution toward multiple stress tolerance and grain yield. HBP1b gene 
contributes to multiple abiotic stress tolerance through several molecular and physi-
ological pathways and hence, may serve as an important gene for providing multiple 
stress tolerance and improving crop yield in rice (Das et al. 2019). 

The gene OsHBP1b reported to be associated with salinity and drought tolerance 
in a model system tobacco. Overexpressing OsHBP1b exhibit better survival and 
favourable osmotic parameters under salinity stress than the wild type counterparts. 
These transgenic plants restricted reactive oxygen species accumulation by 
exhibiting high antioxidant enzyme activity (ascorbate peroxidase and superoxide 
dismutase), under salinity conditions. Additionally, these transgenic plants 
maintained the chlorophyll concentration, organellar structure, photosynthesis, and 
expression of photosynthesis and stress related genes even when subjected to salinity 
stress. Experiments conducted for other abiotic stresses such as drought and high



temperature revealed improved tolerance in these transgenic plants with better root 
and shoot growth, better photosynthetic parameters, and enhanced antioxidant 
enzyme activity, in comparison with WT (Das et al. 2019). 

262 P. Kumar et al.

13.13 Dehydration Responsive Element-Binding (DREB) 

The DREB TF family belongs to the APETALA2/ethylene-responsive factor 
(AP2/ERF) super family of TFs. OsDREB2A is a key transcriptional activator that 
induces many heat and drought-responsive genes, increases tolerance to both heat 
and drought stress, and suppresses plant growth in rice. DREB2A expression is 
induced by stress, but stabilization of the DREB2A protein in response to stress is 
essential for activating the expression of downstream stress-inducible genes. Under 
non-stress growth conditions, an integral negative regulatory domain (NRD) 
destabilizes DREB2A, but the mechanism by which DREB2A is stabilized in 
response to stress remains unclear (Mizoi et al. 2019). Functionally characterized a 
DREB2-like gene, OsDRAP1 conferring drought tolerance (DT) in rice. OsDRAP1, 
containing many cis-elements in its promoter region, was expressed in all organs 
(mainly expressed in vascular tissues) of rice, and induced by a variety of environ-
mental stresses and plant hormones. Overexpression of OsDRAP1 has a positive 
impact on maintaining water balance, redox homeostasis, and vascular development 
in rice plants under drought stress. OsDRAP1 interacted with many genes/proteins 
and could activate many downstream DT related genes, including important tran-
scription factors such as OsCBSX3 to response drought stress, indicating the 
OsDRAP1-mediated pathways for DT involve complex genes networks (Huang 
et al. 2018). Co-expression of DREB2A and APX can provide enhanced drought 
tolerance in rice plants to combat climate change conditions Sandhya et al. (2021). 

Molecular markers of DREB2A and BADH2 genes are also identified in 39 tested 
lines with approximately 250 and 2300 bp length, respectively. These lines have the 
potential to be developed on rainfed lowland rice or dry land because it has drought 
resistance Herawati et al. (2021). Over expression of DREB1A and rice phyto-
chrome-interacting factor-like 1 (OsPIL1) improve drought stress tolerance in 
various crops, although it also causes a severe dwarf phenotype. OsPIL1 is a rice 
homologue of Arabidopsis phytochrome-interacting factor 4 (PIF4), and it enhances 
cell elongation by activating cell wall-related gene expression (Kudo et al. 2017). All 
OsDREBs contained the AP2 domain and unique [K/R]GKKGPxN motif character-
istic to DREB2 family. During rice growth and development, three OsDREB2s, 
namely OsDREB2A, OsDREB2B, and OsABI4 are expressed and their expression is 
confined to embryo and endosperm tissues (Cui et al. 2011; Mallikarjuna et al. 
2011). OsDREB2A, OsDREB2B, and OsDREB2C are expressed under abiotic stress 
conditions. OsDREB2B is expressed under drought, salinity, and cold stress 
conditions while OsDREB2A and OsDREB2C are expressed only under drought 
and salinity conditions (Herath 2016). Co-expression of DREB2A and APX were 
evaluated for drought tolerance during seed germination, vegetative, and reproduc-
tive stages and provide enhanced drought tolerance in rice plants to combat climate



change conditions (Sandhya et al. 2021). This promising result suggests that trans-
genic approach can be a viable option for genetic enhancement of rice against abiotic 
stresses like drought Geda (2019). 
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Further studies suggested that OsDREB1F might also be involved in the 
ABA-dependent pathway (Wang et al. 2008). In addition to DREB1s and 
DREB2s, OsDREB4-1 from the DREB4 subgroup was found to be induced by 
high salt and was assumed to be a trans-acting factor in the DRE/DREB regulated 
stress-responsive pathway (Tian et al. 2005). OsDREB6, an A-6 type of DREB, was 
hypothesized to participate in stress responses in both ABA-dependent and 
ABA-independent signal transduction pathways (Ke et al. 2014). SERF1, belonging 
to group IIc ERFs of DREB subfamily, was reported to be a positive regulator of 
short- and long-term salt stress tolerance in rice (Schmidt et al. 2013) and could 
amplify the ROS-activated MAPK cascade signal in roots upon salt stress, which 
plays a dominant role in salt stress-induced root-to-shoot communication rather than 
ABA (Schmidt et al. 2013). 

13.14 Other Transcription Factors, Genes, and MicroRNAs Play 
Crucial Role in Drought and Salt Stress 

The W USCHEL-related homeobox (WOX) genes are important transcription 
regulators participated in plant development processes. The expressions of auxin-
and cytokinins responsive genes were affected in WOX11 overexpression and RNA 
interference transgenic plants (Zhao et al. 2009). Four genes (OsWUS, OsNS1/ 
OsNS2, OsWOX3, and OsWOX9A) are expressed in panicle and endosperm devel-
opment while six genes (OsWOX5, OsWOX9B, OsWOX9D, OsWOX11, 
OsWOX12A, and OsWOX12B) expressed in seeds during root emergence or growth 
(Chen et al. 2014) 

WOX (WUSCHEL-related homeobox) is a plant TF linked to plant development 
and stress responses. The rice WOX13 gene belongs to the WOX subfamily of TFs 
and is ABA-responsive, essential for flower improvement, contains proteins, and is 
involved in drought and salinity stress. OsWOX13 was involved in the regulation of 
vegetative organs, flowers, and seeds. OsWOX13 caused early flowering and stress 
responses. OsWOX13 over expression resulted in early flowering and showed an 
extensive spectrum of effects on biological processes, such as abiotic and biotic 
stress, after drought and salinity stress (Minh-Thu et al. 2018). A transcriptome 
analysis revealed that OsWOX10 is highly upregulated in L-type lateral root pri-
mordium (LRPs). OsWOX10 overexpression in lateral root primordium (LRPs) 
increased the LR diameter in an expression-dependent manner. Conversely, the 
mutation in OsWOX10 decreased the L-type LR diameter under mild drought 
conditions (Kawai et al. 2022). 

The ELIP and PPR genes are involved in chloroplast protection during dehydra-
tion and rehydration. ELIP3 may be involved in the regulation of the redox state of 
the cell and takes important role in protecting the photo-system under photo-
oxidative stress in low temperatures. FL478 is a salt tolerant indica recombinant



inbred line, which can be a good source of salt tolerance at the seedling stage in rice. 
Its employs more efficient mechanisms (especially in signal transduction of salt 
stress, influx and transport of k+, ionic and osmotic homeostasis, as well as ROS 
inhibition) to respond to the salt stress compared to its susceptible parent (Mirdar 
Mansuri et al. 2019). SNF and trehalose genes are known to be oxidant scavengers 
that protect the cell structure from the deleterious effect of drought. TPP and TPS 
genes were found in the starch and sucrose metabolism pathways, which are 
essential sugar-signaling metabolites regulating plant metabolism and other 
biological processes. ABC-G gene interacts with abscisic acid (ABA) phytohormone 
in the stomata opening during stress conditions. (Kwon et al. 2021). 
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The plant glycogen synthase kinase 3 (GSK3)-like kinases are highly conserved 
protein serine/threonine kinases that are constitutively active under normal growth 
conditions but become inactivated in response to diverse developmental and envi-
ronmental signals (Mao et al. 2021). Grain size and shape are important determinants 
of grain weight and yield in rice and encodes by the OsSK41 (also known as 
OsGSK5), a member of the GLYCOGEN SYNTHASE KINASE 3/SHAGGY-like 
family. Rice near-isogenic lines carrying the loss-of-function allele of OsSK41 have 
increased grain length and weight. Co-expression of OsSK41 with OsARF4 
increases the accumulation of OsARF4 in rice protoplasts. Loss of function of 
OsARF4 results in larger rice grains. RNA-sequencing analysis suggests that 
OsARF4 and OsSK41 repress the expression of a common set of downstream 
genes, including some auxin-responsive genes, during rice grain development 
(Hu et al. 2018). GSKs/SKs proteins is positively regulated by reactive oxygen 
species, whereas it is negatively regulated through ubiquitylation, deacetylation, and 
nitric oxide-mediated nitrosylation. GSKs/SKs proteins interact with proteins 
representing various signaling pathways, and on the basis of the complicated 
network of interactions the GSKs/SKs proteins differentially regulate various phys-
iological, developmental, stress response, and yield-related processes (Zolkiewicz 
and Gruszka 2022). 

Late embryogenesis abundant (LEA) proteins are involved in tolerance to 
drought, cold, and high salinity in rice. The OsLEA4 gene in rice, which showed 
that OsLEA4 was expressed in different organ tissues during different development 
stages of rice. The expression levels of OsLEA4 in the leaves during the tillering 
stage and leaves and panicles during the heading stage, the filling stage, and the full 
ripe stage were dramatically increased. Moreover, based on seed germination, 
growth status, and physiological indices, the overexpression of OsLEA4 in trans-
genic rice plants conferred increased resistance to drought, salt, and heavy metal 
stresses compared with the wild type (WT) plants (Hu et al. 2016). 

MicroRNA (miRNA), a kind of small non-coding RNA, regulates gene expres-
sion at post-transcriptional levels. The verified targets of miRNAs encode a diverse 
range of regulatory proteins mostly target to TFs. The miR164b is found to target a 
rice TF OsNAC2. Rice plants overexpressing the miR164b-resistant form of 
OsNAC2 showed enhanced salinity tolerance. Overexpression of osa-MIR396c and 
osa-MIR393 in rice and Arabidopsis plants increased sensitivity to salinity stress via 
negatively mediating target growth-regulating factors and other regulatory proteins



(Gao et al. (2011). Further studies revealed that the downregulation of two auxin-
receptor genes transport inhibitor response 1 (OsTIR1) and auxin signaling f-box 
2 (OsAFB2) contributed to reduced salinity tolerance in OsmiR393-overexpressing 
rice plants (Xia et al. (2012). In addition, the expression of rice-specific Osa-miR820 
targeting domain rearranged methyltransferase 2 (OsDRM2) was regulated by 
salinity stress (Sharma et al. 2015). Several other salinity-responsive miRNAs 
have been identified and characterized in rice (Ganie et al. 2019). Undoubtedly, 
further identification and validation of drought and salinity-responsive miRNAs will 
bring more alternatives for crop improvement. 
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13.15 Conclusion and Future Aspects 

Drought and salt stress conditions are perceived by specific proteins in cell 
membranes known as sensors. These sensors pass on the stress message through 
signaling molecules such as phospholipids, hormones, and calcium ions (Ca2+ ) 
which regulate stress signaling pathways for maintaining signal transduction. 
These signals are finally perceived by transcription regulatory machinery in nucleus 
and regulatory network switch on to stress mitigation pathways. To some extent the 
mitigation process in drought and salt stress use common machinery. The ABA-
dependent and ABA-i ndependent pathways are followed in mitigation of abiotic 
stress, which has numerous different TFs. In recent years new members of TFs 
families have been reported to be involved in drought and salt stress mitigation. 
ABA- dependent stress-responsive gene and transcription factors function in 
modulating plant response and tolerance to abiotic stress, focusing on bZIPs, 
bHLHs, NACs, AP2/ERFs, MYBs, and WRKYs. A major transcription system 
regulating ABA-independent gene expression in response to dehydration and cold 
stress includes a DRE/CRT cis-acting element and its DNA-binding protein, DREB/ 
CBF. The mi-RNAs also play important role in regulation of stress related TFs. 
Furthermore, the studies on mi-RNA and SRA data availability of rice under 
different abiotic stress conditions shall provide more insights of TFs and 
co-expression regulatory network for mitigation of stress in rice crop. 
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Abstract 

Grain legume crops are important to meet global food security and crop rotation 
with legumes also enhance the soil fertility through symbiotic fixation of atmo-
spheric nitrogen. Globally, legume crop production is challenged adversely by 
salinity stress, but the effect is variable from genotype to genotype and further in 
genotypes from stage to stage. Plants adapt to salinity induced changes through 
complex mechanisms and several omics-based studies have been conducted in 
salinity exposed legumes such as chickpea, soyabean, cowpea, etc., in an attempt to 
understand the complex molecular mechanism underlying salinity tolerance. 
Improvement of salt tolerance ability demands the understanding of role of genes 
and their products in contributing salinity stress tolerance. Comparative 
transcriptomic analysis of tolerant and sensitive genotypes had led to the under-
standing of various genes and their role in complex molecular mechanisms under-
lying salinity tolerance in legumes. Similarly, comparative proteomics had offered 
unexpected and poorly understood molecular resources associated with salt toler-
ance. Metabolomics studies had quantified several metabolites such as sugars, 
sugar acids, sugar phosphates, organic acids, amines, and amino acids in legumes 
bearing contrasting response toward salinity and the metabolite profiling had
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provided new insights of legumes metabolic responses to salinity stress. This 
chapter emphasizes on the mechanisms underlying salinity stress tolerance in 
legumes and the omics approaches offer opportunities to make clear the molecular 
basis of salinity tolerance.
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14.1 Introduction 

With over 20,000 species, legumes are the most widely used plant family and one of 
the most significant crops in the world, having a significant impact on agriculture, 
the environment, and human and animal nutrition and health (Reddy et al. 2012; 
Mathesius 2022). In terms of global production, which makes up 27% of all primary 
crop production worldwide, legumes come in third place behind cereals and 
oilseeds. In addition to providing 33% of the dietary protein nitrogen (N) needs of 
humans (Chaudhary et al. 2022), grain legumes also serve as a source of revenue and 
livestock feed, making them an essential part of both human and animal diets. In 
descending order, the primary legumes in terms of their significance in the diet 
include common beans (Phaseolus spp.), peas (Pisum sativum L.), chickpeas (Cicer 
arietinum L.), broad beans (Vicia faba L.), pigeon peas (Cajanus cajan L.), cowpeas 
(Vigna unguiculata L.), and lentils (Lens esculenta L.). In addition, grain legumes 
particularly soybean (Glycine max L.) and peanut (Arachis hypogeae L.) are a 
significant source of processed vegetable oil, accounting for more than 35% of 
global production. 

Abiotic stress is one of the main factors limiting crop yield in the semiarid tropic 
which includes regions of developing countries with a combined population of 
nearly 1.4 billion, and where grain legumes are primarily grown. The leading causes 
of agricultural losses globally are abiotic stresses, which includes drought stress, 
salinity stress, waterlogging stress, high temperatures stress, and more. Since the last 
decade, the overall production of legumes has declined due to these various abiotic 
stresses. In recent years, salt stress alone has caused a significant decline in the 
production of legume crops such as soyabean, mung bean, and chickpea (Mann et al. 
2019; Nadeem et al. 2019). Salt stress primarily executes detrimental effects on 
legumes growth through imbalanced nutritional uptake and osmotic potential which 
leads to the secondary stress-oxidative stress. Moreover, salt stress causes the 
reduction in the chlorophyll content, stomatal conduction and disturbs the photosys-
tem II activity which leads to the disturbance in the gaseous exchange. 

Plants under salt stress show changes in cellular metabolism, growth, and devel-
opment as a result of decreased CO2 absorption, altered cytosolic enzymes, osmotic 
stress, ion toxicity (Na+ and Cl-), oxidative stress, and finally cell death (Shabala 
2013; Sharma et al. 2013; Mann et al. 2021). In order to eliminate Na+ and Cl- ions 
from roots when their accumulation becomes toxic, plants respond to salinity stress



by activating a variety of physiological, biochemical, and molecular mechanisms. 
These mechanisms can be divided into three main classes: ion exclusion, tissue 
tolerance, and osmotic tolerance and have been documented in soyabean, pea, and 
chickpea. Several plant biologists believe that biophysical and biochemical factors 
that control stress tolerance can be used to unravel the mechanisms governing the 
tolerance pathway by examining correlative evidence from various plant species. 
These discoveries provided conceptual frameworks for moving from phenotypic 
studies to analyses of proteins and enzymes, gene structure, and gene expression, 
which led to the development and assessment of transgenic and mutant plant species. 
In this chapter, we have outlined many multi-omic approaches that have been 
utilized to date to examine the function of various salt stress-responsive proteins in 
legume plants and to uncover genes and proteins that are involved in salt tolerance. 
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14.2 Omics: Solutions to Salt Stress in Legumes 

During abiotic stresses, biotechnological approaches such as tissue culture, in vitro 
mutagenesis, marker-assisted breeding, and genetic transformation can overcome 
major issues of traditional breeding, however, it requires a deep biological knowl-
edge of stressed species and mechanisms underlying tolerance to abiotic stresses. 
The mechanisms of tolerance can be estimated at various levels from the molecular 
level to the entire plant. Recent research has focused on the plant’s molecular 
responses to salt stress, since responses are regulated by the plant genome (Hao 
et al. 2021). Till recent years, to study the plant stress responses was primarily 
focused on model plants like Arabidopsis rather than the other plants like legumes. 
Utilizing knowledge from Arabidopsis’s stress responses, research on legumes has 
leveraged it as an information source. 

14.3 Transcriptomics 

The transcriptome is the collection of all messenger RNAs (mRNAs) in a cell, tissue, 
or organism, and the study of mRNA populations is referred to as transcriptomics. 
Transcriptomics is a potent method for examining the role of genes in a variety of 
biological processes, finding potential candidates, and illuminating the molecular 
interactions between gene regulatory networks in response to abiotic stress. 
Transcriptome analysis has been progressively advancing our understanding of 
RNA-based gene regulatory network with the emergence of next-generation high-
throughput sequencing technologies. In the post-genomic era, the transcriptomics 
has emerged as excited area of life sciences for many reasons such as transcriptome 
analysis shows how the genome expresses itself dynamically, it supports the proteo-
mics research and additionally, non-coding RNA’s functional and structural studies 
broaden the scope of transcriptomics. Abiotic stresses such as drought or salinity 
commonly activate about 50% of the genes in plants because they cause dehydration 
at the cellular level. Cellular dehydration mainly causes numerous changes in gene



expression that ultimately determine how the plant reacts to a given environmental 
factor. The induced genes in response to cellular water deficit stress fall into a variety 
of functional categories, including metabolism, transport, signaling, transcription, 
hydrophilic proteins, and the unclassified, including the repression of genes related 
to photosynthesis and involved in plant growth and development. These genes are 
basically characterized on the basis of responding time such as some genes like 
protein kinases and transcription factors respond immediately within minutes or 
seconds after the abiotic stress while some genes such as ROS scavenger proteins, 
LEA proteins, heat shock proteins, etc. respond later in hours, days, or even weeks 
(Reddy et al. 2012). 
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The expression patterns of several salinity tolerance genes in chickpea have been 
studied using a variety of functional genomic resources, including cDNA-microarray 
(Mantri 2007), expressed sequence tags (ESTs) (Varshney et al. 2009) and deep 
super serial analysis of gene expression (SAGE) (Molina et al. 2011). Afterward, 
under salt stress, RNA-seq study of root tissue of chickpea at the vegetative and 
reproductive stages found 1376 and 3660 differentially expressed genes (DEGs), 
respectively. Most of these DEGs, in terms of gene function, were connected to 
cellular metabolic processes and cell redox homeostasis to ethylene hormone signal-
ing under salt stress (Garg et al. 2016). Liao et al. (2003) studied that reactive oxygen 
species (ROS) scavenging proposed by expression analysis of the GmPAP3 gene 
upregulation during salt stress as a potential contributor to salt tolerance in soybean. 
Likewise, Lin et al. (2022) reported the comparative transcriptomic analysis of the 
leaves and roots of common vetch under salinity stress. A total of 6361 DEGs were 
identified in roots and leaves, with a predominant expression of genes related to Ca2+ 

transport in leaves, while in roots, the expressed genes were primarily associated 
with peroxidase activity. Salt stress adaption may be significantly influenced by the 
differential expression of the alternative oxidase 1 (Aox1) gene and higher stimula-
tion of cellular antioxidant genes in root of M. trancatula (Mhadhbi et al. 2011, 
2013). The differential expression of genes encoding transcription factors, including 
WRKY, ERF/AP2, bZIP, bHLH-type, ZFP, YABBY, and HD-Zip, is crucial for 
regulating the plant's response to salt stress (Chen et al. 2014; Deinlein et al. 2014; 
Zhao et al. 2017). Markedly, the higher expression of CBF4 in M. truncatula 
(Li et al. 2011) and higher expression of CBF4 and Zpt2-2 transcription factors in 
Medicago varieties (Mokhtari et al. 2017), making them more resistant to salt. Hiz 
et al. (2014) discovered differential expression of 441 salt-responsive TFs from 2678 
putative TFs under salinity stress, 6422 and 4555 unigenes from leaf and root tissues, 
respectively, in common bean. In high salt concentration, during reproductive stage 
chickpea is highly sensitive. Based on this fact, Kaashyap et al. (2022) reported the 
comparative transcriptomic analysis in flowers of chickpea. The authors identified 
about 2022 DEGs in response to salt stress where genes such as FLOWERING 
LOCUS T (FT) and pollen development such as ABORTED MICROSPORES 
(AMS), rho-GTPase, and pollen-receptor kinase were found to be significantly 
differentially regulated suggesting the role in the salt tolerance. The transcription 
factor family “WRKY” is considered to have a wide range of functions in develop-
ment and physiological processes, particularly in the drought and high salinity stress.



Yu et al. (2016) reported the upregulation of 19GmWRKYs genes and 35 GmWRKYs 
genes with decreased expression in response to salt stress in soyabean. Similarly, in 
chickpea distinct expression was detected for WRKYs under salinity stress (Garg 
et al. 2016). A brief list of DEGs related to salinity stress tolerance in legumes are 
listed in Table 14.1. 
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Table 14.1 Differentially expressed genes, transcription factors, and candidate genes in response 
to salinity stress in some legumes 

S. No. Legume species DEGs/TFs/Genes References 

1. Chickpea—JG11 (salt tolerant) and 
ICCV2 (salt sensitive) 

2022 DEGs Kaashyap 
et al. 
(2022) 

2. Chickpea—BG 1103, S7, DCP 92–3, 
ICCV 10, KWR 108, BG 256, K 
850, JG 16, ICC 4463, CSG8962 

SOD, CAT, APX, MDHAR, 
DHAR, GR, POX, P5CS, 
P5CR, PD, HKT1 

Kaur et al. 
(2022) 

3. Chickpea–salt tolerant (ICCV 10, JG 
11) and salt sensitive (DCP 92-3, Pusa 
256) 

21,698 DEGs (11,456 
upregulated and 10,242 
downregulated) 

Kumar 
et al. 
(2021) 

4. Chickpea—Genesis 836, Hattrick, 
ICC12726, Rupali, Slasher and 
Yubileiny 

CaRab-GTP gene Sweetman 
et al. 
(2020) 

5. Soyabean—BB52 (salt tolerant) and 
N23674 (salt sensitive) 

GsCNGC20-d Pi et al. 
(2023) 

6. Soyabean—Qi Huang No.34 (Salt 
tolerant) and Dong Nong No.50 (Salt 
sensitive) 

17,477 DEGs (6644 with 
distinct expression) 

Hu et al. 
(2022) 

7. Soybean—JD19, LH3, and LD2 1482 DEGs (837 genes 
upregulated and 
645 downregulated) 

Jin et al. 
(2021) 

8. Soybean—Tianlong No. 1 1,235 differentially 
expressed genes 

Liu et al. 
(2021) 

9. Soyabean GmCDPK3 Gene Wang 
et al. 
(2019) 

10. Common bean SABATH gene family Aygören 
et al. 
(2022) 

11. Common beans—Syrian White, Jiyin1 
and Landrace-60-Day Harvest 

441 differentially expressed 
genes 

Zhang 
et al. 
(2021) 

12. Common beans—Ispir (salt tolerant) 
and TR43477 (salt-susceptible) 

71 differentially expressed 
genes 

Niron et al. 
(2020) 

Growing advances in sequencing technology have made it clear that non-coding 
RNA (ncRNA) molecules, such as long non-coding RNA (lncRNA) and short RNA 
(sRNA) or micro-RNA (miRNA), have a role in how well plants adapt to various 
abiotic stresses. Recently many studies have reported the function of miRNA in 
response to salt stress. It is now established that plants miRNAs affects several 
biochemical and physiological processes (Arshad et al. 2017). miR156 induced 
overexpression of different genes such as NHX1, SOS1, HC-ATPase is responsible



for the improvement of salinity tolerance in alfalfa which leads to the increased 
biomass and reduced ion toxicity (Arshad et al. 2017). 
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14.4 Proteomics 

Proteomics approach helps to understand the changes in the proteome. The study 
helps to understand the changes in the proteins in response to stress (Hossain 2020). 
A thorough understanding of the proteins present in the genome of the cell, tissue or 
an organism at a particular time (proteome) is necessary for understanding the 
biology of the cell or the organism (Reddy et al. 2012). Salinity badly affects the 
process of photosynthesis. Proteomic study in legumes investigated an alteration in 
the proteins involved in photosynthesis in plants grown under salinity. In alfalfa, the 
exposure to salt stress induced by NaCl led to the downregulation of three thylakoid 
membrane proteins: cytochrome b6-f complex iron-sulfur (Cyt b6/f), chlorophyll a/b 
binding protein (CAB), and chloroplast oxygen-evolving enhancer protein 1 (OEE1) 
( Xiong et al. 2017). These proteins play vital roles in the light reactions of 
photosynthesis, encompassing electron transfer, light harvesting and the light-
induced oxidation of water. In chickpea, proteins related to photosynthesis, psbP 
domain-containing protein 1 (PPD1) (a nuclear encoded and thylakoid luminal 
protein, is an essential for PSI and PSII assembly and activity) and CAB got 
upregulated in the tolerant cultivar, both PPD1 and CAB transferred more excitation 
energy to the reaction center, where the accumulated plastocyanin can donate more 
electrons to photosystem I (PSI) to reduce NADP+ to NADPH. OEE was 
downregulated in alfalfa (Xiong et al. 2017) but it got upregulated in the tolerant 
genotype of chickpea (Arefian et al. 2019) and soyabean (Awana et al. 2020). 
RuBisCO activase releases inhibitory sugar phosphates, such as ribulose-1,5-
biphosphate, from the active RuBisCO sites so that CO2 can activate the enzyme 
controlling carbamylation. RuBisCO activase got upregulated in alfalfa (Xiong et al. 
2017) but its downregulation has been reported in soybean (Sobhanian et al. 2010). 
Proteomic study detected three subunits of Ribulose 1,5-bisphosphate carboxylase/ 
oxygenase (RuBisCO), fixes the dissolved CO2 to produce 3-phosphoglycerates, in 
NaCl treated alfalfa (Xiong et al. 2017) and upregulation of this enzyme was 
detected in the tolerant genotype of chickpea (Arefian et al. 2019) and authors 
suggested that the Calvin cycle in chickpea can be slowed by salinity but rapidly 
impaired in sensitive cultivar. Phosphoribulokinase (PRK) provides an immediate 
CO2 acceptor and is considered the regulatory enzyme of the Calvin cycle, and 
upregulation under salt stress has been revealed in tolerant chickpea (Arefian et al. 
2019) and soyabean (Awana et al. 2020) but in alfalfa NaCl treatment led to the 
downregulation of CP12 protein, a small nuclear encoded chloroplast protein, 
oligomerized with phosphoribulokinase (PRK) and NADP+-GAPDH in the presence 
of NAD(H) to generate a PRK/CP12/GAPDH complex. Hence, the downregulation 
of CP12 appears to be associated with a decrease in photosynthesis activity (Xiong 
et al. 2017). Apart from these proteins, upregulation of alpha and beta subunits of 
ATP synthase (participate in photosynthesis) fructose-bisphosphate aldolase and 
transketolase (TKT) (involved in the regeneration phase of the Calvin cycle and



the pentose phosphate pathway, thus influencing plant productivity) and magnesium 
chelatase (enzyme involved in the chlorophyll biosynthesis pathway) was found to 
be a salt tolerance factor in chickpea (Arefian et al. 2019). Photosystem I, II, 
cytochrome oxidase, and ATP synthase complex are thylakoid membrane-bound 
proteins involved in photosynthesis and these proteins were expressed under salt 
stress in pigeon pea (Cajanus cajan) (Jain et al. 2021). 
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Heat shock proteins (HSPs) are the high-temperature-inducible chaperones which 
regulate normal plant growth processes by helping with protein folding and 
preventing protein aggregation. HSPs are grouped into five families: HSP100s, 
HSP90s, HSP70s, HSP60s, and sHSPs (small HSPs) and a heat shock protein 
HSP70 got upregulated under NaCl stress in alfalfa seedlings (Xiong et al. 2017). 
Significant upregulation of three HSP70 molecular chaperones and one 
20 kDachaperonin has been reported in salt tolerant chickpea (Arefian et al. 2019). 
Proteomic investigation in mung bean (Vigna radiata L.) under salt stress also 
detected the presence of HSP70. HSP70 maintains protein metabolism, proper 
protein folding, mitigates oxidative stress and helps in the proper development of 
legumes (Alharby and Hakeem 2021). 

Plants utilize various groups of low molecular weight compounds, collectively 
known as osmoprotectants, to mitigate the osmotic stress imposed by salinity. These 
nontoxic compounds stabilize cellular structures and enzymes, act as metabolic 
signals, and scavenge reactive oxygen species produced under stressful conditions 
(Zulfiqar et al. 2020). A L-myo-inositol 1-phosphate synthase (MIPS) was 
upregulated by salt stress in the shoots of alfalfa and this enzyme catalyzes the 
first step of the pathway producing inositol containing substances and these 
substances act as osmolytes (Xiong et al. 2017). Late embryogenesis abundant 
(LEA) proteins, known as high-molecular osmolytes, function to protect the steady 
structure of proteins, chlorophyll, membranes, and cells. Upregulation with salinity 
has been reported in salt tolerant chickpea with salinity which is a sign of adaptation 
to saline conditions (Arefian et al. 2019). Level of two dehydrins and two late 
embryogenesis abundant (LEA) proteins increased with salt stress in soybean (Yin 
et al. 2018). Imino acid proline is a strong osmolyte and its presence was detected 
only under salt stress conditions in pigeonpea (Cajanus cajan) (Jain et al. 2021). 

Reactive oxygen species (ROS) are important for the process of respiration, 
photorespiration, and photosynthesis under normal conditions but under saline 
conditions hike in their production leads to oxidative stress which causes cytotoxic-
ity in plants. Plants avoid the oxidative stress by an enzymatic [superoxide dismutase 
(SOD), ascorbate peroxidase (APX), monodehydroascorbate reductase (MDHAR), 
dehydroascorbate reductase (DHAR), glutathione reductase (GR), catalase (CAT), 
and Peroxidase (POX)] and non-enzymatic (ascorbic acid, reduced glutathione, 
α-tocopherol, carotenoids, and flavonoids) antioxidant defense machineries. SOD 
enzyme removes superoxide ions while other antioxidative enzymes decompose the 
hydrogen peroxide (H2O2) generated by this enzyme and/or other reactions (García-
Caparrós et al. 2019). A total of eight proteins (4 ascorbate peroxidases, 2 glutathione 
peroxidases, 1 ferritin protein (Fenton reaction (a reaction between ferrous ion and 
hydrogen peroxide) produces highly toxic hydroxyl and hydroxide ions and ferritin 
protein possess ferroxidase (conversion of ferrous (Fe2+ ) to ferric (Fe3+ ) activity) and



1quinone reductase family protein (Maintains reduced forms of ubiquinones and 
α-tocopherolquinone, thus protects the cell organelles, especially plasma membrane, 
from oxidative stress)) related to antioxidative reactions got upregulated in alfalfa 
seedling roots and shoots experiencing salt stress (Xiong et al. 2017). Abundance of 
two SODs [Cu–Zn] increased by salt treatment in soybean. NaCl stress significantly 
enhanced the accumulation of POD (Q9XFI8) while decreasing the POD (C6TBQ4) 
abundance, suggesting that different POD members may have different functions in 
salt stress responses in soybeans (Yin et al. 2018). In chickpea, Cu/Zn superoxide 
dismutase (SOD) and ascorbate peroxidase (APX) were classified and upregulated in 
tolerant cultivar (Arefian et al. 2019). Glutathione S-transferase (GSTs), Phase 
2 detoxification enzymes, functions in protecting the cellular macromolecules from 
the attack of reactive electrophiles. GSTs carry out the conjugation of glutathione 
(GSH) with a wide variety of endogenous and exogeneous electrophilic compounds. 
In pigeonpea (Cajanus cajan), proteomic study detected GSTs and APX under salt 
stress condition (Jain et al. 2021). A apart from these proteins, trypsin inhibitor got 
upregulated in soyabean under salt stress indicating its role ion H2O2 detoxification 
in soyabean seedlings (Sobhanian et al. 2010). Thiamine thiazole synthase and 
xanthoxin dehydrogenase, which are involved in the biosynthesis of thiamine and 
abscisic acid respectively, serve as defensive proteins that help protect seedlings 
against the harmful effects of reactive oxygen species. Apolipoprotein D (ApoD) is a 
small plasma membrane-associated protein known as lipocalin. Apolipoprotein D 
binds and scavenges peroxidated lipids, which helps to maintain membrane integ-
rity. These defensive proteins were found in the tolerant cultivars of chickpea. 
Carbonic anhydrase (CA) also got upregulated in tolerant chickpea and it improves 
cell resistance to cytotoxic concentrations of H2O2 (Arefian et al. 2019). 
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Salt stress is first perceived by putative sensors in the root cell membranes and these 
signals are transmitted to the cellular machinery to regulate gene expression and 
changes in cellular metabolism designed to prevent or minimize the deleterious effects 
of stress. This signaling is mediated by different kinds of secondary messengers, such 
as Ca2+ . Two annexin proteins were identified in alfalfa (Xiong et al. 2017) and one in 
soyabean (Sobhanian et al. 2010). Annexins are a multigene, multifunctional family of 
Ca2+ dependent membrane binding proteins and mediate osmotic stress and abscisic 
acid signal transduction. A plasma membrane H+-ATPase (PM H+-ATPase) also got 
upregulated under salt stress in alfalfa. This protein is involved in the compartmentali-
zation of toxic Na+ within the vacuole. Hence, the enhanced presence of plant plasma 
membrane H+-ATPase might assume a crucial function in alfalfa’s ability to withstand 
salt stress (Xiong et al. 2017). In pigeonpea as well, effective sequestration of Na+ into 
the vacuoles was associated with salt tolerance. This was attributed to the elevated 
expression of V-ATPase (TCONS_00029723) under salt stress, resulting in increased 
energy production to establish a robust proton gradient. This gradient facilitates the 
active transport of excessive cytoplasmic Na+ into vacuoles, allowing strict regulation 
of ion compartmentalization by controlling the driving force of Na+ transport. More-
over, MAPK (TCONS_00036358, TCONS_00036542, TCONS_00036806) were 
found in both the genotypes under salt stress, suggesting the involvement of MAPK 
signaling pathways to salt stress induced responses in the pigeonpea genotypes 
(Awana et al. 2020). Comparative proteomic analyses using contrasting genotypes



under control and salt-stressed conditions provided the basis for revealing salt toler-
ance mechanisms in legumes. Proteomic study in salinity contrasting genotypes 
showed the change in abundance of the proteins related to energy metabolism, 
photosynthesis, carbon assimilation, photorespiration, salt stress-responsive proteins, 
antioxidative defense system and signaling. These findings highlight the significance 
of stress-responsive proteins in the adaptation of legumes to salinity stress. 
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14.5 Metabolomics 

Genomics, transcriptomics, and proteomics are multi-omics approach that are fre-
quently used in the expression study of genes and proteins but to study the expres-
sion of specific metabolites under any biotic or abiotic stress use of “metabolomics” 
study becomes prominent (Brunetti et al. 2018). Metabolomics brings about the 
physiological state of organisms as it specifies alternations in cell metabolome 
(Sumner et al. 2003). Therefore, metabolomics is considered to bring about the 
gap between phenotype and genotype and for complete understanding of both there 
is need to get integrative approach which compromises of metagenomics, 
transcriptomics, metabolomics, and proteomics (Dixon 2001). Metabolomics 
techniques are commonly employed to elucidate differential metabolic responses 
resulting from geographical and species-related factors. These techniques involve 
the analysis of variations in the content of small molecules. In recent studies, 
metabolomics has been extensively used to investigate and uncover the underlying 
resistance mechanisms in plants under abiotic stress conditions (Yue et al. 2020). 

In case of legumes metabolomics approach has been widely used to determine the 
response against various stimuli as in case of M. truncataula where metabolites were 
analyzed via cell suspension (Bell et al. 2001). In order to gain insights into the 
mechanisms occurring in the root system of maize (Zea mays), a highly significant 
leguminous crop, comparative studies of metabolic profiling were conducted under 
NaCl stress (Yue et al. 2020). The main substances that are marked for metabolic 
profiling are fatty acids, organic acids, amino acids, sugars, polyhydric alcohols, and 
mineral elements under salt stress. Yue et al. (2020) reported to have a sharp rise in 
the content of betanin, sucrose, and fatty acids under NaCl stress in maize. In 
legumes application of metabolomics approach mostly confined to model legumes 
where significant number of changes has been observed in tricarboxylic acid and 
glycolysis cycle intermediates (Kumari et al. 2015; Jiao et al. 2018). Comparative 
analysis between cultivated soybean C08 and wild soybean W05 at metabolic level 
suggested that compounds like disaccharides and sugar alcohols, were higher in wild 
type as compared to cultivated soybean (Lu et al. 2013). Similar results were 
reported in wild type soybean (G. soja) where elevated level of metabolites (phenyl-
alanine, citraconic acid, and other metabolites derived from glycolysis and TCA 
cycle) (Zhang et al. 2016). Li et al. (2017) reported significant amount of change in 
several metabolites such as isoleucine, phenylalanine, glutamic acid, asparagines, 
aspartic acid, 1-allothreonine, and some anti-antioxidants in soybean in response to 
salinity stress. Similar comparative metabolomics study in W1 (wild type soybean) 
and W2 (wild salinity tolerant soybean) revealed significant amount of accumulation



of different TCA cycle intermediates, organic acids, and amino acids in wild type 
W2 which confers high tolerant ability to soybean under salinity stress than wild 
type W1 (Jiao et al. 2018). Thus, these metabolites can be used as a marker in 
distinguishing sensitive and salt tolerant genotype (Sanchez et al. 2010). 
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14.6 Genomics 

Climate change and its impact on agriculture is major concern among the research to 
sustain the balance between food and feed demands. Legumes are considered as an 
essential diet due to its high protein, minerals, and vitamin content. With the 
advancement in technology, agriculture is also revolutionized. Therefore, technol-
ogy advancement emerged with the legume production is a solution for mitigating 
stress effect in plants. Various OMICs approaches such as proteomics, genomics, 
metabolomics, and transcriptomics widely used to breed climate-resilient plants (Ali 
et al. 2022). Marker-assisted breeding has led to the identification of numerous 
Quantitative Trait Loci (QTL) and markers in cowpea and chickpea, facilitating 
the development of climate-resilient legumes. These QTLs and markers have proven 
instrumental in improving the resilience of legume crops to climate-related 
challenges. A successful transition to resilience and efficiency under abiotic stress 
conditions has been made possible by quick innovations and advancements in 
“omics” pertaining to the post-genomic epoch, such as molecular characterization, 
next-generation sequencing, modeling of various molecular and physiological 
knowledge, and association of these assertions with plant establishment (Pandey 
et al. 2021). As genomic size of legumes is large so model plants or system having 
short breeding season, enormous seed production and most importantly diploid in 
nature like Medicago truncatula and Lotus japonicas is used for genetics studies 
(Cook 1999; Cervantes et al. 2019; Stai et al. 2019). The focus of genomics is the 
physical integrity of the genome, with the intention of identifying, evaluating, and 
controlling genomic properties throughout the chromosomes. In diverse abiotic 
stress some genes are upregulated, downregulated, and remain silent so genomic 
information is mandatory to deal with transcriptomics, proteomic, and 
metabolomics, etc. (Chandrashekharaiah et al. 2021). Advancement in genomics 
tool for abiotic stress tolerant in legumes: genome sequence information is necessary 
for any type of genetic improvement in legumes under stress conditions. The 
combination of genomics techniques and markers assisted selection of legumes 
assist in easy identification of trait specific genes in population (Saade et al. 2016). 
Using massively multiplexed marker oligonucleotides like the Affymetrix 
GeneChip, SNPs are good for separating complicated traits because they are 
quick, high-throughput, co-dominant, abundant, affordable, and sequence-tagged 
(Missanga et al. 2021; Thudi et al. 2021). Axiom R SNP array genotyping at high-
throughput is a productive and affordable technique for genotyping and the creation 
of high-density linkage maps. Recently, the “Axiom R CicerSNP Array” for 
genotyping recombinant inbred chickpea lines was created (Roorkiwal et al. 
2016). Identification of QTL associated with stress tolerance is necessary for genetic 
and linkage mapping of that tolerant genomic regions. QTLs can identify genomic



areas linked to the expression of the trait being researched (Kushwah et al. 2021). 
Instead of QTL, genome wide association mapping (GWAS) is with better precision, 
utility, viable, and cost effective. In case of legumes association mapping/GWAS is 
associated with abiotic stresses in legumes (Gondalia et al. 2022). Instead of these 
genomes editing in legumes with desired gene under abiotic stress is the recent 
research motive. Genome editing techniques are being used to investigate numerous 
potential genes linked to abiotic stress response. To date, numerous biotechnological 
tools are present to identify these genes. Somaclonal variations, tissue culture, 
marker-assisted breeding, mutagenesis, wide hybridization, double haploids, and 
genetic transformation are the main tools of genome editing (Aasim et al. 2018). 
Genome editing technology, encompassing cutting-edge methods, enables rapid and 
precise modification of agricultural genomes. This technology plays a crucial role in 
safeguarding plants against various hazards and enhancing crop yields. Genome 
editing techniques use site-specific endonucleases such as CRISPR-Cas9, transcrip-
tion activator-like effector nucleases, and zinc-finger nucleases (ZFNs). Numerous 
investigations on genome editing have been carried out on important legume crops 
(Zhu et al. 2017). Badhan et al. (2021) first time used CRISPR/Cas9 and studied 
drought tolerance associated gene, Reveille 7 (RVE7), and 4-coumarate ligase for 
CRISPR/Cas9 editing in chickpea (C. arietinum) using protoplast. Recently various 
research studies are conducted on symbiotic nitrogen fixation (SNF) capability in 
cowpea. Ji et al. (2019) studied non-heritable cowpea mutations with hairy roots for 
genome editing using the CRISPR/Cas9 system, and reduced nodule formation was 
seen in the mutants with disrupted alleles. The work further continues by Juranić 
et al. (2020), three cowpea meiosis genes REC8 (encodes meiotic recombination 
protein), SPO11-1 (encodes SPO11 protein; an initiator of meiotic double-stranded 
breaks), and OSD1 (encodes Ophiostoma scytalone dehydratase protein promoting 
meiotic progression) were studied. These genes were used to induce the develop-
ment of asexual seeds in cowpea plants. Due to biallelic mutations in exons 1 and 
3 of the SPO11-1 gene, they discovered abnormalities in meiosis. Crisper/Cas9 also 
used in Mung bean and soyabean. However, numerous attempts have been 
undertaken to pinpoint the genetic areas connected to abiotic stressors. To speed 
up marker-assisted breeding, fewer attempts have been made to confirm the discov-
ered genetic area. Therefore, the development of KASP markers for speed breeding 
is currently required (Ali et al. 2022). Legumes’ genomic resources have recently 
made significant strides, laying the groundwork for novel breeding techniques 
including genome editing and genomic selection. When compared to grains, their 
efforts are still modest. Utilizing CRISPR/Cas9-based gene editing technology is 
crucial for the targeted enhancement of characteristics in legume crops. 
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14.7 Trans-genomics 

As a complementary method for the genetic improvement of field crops, the use of 
transgenic technology or “trans-genomics” may provide a more focused gene-based 
approach for learning important information about the mechanisms governing stress 
tolerance, easing some of the major obstacles to crop productivity in developing



countries. Grain legume tissue culture has generally been characterized as challenging 
(Pratap et al. 2018). It has been noted that this plant group's regeneration from both 
organogenesis and embryogenesis is refractory. It has been identified as a significant 
barrier to the creation of several transgenic legumes. Gene overexpression, gene 
suppression, promoter analysis, and T-DNA tagging are only a few examples of 
molecular genetics advancements that need for effective transformation systems 
(Kharb et al. 2021). Hence, implementing reliable regeneration techniques in legumes 
is a prerequisite for genetic transformation. A variety of genes in plants are activated in 
response to abiotic stress, increasing the levels of numerous osmolytes and proteins 
that may provide some degree of protection from these stresses. 
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Hence, to achieve a high level of resistance to drought or salt stress, it may be 
required to introduce many potentially helpful genes into the same plant. Through a 
variety of genetic transformation techniques, novel genes obtained from unusual 
sources of plants, animals, bacteria, and even viruses can be inserted into the crop 
with the possibility of regulating the timing, tissue specificity, and expression level 
of transferred genes for their optimum function. Nevertheless, utilizing 
Agrobacterium tumefaciens-mediated gene transfer has been a significant advance 
in the study of legume transgenics studies (Jha et al. 2019). Nonetheless, the 
recovery rate of transgenic lines in legume crops remains exceedingly low. All of 
the major legume crops, including Vigna species, C. arietinum, C. cajan, Phaseolus 
species, Lupinus species, Vicia species, P. sativum, and soybean, have undergone 
through genetic alteration to date (Reddy et al. 2012). Various genes responsible for 
several osmolytes have been engineered for overexpression in plants to create crops 
that can withstand stresses. Nevertheless, methods involving the transfer of a single 
functioning gene have not been very successful in enhancing plant tolerance beyond 
the short-term effects. While being essential to tropical agriculture, transgenic grain 
legumes, with the exception of soybean, have lagged behind as compared to their 
counterparts for example cereals, in moving from labs to major agricultural fields. 
Nevertheless, researchers performed some events of transgenic legumes successfully 
in major legume crops discussed in this chapter. 

Chickpea is a lucrative crop, especially in low-input food production systems 
because of their high protein content, critical minerals, dietary fiber, and noteworthy 
capacity to fix atmospheric nitrogen. Activation of osmoregulatory genes in response 
to drought, salt, and high temperatures is one of the greatest strategies for abiotic 
stress tolerance (Soren et al. 2020). Sharmila et al. (2009) targeted the chloroplasts of 
chickpeas with a prokaryotic osmoregulatory choline oxidase gene (codA) to 
increase their ability to survive oxidative damage. When transgenic plant 
chloroplasts were tested for their ability to resist photo-inhibitory damage, the PS 
II activity of wild type plant chloroplasts exposed to high light intensity was much 
lower than that of transgenic chickpea chloroplasts. D1-pyrroline-5-carboxylate 
synthetase (P5CS) gene was introduced into chickpeas to produce excess of proline. 
The transgenic events demonstrated notable proline accumulation, particularly in the 
leaves, resulting in a reduction in the levels of free radicals, which are by-products of 
lipid peroxidation. Despite this, several events exhibited a significant increase in 
biomass production, indicating that the overexpression of proline had no beneficial 
impact on biomass accumulation. Increased amount of proline had minimal impact



on the yield architecture elements that are crucial for mitigating the detrimental 
impacts of drought stress in chickpea since the overexpression of the P5CSF129A 
gene only led to a minor increase in transpiration efficiency (TE). Large numbers of 
transgenic studies in chickpea are performed on regulatory genes or transcription 
factors such as DREB1A transcription factor from Arabidopsis thaliana, driven by a 
stress-inducible promoter from rd29A gene from A. thaliana. Prior research has 
established that regulatory genes or transcription factors, particularly those belong-
ing to the AP2/ERF family, enhance stress tolerance by regulating the synchronized 
expression of numerous stress-related genes in transgenic plants of different origins. 
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Table 14.2 List of events on production of abiotic stress-tolerant transgenic legume crops 

Gene Cellular role Host Promoter used Response References 

Gene J Transcription 
factor 

Glycine max 
(L.) 

CaMV35S Salt 
tolerance 

Cheng 
et al. 
(2020) 

GmNFYA13 ABA 
production 

Glycine max 
(L.) 

CaMV35S Tolerance 
to abiotic 
stresses 

Ma et al. 
(2020) 

NTR1 Methyl 
jasmonate 
synthesis 

Glycine max 
(L.) 

CaMV35S Abiotic 
stress 
tolerance 

Xue and 
Zhang 
(2007) 

p5cs Proline 
biosynthesis 

C. arietinum CaMV35S Drought 
tolerance 

Bhatnagar-
Mathur 
et al. 
(2009) 

GmDREB1 Transcription 
factor 

M. sativa A. thaliana 
RD29A 

Salt 
tolerance 

Jin et al. 
(2010) 

MDH Malate 
dehydrogenase 

M. sativa CaMV35S Tolerance 
to 
aluminum 
toxicity 

Tesfaye 
et al. 
(2001) 

Mn-sod Dismutation of 
reactive 
oxygen 
intermediates 
in 
mitochondria 

M. sativa CaMV35S with 
a chloroplastic 
and 
mitochondrial 
transit peptide 

Water and 
cold stress 

Pandey 
et al. 
(2008) 

In 2001, roundup-ready soybean was the only transgenic legume crop commer-
cially cultivated in seven countries, namely the United States of America, Argentina, 
Canada, Mexico, Romania, Uruguay, and South Africa. Roundup ready soybean 
was the first transgenic soybean resistant to herbicide, commercially released in the 
USA in 1996 by Monsanto Company. Gene J positively regulated expression of 
GmWRKY12, GmWRKY27, GmWRKY54, GmNAC, and GmSIN1 downstream salt 
stress response genes (Cheng et al. 2020). GmNFYA13, an NF-YA transcription 
factor in soybean, was strongly induced by salt, drought, ABA, and H2O2 stresses 
and enhances salt tolerance (Ma et al. 2020). Several successful attempts of trans-
genic legumes are given in Table 14.2.
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Fig. 14.1 Integrated omics 
techniques for the salt tolerant 
cultivar development 

14.8 Omics Integration to Develop Salt Tolerant Genotypes 

Bioinformatics/computational biology is getting more attention as a result of the 
flood of high-throughput “omics” data in order to make better conclusions from the 
massive data sets. However, it is extremely difficult to resolve the complex features 
at the functional level by integrating this large “omics” data. Salinity is a complex 
attribute due to a complicated network of signal transduction pathways and several 
levels of regulation occurring at gene regulation, transcription, post-transcription, 
and post-translational levels. Hence, the “omics” including genomics, 
transcriptomics, proteomics, metabolomics, finally decides the phenotypic of trait 
contributing salinity tolerance. Several web-based resources have been built for 
various legumes to obtain information about genes, genomics, transcriptomics, 
proteomics, and other “omics,” for example, Chickpea Transcriptome Database



(CTDB) in chickpea (Verma et al. 2015), Cowpea Genespace/Genomics Knowledge 
Base (CGKB) in cowpea (Chen et al. 2007), Soybean Knowledge Base in soybean 
(SKB, http://soykb.org), and Legume information system (LegumeInfo.org) (Dash 
et al. 2016). Using an efficient combination of multilayer “omics” research and 
breeding methods, it is possible to create tolerant cultivars in grain legumes as 
depicted in Fig. 14.1. 
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14.9 Conclusion 

The use of biotechnological approaches to combat plant stresses has become more 
and more promising over time, although advancements in the field of legumes have 
been rather slow. For the successful application of “omics” to abiotic stress, it is 
crucial to comprehend the molecular aspects of stress response, including the 
mechanisms of gene expression for protein and metabolite production, as well as 
the subsequent impact on phenotypes. The “omics science” might be very useful in 
understanding plant salinity response to promote agricultural crop improvement 
programs. Additionally, the techniques such as selection and editing of genome 
using CRISPR-Cas9 and breeding techniques such as “speed breeding” could 
enhance the agricultural development efforts. The increased productivity of grain 
legume crops under salt stress will undoubtedly be aided by the greater understand-
ing of plant salinity response and more effective breeding strategies. 
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Abstract 

The present dynamic climate conditions would escalate various abiotic stresses in 
crop plants such as drought, salinity, heat, mineral toxicity, etc. which ultimately 
affect the agricultural produce. Drought and salinity stress are the major concern 
affecting growth, metabolism, and development of plants, worldwide. Normally, 
the development of noble drought and salinity tolerant varieties through conven-
tional approaches takes around 10–12 years due to long reproductive cycles of 
various crops and repetitive selection cycles. Due to the slow rate of generation 
advancement through conventional techniques, agricultural scientists, and 
researchers have put their efforts in adopting newer techniques for rapid genera-
tion advancement of three to nine generations in a single year, such as, speed 
breeding. Speed breeding is a collective technique which aims at reducing the 
reproductive period of crop plants by controlling environmental conditions. 
Temperature regulation, manipulation of the photoperiod regime, increasing 
CO2 levels, regulating soil moisture, inducing plant growth and hormones, etc. 
enhance the growth in plants as well as the pace of shift between the vegetative 
and the reproductive phase which further helps crop plants to tolerate stress 
conditions. Moreover, rapid and multiple trait selection is possible through
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speed breeding combined with the approaches of marker-assisted selection 
(MAS) and high-throughput phenotyping. This chapter deals with the novel 
concept of speed breeding, its methods and applications, its opportunities and 
challenges in developing elite varieties against drought and salinity stresses.
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15.1 Introduction 

With the present count of around 7.8 billion, human population is expanding at faster 
rate and is expected to cross 9.9 billion by the mid of twenty-first century (IISD 
2022). Feeding the world’s growing population is a major challenge for mankind. 
Present crop improvement programs are seemingly insufficient to meet future 
demands due to dynamic climate fluctuations, or “Climate catastrophe,” which is 
slowly but constantly making the Earth’s biosphere warmer and drier, resulting 
devastating crop failures. Agricultural productivity depends on various environmen-
tal events occurring in the surroundings of crop plants and any unwanted change in 
these events may elevate the harmful effects of abiotic stresses, namely drought and 
salinity, on the plant’s inherent potential. Abiotic or climatic stresses may influence 
plant growth and development by altering the plant’s cellular mechanisms at physi-
ological, morphological, biochemical, and metabolic levels. Drought and salinity 
have the major impact on agricultural produce. Agricultural economic losses related 
with drought alone, cost around $29 billion worldwide over the last decade (FAO 
2019). The occurrence of drought and salinity stresses has direct effect on freshwater 
availability and water demand in agriculture. 

Therefore, the development of stress tolerant cultivars of major crops is the most 
crucial step towards sustainable agricultural practices and stabilizing food safety 
issues. To cope with the unwanted and harsh drought and salinity effects, under-
standing the mechanism of plant responses to these stresses is crucial along with 
increasing the current rate of genetic gain. Lin et al. (2016) mentioned the urgency of 
enhancing the current genetic gain rate to buffer the global food security. 
Accelerating the plant breeding pipeline with decreased breeding cycle time, results 
into rapid production of improved crop varieties, in turn, increases the genetic gain 
per unit time. 

Plant shows a variety of responses to external stress conditions. The development 
of drought and salt tolerance in plants requires manipulation of plant responses. 
During drought, plants abruptly close their stomata to reduce transpirational losses 
but this parallelly leads to the declined net photosynthetic efficiency and water use 
efficiency of the plant. Drought tolerance may be induced by altering the photosyn-
thetic pigments and by increasing the root density. The mechanism of drought 
tolerance involves scavenging of ROS (reactive oxygen species) by enzymatic as



well as non-enzymatic systems, maintaining stability of cell membrane and produc-
ing stress-responsive proteins. Osmotic adjustment of metabolites such as 
polyphones, amino acids, carbohydrates, etc. contributes for better drought adapta-
tion. The plants followed a biphasic model for response to salinity, wherein 
responses similar to drought are induced in the early phase and ion toxicity devel-
oped in the long term. At the early stage, the decrease in water potential result in 
stomata closure, affecting plant growth and development, whereas, in later stage, ion 
accumulation, majorly Na+ , disturb the photosynthetic machinery leading to oxida-
tive stress. On the onset of the first phase, there is a significant fall in plant growth 
along with the closure of stomata due to decline in water potential. In the second 
phase, ion accumulation, especially Na+ , results in increased oxidative stress as well 
as has effects on photosynthetic components including enzymes and pigments. 
Microbes can also save plants from the impact of stresses caused due to drought 
and salinity by nutrient solubilization (N, P, K, and Fe), producing phytohormones 
(IAA, cytokinin, GA, and ABA), and various other mechanisms. 
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Crop redesigning for drought and salinity stresses is crucially required. The 
redesigning of crops through conventional methods take a long route to reach its 
satisfactory goals. A series of events take place before the release and notification of 
an improved cultivar. A cultivar must go through several generation cycles and 
evaluation trials compiled with uncompromised screening for specific stress tolerant 
traits which ultimately increases the length of the crop improvement program. 
Breeding for new and high yielding varieties with market-oriented traits, previously 
lacking integrated pre-breeding program, may take more than a decade. The early 
stages of any breeding program, starting from initial parental crosses, demand an 
ample quantity of resources, time and space for targeted selection along with further 
genetic advancement. However, an alternate technique, named as “speed breeding,” 
has the ability to produce multiple generations per year, eventually solving the 
concern related to accelerated genetic gain in major crops. Speed breeding helps 
breeders in improving crop varieties in short time and speed up the process of their 
development. Through the speed breeding channel, the problems associated with 
dynamic environmental conditions and hyper-competitive market demands for stress 
tolerant cultivars can be solved rapidly. Keeping the view of the urgent need for an 
alternate required for rapid development of stress tolerant varieties, this chapter deals 
with the special features of speed breeding, its techniques, opportunities, collabora-
tion with other modern approaches, achievements in producing stress tolerance in 
plants and its challenges. 

15.2 Speed Breeding: Time Saving Technique 

Major goals of plant breeding comprise higher performance in terms of yield, 
nutritional quality, tolerance to biotic and abiotic stresses and adaptation. In conven-
tional plant breeding, due to several phases of crossing, selection and evaluation 
required for the development of new crop varieties, it takes nearly one and half or 
two decades to achieve the goals of a new variety. Thus, the major bottleneck for the



production of new varieties for stress tolerance in plants through conventional 
methods is the long duration of the seed-to-seed cycle. Basically, major events in 
any crop improvement program can be distinguished as following: the foremost 
important step is to select desirable parents that have useful traits to unite; 
performing hybridization among the selected individuals and developing their 
progenies; selecting the best progenies on the basis of the target traits and their 
further genetic advancement; multiple screening and evaluation of the best 
performing and stable progenies in different targeted environments; and new variety 
registration, seed multiplication and their farmers (Shimelis and Laing 2012). The 
lack of proper integrated pre-breeding approach, moreover, can slow the process of 
production and release of an enhanced variety through conventional breeding 
programs (Ahmar et al. 2020). 
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Dynamic climatic changes and the rapid rate of population growth are the major 
issues that need an urgent attention of crop breeders. Increasing demand for quality 
food in larger quantities made researchers and breeders to come up with better 
solutions. Earlier in the 1940s, many techniques had been used to anyhow manipu-
late the speed of the life cycle of plants such as single seed descent (Brim 1966) and 
shuttle breeding (Borlaug 1968). Current techniques can be used to reduce the period 
of each crop breeding cycle, namely, double haploid breeding and speed breeding 
(Dwivedi et al. 2015; Hickey et al. 2019). With the advent of modern techniques, 
manipulation of environmental conditions has become easier and cost effective. 
Recently, researchers have developed methods to manipulate growth conditions 
under controlled environment (CE) which further trim the plant’s life period. All 
the techniques used to increase the cycle turnover are collectively known as speed 
breeding (SB) (Ghosh et al. 2018). The term “speed breeding” was initially coined 
by the researchers at the University of Queensland in 2003 to collectively describe 
all the techniques that are designed to speed up wheat breeding. Through traditional 
breeding methods, it takes nearly 8–10 years to develop a new variety, but with the 
advent of speed breeding, the breeding cycle can be condensed to up to twice or 
thrice times than the traditional methods (Fig. 15.1). Speed breeding can produce 
three to nine generations per annum whereas only one to two generations can be 
developed per annum with traditional methods. Major techniques under speed 
breeding involves accelerated form of single seed descent (aSSD) for instant pro-
duction of homozygous populations; fast generation cycling (FGC) for more breed-
ing cycles per annum involving unfavorable environment along with in vitro 
culturing of immature embryos; rapid generation cycling (RGC) that includes the 
application of DNA marker technology for more breeding cycles per annum, and 
rapid generation turnover (RGT) which involves seed harvest from immature plants 
and photoperiod response for increasing number of generations per annum. 

Speed breeding techniques are currently being performed on a bigger scale to 
reduce time of breeding cycles and effectively grow multiple generations of a crop in 
a year. It is a collective method involving manipulation of various environmental 
conditions. The major goal of performing speed breeding in any crop improvement 
program is to speed up the vegetative, reproductive, and maturity phases so as to get 
the next crop as early as possible. This quick crop advancement, in turn, minimizes



the resources required, hence, making speed breeding a cost-effective approach for 
crop intensification. Speed breeding-specific growth chambers are used to speeds up 
crop generations and hence fasten up the research related to the generation of 
crosses, mutation, mapping populations, transformation, and adult plant 
phenotyping. Nowadays, researchers are giving emphasis in improving breeding 
efficiency by using an integrated approach, wherein, speed breeding is used with 
present plant breeding and biotechnological approaches. Speed breeding has been 
successfully applied to major model and pasture crops belonging to Fabaceae, 
Poaceae, and Brassicaceae families. Various protocols were developed for different 
species such as peanuts, rice, barley and wheat, soybeans, chickpea, and lentil. 
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Fig. 15.1 The comparison of the time taken to produce a new variety under speed breeding and 
conventional breeding 

15.3 Applications of Speed Breeding Techniques for Stress 
Tolerance 

In plant breeding, developing a new cultivar is not an easy task. Altering the basic 
genotype of elite cultivar for the development of stress tolerant new varieties 
requires such gene combinations that do not segregate for several generations and



remain pure in their actual form in the population. Fixation of such newly generated 
gene combinations is a necessity. Producing homozygous lines helps to fix the 
desired genes in the homozygous state which remains stable and does not segregate 
in further generations. Commonly, the single crop cycle of cereals and legumes 
ranges from 3 to 6 months/annum. The crops, like cassava, have a longer breeding 
cycle period of 15–18 months. Furthermore, in different agro-ecologies, diverse 
weather conditions prevail, for instance, acute temperature ranges, unpredictable and 
uneven rainfall pattern, day length, etc. that limits single generation cycle yearly. 
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Fig. 15.2 Key altering components of speed breeding 

Using speed breeding, the process of producing of homozygous lines accelerates 
through alteration of key components of the surrounding environment (Fig. 15.2) and 
hence, provides better opportunities for breeders to breed for stress tolerant varieties 
in lesser time and release superior early maturing varieties timely. Several crops are 
being used as model crops for the production of stable and more tolerant varieties 
through speed breeding. Moreover, the amenability of speed breeding with selection 
method has positive impact on its application in crop improvement. Major applicable 
areas of speed breeding are discussed below: 

15.3.1 Developing Homozygous Lines for Accelerated Breeding 

After the initial crossing between ideal parents having complementary traits, the 
speed breeding techniques have revolutionized the rapid production of homozygous



Crop species Techniques used References

lines. The techniques used majorly rely on the manipulation of photoperiodism, 
temperature, intensity of light, soil water content, soil nutrition status, and compact 
planting. All such techniques have been developed with the prime intentions of 
inducing early flowering as well as early seed set, manipulating the period of each 
generation cycle (Table 15.1). For accelerated breeding, the opportunities provided 
by speed breeding with the ease of producing three to nine generations per year is 
crucial. This situation is also ideal for population evaluation in targeted 
environments including major selection methods, namely, SSD, SPD, and SPS 
(El-Hashash and El-Absy 2019). 
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Speed breeding methods may directly affect the chromosomal structure of plants 
with the alteration of the key components responsible for the growth and develop-
ment of the plants. Under controlled environment conditions, it is easier to adjust day 
and night temperature, photoperiod duration, light spectrum and intensity, and 
various other factors in view to reduce vegetative growth period and hasten the 
floral and embryo development stages for quick seed maturity. The speed of 
breeding cycle can be increased by enhancing the photosynthesis process by

Table 15.1 Rapid generation advancement using different techniques to alter the flowering period 

Modified Number of 
days of 
flowering 

generations 
per annum 

Arabidopsis 
Thaliana 

Photoperiod; plant hormones; 
germination of immature seed 

20–26 Ten Ochatt and 
Sangwan 
(2008) 

Hordeum 
vulgare 

Temperature; photoperiod; soil 
fertility; germination of immature 
seed; embryo rescue 

24–36 Nine Zheng 
et al. 
(2013) 

Canola Photoperiod; soil moisture; light 
intensity; temperature; germination 
of immature seed 

73 Four Watson 
et al. 
(2018) 

Cicer 
arietinum 

Germination of immature seed; 
photoperiod 

33 Seven Samineni 
et al. 
(2020) 

Arachis 
hypogaea 

Temperature; photoperiod 25–27 Three O’connor 
et al. 
(2013) 

Cajanus 
cajan 

Temperature; germination of 
immature seed; photoperiod 

50–56 Four Saxena 
et al. 
(2019) 

Oryza sativa Temperature; photoperiod; high-
density planting 

75–85 Four Collard 
et al. 
(2017) 

Glycine max Temperature; photoperiod; 
germination of immature seed 

23 Five Jähne et al. 
(2020) 

Triticum 
aestivum 

Temperature; photoperiod; 
germination of immature seed; 
embryo rescue 

28–41 Seven to 
eight 

Zheng 
et al. 
(2013)



means of ideal light parameters, temperature ranges, and daytime length adjustment, 
ideally, 22 h light, 22 °C day and 17 °C night temperature, and high light intensity, 
followed by early harvesting of seeds to shift rapidly from seed to seed, minimizing 
breeding spans for some long day or day-neutral crops (Zhang et al. 2014). Rapid 
cycling can be achieved by improving the plant related factors (planting density, 
photoperiod, and temperature) by performing genetic manipulation aiming the 
pathways involved in flowering initiation, grafting immature plants to mature 
rootstocks, utilizing plant growth hormones, and harvesting immature seed (Richard 
et al. 2015). Speed breeding bank on intentional altering of number of parameters 
that are responsible for the normal growth and development of plants which are 
specified below.
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15.3.1.1 Alteration of Photoperiod System 
Photoperiod is defined as the duration of regular subjection of crops each day to 
planned light and dark periods for promotion of instant growth, development, early 
reproductive, and maturity stages (Vince-Prue 1994). For the early induction of 
flowering and seed set, there are variable requirements of photoperiod for every crop 
(Kouressy et al. 2008; Saito et al. 2009). Therefore, the proper understanding of the 
optimum parameters of light such as the quality of light, the intensity of light, and 
required duration of photoperiod that initiate flowering in different crops and 
genotypes is crucial for plant breeders. Manipulation of light parameters has given 
more importance due to the effect of light duration and the light quality on the time 
of flowering in plants. There is a direct effect of instantaneous and cumulative 
amount of light quality on plant growth, stomatal conductance, net photosynthetic 
rate, amount of intercellular CO2, and rate of transpiration (Yang et al. 2017). The 
artificial environment under speed breeding provides continuous light to create 
extended daylight conditions that affects the photo-insensitive crop life cycles. The 
light parameters can control the phenomenon of flowering in plants and can help to 
produce early maturing varieties which can escape from drought conditions. 

To facilitate speed breeding in various crops including barley, wheat, gram, pea, 
and canola, suitable light sources have been used with photosynthetic active radia-
tion (PAR) ranging from 400 to 700 nm paired with an intensity ranging between 
360 and 650 μmol per m2 per second (Ghosh et al. 2018; Watson et al. 2018). Speed 
breeding protocols based on light parameters have the benefit of longer active 
photosynthesis during the entire light period, for the whole year (Bhatta et al. 
2021). Artificial electric lamps are being used since a long time for enhancing 
plant growth and development. The extension of photoperiod has been widely 
applied for the manipulation of days required for flowering in many long day 
species. The discovery of advanced systems of LED lighting enables the adjustment 
of composition of light wavelength which effectively accelerated the lifecycle 
turnover of crop plants with the help of initiating light responses, like shade 
avoidance, and supporting quick initiation of flowering.
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15.3.1.2 Manipulation of the Temperature Conditions 
Temperature regulation of soil and air has direct effect on the germination of seeds 
and growth responses of plants, resulting in speedy growth and early flowering. 
Temperature ranging from lower to upper extremes initiates various effects on the 
development of plant changing the transition period between the pre-reproductive 
and the reproductive phases (McClung et al. 2016). For most crops, optimum 
temperatures for germination range from 12 and 30 °C, whereas for growth, repro-
ductive, and maturity stages the optimum temperatures lie between 25 and 30 °C. 

15.3.1.3 Maintenance of Soil Moisture and Soil Nutrition 
Soil moisture and its nutritional status is very important for the growth of a healthy 
plant population, especially in areas affected by drought and salinity. Conserved soil 
moisture in the capillaries of soil can help the plants to tolerate drought. Sometimes, 
the accumulation of toxic nutrients leads to soil salinity conditions. Soil water 
stresses can induce remarkable variations in the development of crop plants by 
hampering days required for flowering, plant height, days required for seed setting 
and maturity (Hussain et al. 2018). In speed breeding, stress conditions caused by 
drought or flooding can be utilized to initiate early flowering and maturation. 
Creating drought stress conditions in crops such as, wheat, barley, and pearl millet, 
is the most common technique (Shavrukov et al. 2017). 

15.3.1.4 Elevating Carbon Dioxide Levels 
Varied range of responses is found in different crop species and their genotypes to 
elevated levels of CO2. High carbon dioxide (CO2) levels may enhance the speed 
required for the transition of plant from its vegetative state to reproductive state, 
ultimately leading to rapid plant growth (Jagadish et al. 2016). 

15.3.1.5 Altering Planting Density 
Cultivating crops in more dense condition as compared to the density needed to 
produce highest yield is termed as high-density planting. Planting crops in high 
density gives tall plants because of light competition, resulting in a rapid shift 
between the vegetative and the reproductive growth phases (Warnasooriya and 
Brutnell 2014). This approach is reliable in increasing the number of generations 
per annum by inducing early flowering and maturity. 

15.3.1.6 Application of Plant Nutrients, Growth Regulators, and Organ 
Tissue Culture 

Plant nutrients and growth hormones, along with in vitro immature seed germina-
tion, always plays an important role in accelerating growth and inducing flowering 
and early seed set (Bermejo et al. 2016). Under the conditions of controlled 
environments such as growth chambers and greenhouses, diverse reactions to 
applied plant growth regulators (PGRs) are found with closely monitored and 
controlled photoperiod and temperatures.
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15.3.2 Model Crops 

Cereal Crops To breed cereal varieties that are superior in every aspect, breeders 
have explored many novel approaches to produce homozygous lines resulting from 
hybridization in less possible time. For example, following the harvesting of imma-
ture seeds after 15–20 days of anthesis and treating of the seeds with H2O2 at a low 
temperature four to six generations of wheat were obtained (Mukade 1974). Speed 
breeding has been applied successfully for screening of various drought tolerance 
characters in barley (Ghosh et al. 2018; Zhang et al. 2015). Moreover, to reduce the 
breeding cycle time, direct germination of immature seeds and the embryo rescue 
technique has been utilized in sorghum (Rizal et al. 2014). In oats, increased 
photoperiod and application of a foliar mineral supplement has proved to signifi-
cantly shorten the anthesis period for getting higher generation turnover (Tanaka 
et al. 2016). 

Oilseed Crops In oilseeds, a standardized protocol was developed by Nagatoshi 
and Fujita (2019) for rapid generation advancement in high-quality, Japanese, 
soybean cultivar Enrej, that modified the crop period to 70 days from initial 102 to 
132 days. Watson et al. (2018) worked on canola and finalized a speed breeding 
protocol which facilitates phenotyping of the pod-shattering trait along with the 
enhancement of the generation turnover. Dagustu et al. (2012) found a protocol 
while studying on sunflower in which short breeding period was achieved in 
breeding program using the embryo rescue technique. 

Legume Crops In crops like, clover (Trifolium subterraneum L.), breeding cycle 
can be minimized by reducing the time to flowering with SSD technique assisted 
with in vitro conditions by the means of regulated temperature, an extended photo-
period, trimmed seed-filling phase, and embryo rescue. Due to the positive response 
of temperate pulses to photoperiod extension, protocols for rapid generation 
advancement have been produced in many legumes (Croser et al. 2016). For 
instance, in peanut, under greenhouse facilities with continuous light associated 
with optimal temperature and humidity, increased rate of plant growth was recorded 
(Jähne et al. 2020). In recent study of Cicer arietinum, the cycle time from seed to 
seed is reduced by inducing flowering earlier than normal and germinating the 
immature seeds (Samineni et al. 2020). The generation advancement method was 
found in pigeonpea where complete germination of immature seeds that were taken 
from 35-days-old plants supported novel opportunities for growing 3–4 generations 
in an annum (Saxena et al. 2017). 

Fruit Crops Before flowering, long juvenile period is present in the number of fruit 
crops, in general, taking more than 20 years (Van Nocker and Gardiner 2014). To the 
rescue, various speed breeding methods have provided the opportunities of vigorous 
vegetative growth and early flowering in fruit crops, such as in apple the vegetative 
growth period is modified to nearly 10 months than the normal 5 years and in case of 
chestnut the period of vegetative phase has been modified to 2 years instead of initial



7 years (Baier et al. 2012). Using speed breeding techniques along with transgenic, 
marker-assisted breeding and early flowering plants, many new varieties with ideal 
traits were produced in apple (Flachowsky et al. 2011). Utilization of speed breeding 
is not limited to seed producing fruit crops as it has been used in several clonally 
propagated crops, like banana, mainly propagating through tubers and roots. 
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Vegetable Crops Shortening the generation intervals through extended photope-
riod in vegetables that have effective response to increased daylight, like tomato, 
pepper, and amaranth, is becoming famous nowadays (Stetter et al. 2016). In tomato, 
immature seeds germination obtained from different plants with different maturity 
levels created new possibilities for getting five generations in a mean time where 
earlier only three were possible (Bhattaraj et al. 2009). In tomato and pepper, 
germination of immature embryos in in vitro conditions made it possible to obtain 
additional generations than the traditional breeding methods (Manzur et al. 2014). 
Moreover, the manipulation of photoperiod was observed valuable in grain ama-
ranth, where synchronization in flowering among different germplasm lines was 
combined with DNA marker technology to develop and identify true hybrids, 
ultimately, speeding up the plant breeding program (Stetter et al. 2016). 

15.4 Amenability of Speed Breeding and Selection Methods 

Basically, speed breeding is applied for rapid generation production from one to next 
without any type of prior phenotypic selection. However, current techniques (e.g., 
high-throughput genotyping and phenotyping, marker-assisted selection, and geno-
mic selection) provide reliable integration opportunities for successful targeted 
selection of desirable traits. The combination of speed breeding with proper selection 
methods can be used for the conservation of a productive breeding population, 
creating genetic diversity, and better yield production under the stressed 
environments that inhibits plant growth (Johnston et al. 2019). Traditional selection 
tools, namely, mass, bulk, pedigree, pure line, and recurrent methods, have 
requirements of genetically stable and superior plant for choosing desirably yielding 
genotypes. But the conventional tools are not suitable for speed breeding because of 
their time-consuming inbreeding and selection cycles. Therefore, some other selec-
tion methods that are appropriately suited with speed breeding are performed like, 
single seed descent (SSD), single pod descent (SPD), and single plant selection 
(SPS) methods. The brief discussion of these methods is given as follows. 

15.4.1 Single Seed Descent Method 

Under SSD method, the development of homozygous populations is geared with 
inbreeding in segregating population continuously by selecting one seed at a time 
from individual plant in F2 and advancing these plants to the succeeding generation. 
The time invested in SSD for developing inbred lines is equal to that of the doubled



haploid method (Yan et al. 2017). Key benefits offered by SSD selection method is 
the requirement of less area of land and less number of laborer for the maintenance of 
early generations. Single seed descent method gives the opportunities for the 
advancement of the selected progenies under small scale nurseries, growth chambers 
or greenhouses, with high-density plantings (Arbelaez et al. 2019; Funada et al. 
2013). However, it has the drawback that SSD produces inferior progenies in 
advanced generations relatively more often than pure line selection, pedigree selec-
tion, and recurrent selection methods. 
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15.4.2 Single Pod Descent Method 

Another selection method is the single pod descent (SPD) technique that involves the 
selection in each selected plant from F2–F4 generations involving one pod per plant 
unlike a single seed selection of single seed descent method. The single pod descent 
has a better role in maintaining each F2 plants in advanced generations than single 
seed descent selection due to the presence of more seeds per pod in most of the crops. 
Another favorable aspect of SPD is that due to early selection of pods, advancement 
of a relatively smaller population is feasible. However, preliminary trials for the 
traits being selected are essential in speed breeding for determining the efficiency of 
SPD selection method. 

15.4.3 Single Plant Selection Method 

This method is based on the selection of all the harvested seeds of each selected 
plants and advancing them to further generations, where the advancement of future 
generation is done as plant-to-row. The major applications of single plant selection 
method are in barley where a modified backcross approach is used to produce 
introgression lines (ILs) in less than 2 years (Hickey et al. 2017). The single plant 
selection method has a major advantage over SPD which provides earlier selection 
of desirable individuals in a smaller population. Various studies have been done to 
produce superiorly resistant and better performing varieties with the help of the 
single plant selection method. The procedure of maintaining continuous light and 
temperature in advanced backcross generations helps in producing better responses 
towards stress tolerance. 

15.5 Collaboration of Speed Breeding with Other Modern 
Techniques 

Speed breeding does not require special labs and can be performed in basic settings, 
unlike tissue culture techniques where sophisticated lab facilities are among the basic 
requirements (Shivakumar et al. 2018). Speed breeding can be applied to a wide 
range of germplasm without requiring special in vitro culturing facilities. Various



advantages offered by speed breeding over conventional methods for the develop-
ment of stress tolerant varieties can be listed, involving the potential to expedite 
backcrossing, gene pyramiding, and transgenic pipelines. The art of this novel 
approach of speed breeding can be performed by researchers having lesser area by 
setting up small speed breeding units (Shimelis and Laing 2012). Integration of 
speed breeding with various other modern techniques speeds up the crop improve-
ment program at incredible rates. 
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SPEED BREEDING 

Adult plant phenotyping: 

1. Accelerate locus and gene 
discovery. 

2. Characterization of specific 
genes. 

Genome editing: 

Bypass bottlenecks of in vitro 
manipulation. 

Transgenic: 

Simultaneous screening of 
multiple transformation events. 

Genome Selection: 

1. More intense and frequent 
selection. 

2. High genetic gain per year 
and improve multiple traits. 

MAS/pyramiding: 

1. Shorten breeding cycles. 
2. Fast introgression. 

Gene Mapping: 

1. Mapping population 
generation. 

2. With high- throughput 
genotyping fasten mapping. 

Fig. 15.3 Speed breeding collaboration with other modern techniques and its advantages 

The flexible nature of speed breeding protocols make it easier to align and 
integrate it with numerous research purposes comprising multiple trait selection, 
phenotyping, genomic selection, population development, and genomic editing. To 
keep pace between the agricultural production and the changing climate as well as 
the rapidly expanding population, a variety of techniques can be used to achieve the 
integration of speed breeding with other techniques, namely, genotyping, high-
throughput phenotyping, marker-assisted selection, genomic selection, gene editing, 
and re-domestication (Fig. 15.3). 

Various phenotyping techniques facilitating speed breeding have been developed, 
permissing characterization and selection of important traits (Richard et al. 2015). 
Screening of important traits in early generations during population development is 
beneficial for breeders, saving time and funds by minimizing the expenditure of 
labor and field testing. 

Synchronization of flowering among crop varieties and their distant relatives or 
wild species is a drawback in hybridization programs. Speed breeding methods can 
help to eliminate this drawback by aiding in the synchronization of the flowering



between cultivars of a crop species and its wild individuals, ultimately enhancing 
chances for successful hybridization among breeding populations and speeding up 
the goals of a breeding program. 
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15.6 Major Constraints of Speed Breeding 

Combining the techniques of speed breeding with conventional breeding programs is 
a useful strategy to accelerate the process of developing new tolerant varieties in 
major crops. However, complementary facilities related to the field of plant phone-
mics, appropriate and well secured infrastructure and continuous financial support 
are the basic necessities for research and development in order to use the technology 
effectively (Shimelis et al. 2019). For these resources to be available it is necessary 
to acknowledge the value of speed breeding in association with traditional plant 
breeding, MAS, and genetic engineering techniques. These comprehensive set of 
tools also needs long-term funding, government policy endorsement, plant breeding, 
and biotechnology knowledge and competence. Although, the most prominent 
constraints in successful adoption of speed breeding consist of the lack of appropri-
ate facilities, untrained staff, the necessity to make significant adjustments to breed-
ing programs’ operations and design, and the lack of long-term finance. Here is a 
quick discussion of these difficulties. 

15.6.1 Absence of Trained Manpower 

A key limitation restraining the use of speed breeding in the government sector of 
developing countries is the absence of skilled and engaged plant breeders and the 
plant breeding technicians. The frequent turnover of plant breeding staff to 
non-governmental seed corporations and training institutes which provides more 
profit than public sector has a negative impact on the public sector breeding 
programs. The fact that only a small number of universities in developing nations 
provide postgraduate degrees in plant breeding is another reason why there are not 
many scientists with a focus on the respective field. In developing countries, the 
under developed statutory and administrative framework involved in managing the 
rights of plant breeders along with seed regulation affects the promotion of plant 
breeding to the extent that the benefit of value chain initiating from farmers and 
ending to consumers is greatly hampered and lacked in various resources (Tripp 
et al. 2007). As a consequence, there is an urgent need to pay attention and modify 
the policies and practices of developing countries dealing with the investments in the 
field of plant breeding via research, education, and personnel retention so that the 
feasibility of long-term crop improvement plans can be maintained and scientific 
advances can be achieved through the implementation of modern techniques such as 
speed breeding.
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15.6.2 Scarce Infrastructure Facilities 

To maintain environmental factors, mainly temperature, soil moisture, and photope-
riod, sophisticated infrastructure is required for performing speed breeding. There is 
a very little institutional support to public plant breeding programs that restricts the 
large-scale application of the state-of- the-art breeding methods in many developing 
countries such as speed breeding and genetic engineering tools. Moreover, there is a 
limited stock of specialized equipment that are required for the selection of traits in 
initial stages of generation advancement (Ribaut et al. 2010). Additionally, an 
excessive dependence on donor organizations (a “donor mind-set”) and a lack of 
coordination across regional breeding programs result in duplications of activities 
and resource expenditures. In order to effectively construct infrastructure, national 
and regional organizations must actively collaborate, and once infrastructure is in 
place, they must share resources and information. There is a chance to lower the 
price of building new infrastructure through the development of creative, local 
technology, including the usage of refurbished shipping containers outfitted with 
solar-powered equipment for automatically controlling temperature and light 
(Chiurugwi et al. 2018). 

15.6.3 Inconsistent Electricity and Water Supplies 

The alteration of several environmental factors, especially temperature, moisture, 
and photoperiod, in controlled conditions needs consistent electricity and water 
supplies. Speed breeding with indoor facilities needs sustainable, inexpensive and 
dependable energy for processes such as heating, cooling, and lighting. For example, 
in Queensland during winter, the price of temperature regulation found to be greater 
than half of the overall price accounted for plant management. The regulation of 
photoperiod and temperature for speed breeding in the plant breeding programs in 
public sector is severely hampered by unreliable electricity supplies. The activities 
such as preparation of land, irrigation, fertilization, and other common agronomic 
activities are necessary for growing crops in the field. These practices are expensive 
and call for significant infrastructural investments. Speed breeding have future in 
developing countries only when innovative solutions for the reliable supply of water 
and electricity are applied, for instance, using sustainable sources of energy, such as 
solar energy, to provide continuous supply of light to the areas that require controlled 
environmental conditions for speed breeding. Using already available technologies, 
a compact indoor kit for speed breeding fitted with LED lights and temperature 
controls can be used that are provided with a solar system backed up with battery 
system. As an alternative, semi-controlled systems based on field conditions 
supporting production of large populations with the management of high-density 
planting, along with moisture and nutritional stress at cheaper prices can be applied.
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15.7 Conclusion 

In the conclusion, it is justified to state that the advantages offered by speed breeding 
techniques in plant breeding are immense and play a crucial role in facing the 
problems of modern world. Drought and salinity related stress conditions can be 
overcome by the proper application of speed breeding. The earliness in breeding 
generation advancement will help to cope the adverse effects of climate catastrophes 
avoiding the increasing threats of crop failure and economic losses. The production 
of homozygous and stable tolerant varieties in less time will save the cost, labor, and 
time of the humans. Speed breeding provides better opportunities to breed and 
combine new genetic composition from different sources and ultimately develop 
novel cultivars. Moreover, the controlled environmental conditions help to check the 
infestation of pests and diseases in the crops which timely prevent the large scale 
infestation of such nuisance pests. To overcome the challenges of speed breeding, 
proper infrastructure and financial support is important in both public and private 
sector. The goal of sustainable agriculture production can be achieved with the 
incorporation of speed breeding with various other modern techniques. 
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Abstract 

Abiotic stress has emerged as a major threat to food security, accounting for the 
majority of crop and agricultural product losses worldwide. Salinity is one of the 
primary key variables that inhibit plant growth and productivity among other 
abiotic stresses. The growing negative effects of salinity stress (SS) are putting 
global food and nutritional security at jeopardy. Plants respond to high salinity 
stress by initiating a series of events and adapt by activating a number of stress-
responsive genes. However, the complex and poorly known mechanism of salt 
tolerance (ST) are key roadblocks to breeding for improved ST. As a result, while 
making crop selections, the focus should be on assessing crop diversity and 
addressing adaptive/morpho-physiological traits. The quick and precise intro-
gression of ST-related gene(s)/QTLs into salinity-susceptible cultivars to restore 
genotypes with improved ST is also important. Therefore, a sensible integration 
of molecular breeding, functional genomics, and transgenic technologies, as well 
as next-generation phenomics facilities, is required for the gradual tailoring of 
salinity-tolerant genotypes. 
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16.1 Introduction 

Soil salinity is one of the most important abiotic stresses especially in arid and semi-
arid environments where it can lead to the degradation of arable soils (Akram et al. 
2017). Over 800 million hectares of land throughout the world are salt-affected, 
either by salinity (397 million ha) or the associated condition of sodicity (434 million 
ha) (FAO 2015). By 2050, it is anticipated that 50% of cultivable land will be 
affected by salinity. Salinity is a soil condition characterized by high concentration 
soluble salts containing chlorides (Cl-) and sulfates of sodium (Na2SO4), calcium 
(CaSO4), and magnesium (MgSO4). Among them, sodium chloride (NaCl) is most 
soluble, pervasive, and superabundant salt in the world (FAO 2008). Excess salt 
causes biochemical, morphological, physiological, and molecular alterations in 
plants, all of which have a negative impact on productivity and plant growth. Salinity 
poses two major threats to plant growth, i.e., osmotic stress and ionic stress (Flowers 
and Colmer 2015). One of the most detrimental effects of salinity stress is the 
accumulation of Na+ and Cl- ions in tissues of plants exposed to soils with high 
NaCl concentrations. High Na+ concentration inhibits uptake of K+ ions which is an 
essential element for growth and development that results into lower productivity 
and may even lead to death (Cao et al. 2018). As a consequences of salinity stress, 
alteration in plant productivity was noticed among different species worldwide. 
Therefore, increasing salinity tolerance in various crop species is emerging as an 
alarming issue especially in concern to the global food security. Furthermore, an 
attempt has been made to provide an overview of different “omics” approaches and 
their role in breeding strategies for developing salinity tolerance crops has been 
discussed in this chapter. 

16.2 Crop Yield Losses Due to Salinity Stress Worldwide 

Salinity stress adversely affects the agricultural production by about 30% for 
irrigated crops and 7% for dryland agriculture worldwide. Salinity stress declines 
plant growth and yield by altering physiological and biochemical processes 
(Tavakkoli et al. 2011). Also, the detrimental effects of salinity on plant have been 
caused mainly by increase in sodium and chlorine ions that leads to imbalance the 
other nutrients concentrations in soil solution, their uptake, transport, and 
partitioning within the plant parts (Grattan and Grieve 1999). The imbalance of 
ions creates the decisive conditions for plant survival by intercepting different plant 
mechanisms. Moderate soil salinity (8–10 dS m-1 ) reduced yield by 15, 28, and 55% 
in cotton, wheat, and corn, respectively. Also, 55% yield loss in cotton was reported 
under high soil salinity of 18 dS m-1 (Satir and Berberoglu 2016). Hasan et al. 
(2015) observed decreased grains per spike, and seed yield in wheat cultivars when 
grown under salt stress (15 dS m-1 ). Rice plants irrigated with 34.2 mM NaCl 
decreased about 9.8% panicle number, 21.6% grain number per panicle, 4.4% 1000-
grain weight, and 20% yield compared with the control (without salt treatment) 
(Zhang et al. 2022). According to studies conducted by Farooq and Azam (2005)



salinity levels especially beyond 150 mM of NaCl, significantly reduced the wheat 
grain yield. Salinity stress not only reduces the production of traditional crops but 
also alters the growth and yield of many medicinal and aromatic plants (MAPs). Salt 
stress shows negative effect on the growth, biomass, and essential oil yield of various 
MAPs, e.g., Majoranahortensis (Shalan et al. 2006), peppermint (Mentha × piperita 
L.), pennyroyal (Mentha pulegium L.), apple mint (Menthasuaveolens) (Aziz et al. 
2008), Thymus maroccanus, Ocimumbasilicum (Said-Al Ahl and Mahmoud 2010), 
and spearmint (Khadhri et al. 2011). Mahajan et al. (2020) studied the effect of 
different concentrations of NaCl on Stevia rebaudiana and observed that plant 
irrigated with NaCl at 120 mM decreases dry leaf yield by about 23.0%. 
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16.3 Impact of Salinity Stress on Crops from Germination 
to Maturity 

Seed germination is the vulnerable and most important stage in seedling establish-
ment which defines the development of crop. Generally, seeds are poorly germinated 
when sown under saline conditions. Salinity causes various physiological and 
metabolic disturbances in plants. The alterations in physiological and biochemical 
characteristics are stage-specific and attribute to final yield potential. The crops are 
more susceptible to salinity at germination and early seedling stage than later 
development stages (Goldsworthy 1994; Shereen et al. 2005). Salt stress declines 
the endogenous level of phytohormones and delays seedling establishment. Seed 
germination reduction during salt stress was mainly linked with lowered osmotic 
potential of the soil solution, which leads to hinders water absorption by seeds. Also, 
sodium and chloride ion toxicity can inhibit the metabolism of dividing and 
expanding cells, and retards seeds germination (Khaje-Hosseini et al. 2003; Farsiani 
and Ghobadi 2009). These both consequences, i.e., osmotic stress and disturbed ions 
homoeostasis collectively inhibit cell division and modulate the key enzymes activ-
ity, resulting reduced seed reserves utilization (El-Hendawy et al. 2005). Further-
more, accelerated reactive oxygen species (ROS) induces oxidative stress that 
ultimately decreases overall yield of the affected seeds. Salinity reduces cell turgor 
and declines root and leaf elongation in vegetative plants (Fricke et al. 2006). Rice is 
more resistant to salt stress at reproductive and grain filling than vegetative stages. 
Various studies showed that salinity decreases rice stand density as well as seedling 
biomass production. Salinity decreases the amylase activity and negatively affect the 
rate of starch remobilization in wheat and rice. The roots are the most susceptible to 
salt stress and responsible for poor growth of other parts. Salinization in soil 
diminishes the shoot development by suppressing leaves extension, internodes 
development and causing leaf abscission. The first phase of salt stress strongly 
inhibited the shoot growth in maize (Pitann et al. 2009). In salt-affected soils, high 
concentrations of sodium and chloride ions in the rhizosphere reduce the uptake of 
nitrogen, potassium, calcium, magnesium, and iron, and causing water loss and 
necrosis in crops. In case of cereals, grain number and weight are important 
attributes for evaluating final grain yield. At the reproductive phase, salt stress



negatively affects the yield potential through reducing photosynthetic rate, cell 
elongation, hastens the reproductive organ's senescence, reduction of flag leaf 
turgidity and leaf area, source-sink activity and assimilates synthesis. Salinization 
also antagonistically affects blossoming, fertilization, and natural product advance-
ment. Several earlier studies revealed that during reproductive phase salt stress 
causes massive yield penalty in many crops, including maize, wheat (Kalhoro 
et al. 2016). In maize, salinity decreases grain number and weight, ultimately leads 
to reductions in grain yield during the reproductive phase (Kaya et al. 2013). 
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16.4 Genomics, Transcriptomics, and Proteomics Approach 
for Salinity Tolerance 

Integrating numerous “omics” approaches such as genomics, transcriptomics, prote-
omics, and metabolomics in plants is the most prevalent means for dealing with plant 
salinity tolerance (Liu et al. 2019). Studies on “Omics” have enabled researchers to 
modulate traits, metabolomes, proteins, and genes that are indispensable in 
providing salinity tolerance to the plant (Jha et al. 2019). 

16.5 Genomics Approach 

A branch of “omics” called genomics studies a particular genome and provides 
insightful information on the biology of the organism (Gilliham et al. 2017). The 
researchers determine gene structures, gene, and intragenic sequences, and func-
tional annotation of the genome are all aspects in the study of genomics. The entire 
process offers insightful information on the organism’s genomic structure 
(El-Metwally et al. 2013; El-Metwally et al. 2014). For improving the salinity 
tolerance in plants, a comprehensive knowledge of the mechanisms by which plants 
counter salinity stress is imperative. Therefore, identifying the genes involved in salt 
stress response is a crucial initial step in gaining the knowledge needed to develop 
crops that are tolerant to salinity stress (Billah et al. 2021). However, locating the 
genes that respond to stress is just the first step; the next involves characterizing their 
functions and understanding how they work. The final step is using the obtained 
information to develop stress-tolerant crops via molecular breeding or genetic 
engineering (Singh et al. 2021a). Rice and Arabidopsis were the first two plant 
species with their genomes sequenced, thus a majority of plant science research is 
carried out using these models (Yadav et al. 2021). 

Genomics-assisted breeding (GAB) is a technique that harnesses genomic 
resources, techniques, and tools, such as molecular markers, to expedite the process 
of selecting plants by using DNA markers linked to attractive attributes (Varshney 
et al. 2020; Varshney et al. 2021). Molecular or DNA markers are potent tools for 
increasing the effectiveness of plant breeding. Important markers used in breeding 
programs include single nucleotide polymorphism (SNP), microsatellites, amplified 
fragment length polymorphism (AFLP), random amplified polymorphic DNA



(RAPD), and restriction fragment length polymorphism (RFLP). For instance, 
BC3F4 rice (Indica-donor, japonica Italian varieties, recipient) lines were developed 
through introgression of salt tolerance using Saltol QTL, succeeded by marker-
assisted backcrossing (MABC). Also pyramiding QTLs that govern tolerance were 
introgressed in the rice variety (Improved White Ponni) against several stressors, 
including salt stress, using the MABC breeding technique (Muthu et al. 2020). The 
substantial correlation between desirable attributes and markers suggests effective 
breeding, which can be assessed through gene mapping, recombination analysis, or 
quantitative trait loci (QTL) analysis. 
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Quantitative trait locus (QTL) is a term that is used for identifying genes that 
govern: molecular markers, phenotypic traits, and markers associated with these 
traits. The case studies that identify novel QTLs in crops under salinity stress are 
listed below, and Table 16.1 provides some more recent examples. Salinity stress 
was investigated among the recombinant inbred lines (RILs) population as a signifi-
cant growth-limiting factor in rice. 935 QTLs described in rice over the previous 
20 years were examined in recent meta-QTL research for several features that 
contribute to salt tolerance. These QTLs were derived from 13 different genetic 
background mapping populations, the bulk of which were RILs (F2:F4, F2, BILs, 
BC4F8, BC3F5, BC3F4, BC3F2, BC2F8, BC2F5, BC1F9, DHs, ILs, and RILs). 
These analyses suggest that the most promising genetic areas to increase salt 
tolerance are 63 meta-QTLs (Singh et al. 2021b). QTL analysis displayed a pheno-
typic variation including, root dry weight (RDW), shoot dry weight (SDW), root 
fresh weight (RFW), shoot fresh weight (SFW), root length (RL), shoot length (SL), 
found 21 stable QTLs. A major QTL for shoot length designated as qSL7, having a 
phenotypic variation of 7.5 and 6.8%, was detected against Na+ and K+ 

concentrations which can provide new avenues for rice salinity tolerance (Jahan 
et al. 2020). Seven additional multi-environmental QTLs for component 
characteristics, including spikelet degeneration, stress susceptibility index, and 
spikelet sterility, were discovered in the second study of rice under salt stress. 
Interactions between genotype and environment have a favorable influence on two 
significant QTLs (qDEG-S-2-1 and qSSI-STE-2-1) (Chattopadhyay et al. 2021). For 
15 agronomic traits in wheat, soil salinity-related QTLs were found, resulting in the 
discovery of 90 stable QTLs with phenotypic variation ranging from 2.34 to 32.43%. 

Except for chromosomes 7D, 6B, and 4D these QTLs were found on all three 
genomes. In the QTL cluster, QPh-4B was also verified to be an allele of Rht-B1. 
Additionally, this research lays the groundwork for wheat salt-tolerant QTL cloning 
and allele-specific PCR markers that would aid MAS for salt-tolerant wheat breeding 
(Luo et al. 2021). Wheat has been mapped using biparental QTLs for salt-responsive 
characteristics at two distinct growth phases. About 22 overlapping loci and two 
unique candidate genes (TaRN1 and TaRN2) with various expression patterns were 
found in roots during salt stress (Li et al. 2021). As a shoot ion-independent tolerance 
(QG) (1–5), (QCl.asl-3A) for Cl- accumulation, and (QK: Na.asl-2DS2) for K+ :  Na+ 

DW, novel QTL for salt tolerance have been discovered in bread wheat. This 
research may facilitate the understanding of the genetic underpinnings of salt 
tolerance and expedite bread wheat sub-trait breeding (Asif et al. 2020). In chickpea,
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a comprehensive analysis found 28 QTLs for nine yield-related parameters, mostly 
on two salinity stress-related genomic regions, CaLG03 and CaLG06. These QTL 
regions contain potential genes that encode kinases, including calcium-dependent 
protein kinases (CDPKs), MAPKs, histidine kinases (HKs), and kinases associated 
with sucrose non-fermenting (SnRK1).
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16.6 Transcriptomics Approach 

The field of transcriptomics studies the functional genome of lifeforms, including the 
vast array of transcripts present in a given cell and any post-transcriptional 
modifications (Hussain 2018). The extensive processes taking place inside a tissue 
cell are a major factor in how well a plant function. RNA sequencing (RNA-seq), 
microarray, and other sequencing techniques can all be used to conduct plant 
transcriptomic research. The good news is that improvements in RNA-seq technol-
ogy enable us to investigate these extensive and widespread transcriptional changes 
inside particular plant tissues. With its enormous potential, RNA-seq enables 
researchers to decipher and take advantage of the intricate regulatory networks that 
are influenced by environmental factors or developmental changes in plant tissue 
(Rich-Griffin et al. 2020). Given its enormous potential, transcriptome analysis is 
currently a popular strategy for figuring out the complex molecular mechanisms 
driving various stressors, such as salinity (Table 16.2). The RNA-sequencing study 
of wild-type (WT-Zarjou) and salt-tolerant mutant (M4-73-30) cultivar of barley 
indicated specific genes that facilitate salinity tolerance by modulating ion 
transporters like SOS3/SOS2/SOS1, HAK, TPK1/KCO1, NHX1, and HKT for 
K+ , Na+ , Ca+ transportation (Yousefirad et al. 2020). Numerous salinity-responsive 
transcription factors (TFs), including bZIP, HSF, MAD, CTR/DRE, NAC, 
AP2/ERF, and WRKY were discovered using RNA-sequence data. By using the 
fixed carbon and stored energy, the respiration and photosynthetic rates of the 
mutant lines were dramatically reduced, subsequently protecting the tissues from 
the harmful effects of salinity. 

Additionally, ion transporter expression and transcripts associated with channels 
were elevated in mutant lines compared to the wild types for maintaining ion 
homeostasis (Yousefirad et al. 2020). Through RNA-sequence analysis, 73,401 
genes in bread wheat that responded to salinity stress were discovered. Several 
early and late-stress responsive genes as well as genes involved in ROS scavenging, 
chaperons, and glucose metabolism were found among the identified genes. Enrich-
ment analysis indicated that: pentose phosphate pathways, secondary metabolites, 
and carbohydrate metabolism showed higher enrichment during the salinity response 
(Ma et al. 2020). 

Additionally, a recent study investigating the global transcriptomic profiling of 
the salt-sensitive cultivar TN6-18 of the model legume Medicago truncatula using 
microarray analysis. The study indicated a lower expression of many genes involved 
in stress signaling that were not previously associated with salinity and belonged to 
the TIR-NBS-LRR gene class (Filippou et al. 2021). In a different study, RNA-seq
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analysis was done comparing sensitive and tolerant genotypes of wheat at the 
osmotic stage (Zentos-tolerant and Syn86-susceptible) and ionic phase 
(Altay2000-tolerant and Bobur-susceptible). The initial upregulation of Ca+-binding 
and cell wall synthesizing genes were found in the tolerant genotype in response to 
salt-associated osmotic stress and was thought to be a critical factor for improving 
salinity tolerance. As an alternative, the higher photosynthesis reserve at the osmotic 
stage was related to the downregulation of photosynthesis-associated and 
Ca+-binding genes as well as the increased oxidative stress in the sensitive genotype.
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Table 16.2 Recently transcriptomics studies under salinity stress in different crop plants 

Stress condition, 
Tissue, approach 

Cucumber 
(Cucumis 
sativus) 

100 mM NaCl; 72 h, 
seeds, 
RNA-sequencing 

Common enriched pathways were 
alpha-linolenic acid metabolism, 
secondary metabolites biosynthesis, 
unsaturated fatty acids biosynthesis, 
carbon fixation and metabolism, fatty 
acid degradation, dicarboxylate and 
glyoxylate metabolism, linoleic acid 
metabolism, photosynthesis, 
chlorophyll, and porphyrin 
metabolism 

Du et al. 
(2021) 

Oats (Avena 
sativa) 

150 and 300 mM 
NaCl; 24 hours, Roots, 
RNA-sequencing 

The expression Na+ /K+ transporter 
genes were upregulated under salinity 
stress. Differentially expressed genes 
were enriched in glycolysis/ 
gluconeogenesis, galactose, sucrose, 
and starch metabolism 

Xu et al. 
(2021) 

Zoysia 
macrostachya 

30 mM NaCl; 24 h, 
leaf, RNA-sequencing 

Genes involved in ROS scavenging, 
ion homeostasis, and hormone signal 
transduction were identified 

Wang et al. 
(2020) 

Wheat 
(Triticum 
aestivum) 

150 mM NaCl; 24 h, 
shoots and roots, 
RNA-sequencing 

The identified genes were majorly 
involved in carbohydrate metabolism, 
chaperons, and ROS scavenging 

Ma et al. 
(2020) 

Tomato 
(Solanum 
chilense) 

500 mM NaCl; 
21 days, leaf, 
RNA-sequencing 

Several differentially expressed genes 
involved in ethylene-, auxin, and 
Ca+2 signaling networks were 
recognized as key genes against 
salinity. Genes encoding stress and 
defence response, osmotic regulation, 
transporters, and ROS scavenging 
were upregulated under salinity 

Kashyap 
et al. 
(2020) 

Barley 
(Hordeum 
vulgare) 

300 mM NaCl; 
6 hours, shoots and 
roots, 
RNA-sequencing 

Expression of channels-related and 
ion transporter genes was upregulated 
for maintaining ion homeostasis. 
Salinity stress-responsive different 
TFs were bZIP, HSF, NAC, 
AP2/EREBP, ERF, MIKC, MAD, 
AP2/ERF, CTR/DRE, and WRKY 
were identified 

Yousefirad 
et al. 
(2020)



The precise modulation of some Na+ /Ca+2 and ABC transporters during the ionic 
phase in the tolerant genotype identified their role in the regulation of Na+ elimina-
tion and ion homeostasis (Duarte-Delgado et al. 2020). Two cultivars of castor bean 
(Ricinus communis L.), namely “Tongbi 5” and wild castor (Y) were used to better 
understand the mechanism underlying the ability of this crop to withstand salinity 
stress. The investigation produced a large number of differentially expressed genes, 
mostly from the bHLH TF, WRKY, NAC, ERF/AP2, and families (Lei et al. 2021). 
Both the wild and domesticated castor cultivars included hormone-related differen-
tially expressed genes. The PP2C TFs family, GA and JA were the majority of the 
differentially expressed genes found in the cultivars. In response to salt, the GA 
signaling gene DELLA (GA signal suppressor) was downregulated in cultivars, 
suggesting that stress resistance or adaptation may be caused by the activation of 
other TFs, including NAC or WRKY. As previously documented, the DELLA gene 
controlled the trade-off between defence and growth, which reduced stress (Jusovic 
et al. 2018).
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The well-known multi-stress resistor arbuscular mycorrhizal fungus (AMF) was 
typically utilized to promote plant development in unfavorable environments. In this 
context, AMF-induced salinity tolerance was mapped by using the transcriptomic 
approach in Suaeda salsa plant. Funneliformis mosseae, an AMF strain was used in 
the study. The research revealed 424 and 1306 differentially expressed genes in roots 
and shoots, respectively. The major differentially expressed genes in shoots were 
majorly involved in energy metabolism, carbohydrate, and photosynthesis, while 
those in root tissues were primarily related to starch and sucrose metabolism. The 
findings suggest that Funneliformis mosseae protects Suaeda salsa during salinity 
stress through the suppression of stress-induced ROS in the chloroplast (Diao et al. 
2021). 

16.7 Proteomics Approach 

Proteomics deals with the localization, function, structure, and role, of functional 
proteins, also their implementation under stress or natural conditions. Post-
transcriptional modifications and changes at the protein level can be studied in 
more detail through proteomics. As a result, proteomics is now a crucial method 
for locating important stress protein markers which can be useful in developing 
crops that are resistant to stress (Kosová et al. 2018). The key examples of proteo-
mics studies under salinity stress in different crop plants are indicated in Table 16.3. 

In a recent study, the proteome of salt- affected rice plants was analyzed. Two 
varieties of rice were used: cv. Jhelum, which is salt-sensitive and cv. Vytilla-4, 
which is very salt-tolerant. The investigation revealed a variety of distinct protein 
expression patterns and responses in rice plant tissues to salt stress. Particularly, 
under salinity stress in cv. Vytilla, photosynthesis-related proteins such as Chl a-b 
binding protein, carboxylase small chain, and ferredoxin were activated. The PS-II 
CP47, on the other hand, was suppressed in cv. Jhelum. Other carbon-fixation-
related proteins (Cytochrome c oxidase subunit 5C, peroxisomal (S)-2-hydroxy-
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Table 16.3 Recently proteomics studies under salinity stress in different crop plants 

Plant Stress condition, tissue, 
species approach 

Wheat 
(Triticum 
aestivum) 

200 mM NaCl; 24, 48, 
72 and 96 h, leaves, 
MALDI-TOF/TOF MS 

Several differentially expressed 
proteins were significantly 
upregulated related to nitrogen, 
amino acid, and carbon 
metabolisms, transcription, 
translation, and Calvin cycle. Also 
proteins associated with vitamin, 
hormone synthesis, proteolysis, 
protein folding and plastoglobuli 
development were also upregulated 
under salinity stress 

Zhu et al. 
(2021) 

Cucumber 
(Cucumis 
sativus) 

200 mM NaCl; 7 days, 
leaves, MALDI-TOF/TOF-
MS 

Differentially expressed proteins 
associated with signal transduction, 
cell defense, metabolic pathways 
were identified. Key proteins were 
peroxidase, protein disulfide-
isomerase, glutathione S-transferase 
U25-like and cysteine synthase 1 

Jiang et al. 
(2020) 

Beet (Beta 
vulgaris) 

300 mM NaCl; 3 weeks, 
Leaves, NanoLC-MS/MS 

Differentially expressed proteins 
involved in signaling, ATP 
biosynthesis, cell wall modification, 
lipid metabolism were seen. Stress-
related proteins, such as inorganic 
pyrophosphatase 2, heat shock 
proteins, chaperone proteins, and 
lipid transfer protein were 
significantly upregulated under 
salinity stress 

Rasouli 
et al. 
(2020) 

Alfalfa 
(Medicago 
sativa) 

50, 100, 200 and 400 mM 
NaCl; 14 days, Leaf 
LC-MS/MS 

Differentially expressed proteins 
involved in redox pathways, 
glutathione metabolism were 
upregulated. ROS metabolism and 
TCA cycle were identified as key 
pathways for enhancing salinity 
tolerance 

Li et al. 
(2020) 

Barley 
(Hordeum 
vulgare) 

300 mM NaCl; 2, 4, and 
6 days, roots and leaves 
and MALDI TOF-TOF 

Proteins related to ROS scavenging, 
ATP synthase and photosynthesis 
were upregulated 

Zhu et al. 
(2020) 

Wheat 
(Triticum 
aestivum) 

150 mM NaCl; 24 h, shoots 
and roots, iTRAQ 

Major proteins enriched in pyruvate 
metabolism, cyanoamino acid 
metabolism, pentose phosphate 
pathway, purine metabolism, 
pyrimidine metabolism. Primarily, 
superoxide dismutase, 
phosphoenlpyruvate carboxylases, 
beta-glucosidases, and nucleoside 
diphosphate kinases were 
significantly upregulated under salt 
stress 

Ma et al. 
(2020)



acid oxidase GLO1, and peroxisomal (S)-2-hydroxy-acid oxidase GLO5) that were 
essential for energy metabolism were markedly elevated in cv. Vytilla. This 
demonstrates unequivocally that these proteins may function as possible indicators 
in controlling the response of plants to salinity without impairing growth (Frukh 
et al. 2020). Hormone-related proteins in the salinity-stressed hulless barley were 
profiled. In this work, the germination of two cultivars (the salt-tolerant lk573 and 
the salt-sensitive landrace lk621) was examined under salinity stress. The lk573 
cultivar showed proper germination under salinity when compared to the lower 
germination rate in lk621. The salt-tolerant cultivar showed 171 differentially 
expressed proteins. At 4 h following salt stress, several of them including proteins 
involved in terpenoid-quinone biosynthesis, ABC transporters, ascorbate and nitro-
gen metabolism were expressed (Lai et al. 2020).
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In a different investigation, proteome profiles of wheat were analyzed under 
salinity stress. The focus of this study was to monitor the changes at a protein 
level in the chloroplast of wheat under salt stress. A total of 194 differentially 
expressed proteins were mapped in the chloroplast. These proteins were attributed 
to nitrogen, carbon metabolism, and Calvin cycle (Zhu et al. 2021). Salt-tolerant 
(T46 and T66) and salt-sensitive (N33 and N53) near-isogenic lines of barley were 
cultivated in soils treated with 300 mM NaCl. After performing a proteomics 
analysis, a set of proteins found in both tolerant and sensitive lines were identified. 
The majority of the dominantly expressed proteins in the tolerant lines were involved 
in photosynthesis, ROS scavenging, and ATP production (Zhu et al. 2020). As the 
ATP-mediated energy biosynthesis reaction primarily takes place in chloroplast, all 
of the aforementioned evidence pointed to the fundamental significance of chloro-
plast and photosynthesis-related activities. These ATP energy packets play a crucial 
role in preserving normal ion homeostasis, eliminating potentially damaging ROS, 
and possibly dictating the course of overall growth. Thus, the outlined proteins may 
aid in the development of functionally stress-resistant crops by the research commu-
nity (Muthu et al. 2020). 

16.8 Metabolomic Approach 

Salinity stress can impose changes in a plant at a: biochemical, protein, and transcript 
levels. Fundamentally, the plant responds to stress only at the biochemical level 
without modulating the protein expression of the transcription process. These 
biological molecules are also known as metabolites, and metabolomics is the study 
of these metabolites (Razzaq et al. 2019; Raza 2022). 

Because of their significant differences in structures and activities, metabolites 
research has recently gained popularity in the tech community. The key examples of 
metabolomic studies under salinity stress in different crop plants are indicated in 
Table 16.4. The primary metabolites involved in stress resistance were ascorbate, 
glutathione, and MDA were upregulated under salt stress during the early growth 
stage. Other stress-responsive metabolites, such as 3-ketoacyl-CoA synthase (KCS),
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(continued)
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Table 16.4 Recently metabolomics studies under salinity stress in different crop plants 

Stress condition, tissue, 
approach 

Oats (Avena 
sativa) 

150 and 300 mM NaCl; 
24 h, roots, 
GC-TOF-MS 

Several vital differentially 
accumulated metabolites were 
observed under salt stress, i.e., 
3, 6-AnhydroD-galactose, 
melibiose, isomaltose, 
sophorose, and sucrose. 
Metabolites involved in organic 
acids, carbohydrates, and amino 
acids metabolisms and were also 
significantly accumulated 

Xu et al. 
(2021) 

Potato 
(Solanum 
tuberosum) 

20 mM LiCl; 45 days, 
shoots, GC-MS 

Organic acids, amines, fatty 
acids, alkanes, terpenes, and 
sugars were induced under salt 
stress 

Hamooh 
et al. (2021) 

Rimth Saltbush 
(Haloxylon 
salicornicum) 

400 mM NaCl; 21 days, 
shoots, HPLC-DAD and 
GC-QTOF–MS 

Most of the metabolites 
belonged to phytohormones, 
alkaloids, fatty acids, sugars, 
sugar alcohols, amines, organic 
acids, and amino acids. 
Enrichment analysis indicated 
threonine, serine, cysteine, 
phenylalanine, nucleotide, and 
sugar metabolism were 
substantially enriched under 
salinity stress 

Panda et al. 
(2021) 

Barley 
(Hordeum 
vulgare) 

150 mM NaCl; 14 days, 
seeds, GC-MS 

Under salinity stress, sugar 
acids, sugar alcohols, sugars, 
amino acids, and other 
derivatives acted as osmolytes. 
The identified metabolites 
governed TCA cycle, sugar, and 
amino acid metabolism 

Derakhshani 
et al. (2020) 

Tomato 
(Solanum 
Lycopersicon) 

60 mM NaCl; 45 days, 
pericarp, GC-TOF-MS 

Metabolites including 
nucleotides, organic acids, fatty 
acids, carbohydrates, 
alkylamines showed high 
accumulation. Glycolic acid, 
alpha-tocopherol, chlorogenic 
acid, D-galactose, trehalose, 
L-aspartic acid, L-valine, 
L-tryptophan, were induced by 
salt stress. The metabolites were 
involved in beta-alanine, 
aldarate, alanine, glutamate, 
ascorbate, aspartate metabolism, 
TCA cycle, arginine 
biosynthesis, glucuronate 
interconversions 

Tang et al. 
(2020)
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cinnamyl alcohol dehydrogenase (CAD), and cinnamoyl-CoA reductase (CCR) 
were identified as key lignin biosynthesis metabolites (Pan et al. 2020).
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Table 16.4 (continued)

Stress condition, tissue, 
approach 

Bean 
(Phaseolus 
vulgaris) 

125 mM NaCl; 3 days, 
leaf and roots, GC-CMS 

Primarily, isoleucine, valine, 
and lysine were strongly 
induced under salinity stress. 
Amino acids and carbohydrate 
metabolisms were also boosted 

Niron et al. 
(2020) 

In Maize crop genotypes PH4CV (salt-susceptible) and PH6WC (salt-tolerant) 
were treated with 100 mM NaCl. The result indicated that a group of metabolites 
(alkaloids, organic acids, amino acids, and sugars) were induced more than twofold 
in the control treatment in the PH6WC (Yue et al. 2020). To better understand the 
metabolic response of cucumber and tomato to salt stress, a metabolomics study was 
conducted. Under 200 mM NaCl salt stress, the flavonoid levels of cucumber and 
tomato plants significantly increased. In comparison to the control treatment, cucum-
ber and tomato showed an increase of 2% and 30%. Under salt stress (200 mM), 
saponin concentration in cucumber was also downregulated, but that of tomatoes 
was considerably increased (Abdel-Farid et al. 2020). Most plant developmental 
processes are primarily regulated by the metabolites found in the TCA cycle. The 
primary intermediate pathway, or TCA cycle, is what connects all other metabolic 
processes and maintains healthy plant growth. This is supported by a metabolomic 
investigation that involved stressing tomato plants with salinity. The study found 
that under salt stress, numerous metabolites, including carbohydrates and amino 
acids, accumulated in green and mature tomato fruit. Additionally, there was a 
considerable rise in the level of metabolites associated with the TCA cycle, which 
may act as a regulator of the tomato's response to NaCl stress (Tang et al. 2020). 
Overall, metabolomics is a special method that might enable us to comprehend the 
expanding field of metabolites and their alterations. Furthermore, one possible 
application for these stress-responsive metabolites is as a diagnostic. A further 
advantage of metabolomics is that it makes it easier for researchers to rewire the 
transcription factors (TFs) connected to proteins and metabolites and provides a 
clear, in-depth picture of how plants respond to stress on various levels. 
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Abstract 

Wheat (Triticum aestivum), one of the major cereal crops being grown around the 
world, supports the dietary needs of a significant chunk of the global population. 
Crops like wheat grow in dynamic field environments where they are continu-
ously exposed to the vagaries of nature, greatly distorting their growth, yield and 
reproductive success. Among the various abiotic stresses, salt stress has emerged 
as a major problem impacting both the crop yield and quality. Sensing the 
environmental cues and initiating a timely response is, therefore, critical for 
plants to ensure their survival. Plants have evolved a number of sophisticated 
adaptations and defence mechanisms to counter abiotic stresses, of which 
epigenetics has gained a lot of prominence in the recent times. Epigenetic 
regulation of gene expression is primarily achieved through mechanisms like 
histone modifications, DNA methylation and action of non-coding small 
RNAs and does not involve any direct alteration of the DNA base sequence. 
Epigenetic modifications have also been implicated in the development of stress 
memory in plants which prepares the pre-exposed plants to combat similar stress 
during future exposures. This review presents the current status of epigenetic 
mediated gene regulation in wheat and other crops under salt stress. 
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17.1 Introduction 

Wheat and other field crops have to deal with environmental extremities such as 
temperature variations, salinity, nutrient and water stress along with bio stresses on a 
constant basis. Such stresses are the major causes behind significant annual crop 
losses and yield drops observed around the world. The concern over dwindling yield 
grows manifold for a crop like wheat as it supplies a fifth of the protein and food 
calories needed by the world population (Erenstein et al. 2022). Out of all the 
environmental challenges, most of the cereals are quiet sensitive to salinity. Salinity 
largely impacts the water and ion transport along with nutrient homeostasis thereby 
causing osmotic distress and nutrient imbalance in plants (Rashid et al. 2022). 

Over the course of evolution, plants have developed plethora of strategies 
encompassing structural adaptations along with physiological and molecular 
mechanisms to tide over the environmental conditions unfavourable for their sur-
vival. Recent advancements in genome research technologies like deep sequencing 
analysis have improved our understanding about these stress responsive processes. 
There has been explosion of studies and findings that are reshaping our views by 
introducing newer and novel mechanisms to the already existing arsenal of stress 
responsive processes in plants. 

Since the beginning of this millennium, epigenetics as a field of study has 
generated a lot of interest in the scientific community worldwide. The science of 
epigenetics in simple terms is defined as the mechanism of regulating gene expres-
sion by modifying DNA and its associated chromatin proteins without altering the 
DNA base sequences (Grant-Downton and Dickinson 2005). 

Molecular mechanisms underpinning epigenetic events primarily includes His-
tone modifications, DNA methylation, production and action of a number of small 
RNAs together with ATP-Dependent Chromatin Remodelling (Grativol et al. 2012). 
The former three mechanisms are often referred to as “the three pillars of 
epigenetics” (Fig. 17.1) (Grant-Downton and Dickinson 2005). Epigenetic changes

Fig. 17.1 The key players 
involved in epigenetic 
regulation include DNA 
Methylation, Histone 
Modifications and Small 
noncoding RNA based 
mechanisms, often referred to 
as the “three pillars of 
epigenetics”. These players 
(in addition to some other 
molecular mechanisms) 
interact among themselves 
and coordinate the intricate 
process of epigenetic 
regulation of gene expression 
in an organism 
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may activate or repress the target genes and more often than not are reversible in 
nature. Environmental signals like salt stress have been shown to induce epigenetic 
mechanisms like DNA methylation and histone modifications ultimately leading to 
plant adaptation (Chang et al. 2020). The plants’ ability to modify epigenetic status 
reversibly and rapidly imparts a flexibility in their response to the environmental 
stresses. Stress-induced epigenetic modifications may also get inherited as “stress 
memory,” thereby improving the stress tolerance of plants in the subsequent 
generations (Sharma et al. 2022). The significance of epigenetics in stress responses 
also lays in the fact that, in nature the rate of formation of new gene combinations or 
alleles is too slow when compared to the occurrence of different environmental 
stresses. Therefore, for its survival the plant would largely depend upon the regula-
tion of different stress responsive genes through epigenetic mechanisms (Peng and 
Zhang 2009). Understanding various components and mechanisms of epigenetic 
regulations during salt stress are essential to deepen our understanding of develop-
ment of stress tolerance in plants. This will enable us to deal with the salinity and 
other abiotic stresses in a more effective manner. Such an understanding might 
further minimize the need for excessive genetic modification of crop plants which 
would be a revolutionary step forward for the breeding programmes worldwide 
(Yaish 2013). Though a lot of work on similar lines has already been done but the 
bulk of it is still concentrated with the model plants like A. thaliana, owing to their 
small genome size, short life cycle, etc. The complex and enormous genome of bread 
wheat (BBAADD genome) poses a vital obstruction in understanding the molecular 
mechanism underlying epigenetic stress responses. With the advent of next-
generation sequencing and other sophisticated molecular approaches things are 
slowly but steadily looking up for major food crops including wheat. Here, we 
have discussed the different epigenetic pathways/variations employed by crops like 
wheat and other plants to regulate the salt stress responsiveness, which are often 
perceived as novel resources for developing tolerant crops.
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17.2 DNA Methylation 

DNA methylation, involving covalent addition of a methyl group (-CH3) at the fifth 
carbon in the cytosine ring of the DNA molecule, is an important epigenetic mark 
associated with regulation and maintenance of gene expression patterns in plants 
(Fig. 17.2). Enzyme DNA methyltransferase, in the presence of S-adenosyl-L-methi-
onine (SAM), is primarily involved in the de novo methylation and its maintenance 
at both the symmetric (CpG and CpNpG) and asymmetric cytosine (CpNpN) sites, 
where “N” stands for A, C, or T (Rashid et al. 2022). When present in the promoter 
region, DNA methylation typically brings about gene silencing by altering the 
chromatin structure and limiting the access to transcriptional activators or by 
facilitating the binding of transcription repressors (Zhang et al. 2018). An alternate 
RNA-directed DNA methylation pathway (RdDM pathway) is also known to main-
tain the plant’s transposable elements and other repetitive DNA sequences in a 
repressed state, desirable for maintaining the genome stability (Matzke and Mosher



2014). Such non-CG methylation pathway is proposed to have evolved as an 
epigenetic tag committed to transposon control besides mediating the plants 
responses to various biotic/abiotic stresses. Genomic methylation patterns also get 
influenced by the process of demethylation which is classified as passive or active. 
Passive demethylation is the loss of DNA methylation marks in the absence of active 
maintenance machinery. While in case of later, certain enzymes, like a family of 
glycosylases in plants, actively remove 5-methylcytosine from DNA (Zhang and 
Zhu 2012). 
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Fig. 17.2 Epigenetic regulation of gene expression. (a) Variations in the DNA methylation 
patterns and Histone modifications are involved in chromatin remodelling and transcriptional 
regulation. While, DNA methylation involves the covalent modification of cytosine residues in 
CpG dinucleotides within the gene sequences, the N-terminal tails of histones undergo a number of 
post-translational covalent modifications, including methylation, acetylation, phosphorylation. (b) 
DNA methylation is often associated with transcriptional silencing. However, depending upon 
which residue gets modified and the type of modification, histone modifications can lead to either 
activation or repression of gene transcription 

Abiotic stresses like salinity, drought, cold or heat induce changes in the gene 
expression levels in plants by modulating the cytosine methylation and



demethylation either in a locus specific or pan-genomic manner (Miryeganeh 2021). 
A number of studies have outlined the crosstalk between chromatin methylation 
patterns and gene expression levels under salinity stress in wheat and other crops. 
For instance, Zhong et al. (2009) performed a study to assess the impact of salt stress 
on the DNA methylation patterns in two wheat cultivars exhibiting differential salt 
tolerance using methylation-sensitive amplified polymorphism (MSAP) approach. A 
significant, genome-wide hypomethylation at the CCGG sites was observed for both 
Dekang-961 (salt tolerant) and Lumai-15 (salt sensitive) cultivars. On a comparative 
scale though, the CCGG sequences of Dekang-961 control plants were found to be 
hypermethylated than that of Lumai-15. Salinity stress was also reported to elevate 
the 5mC levels at CHG and CHH sites in the shoots of a salt sensitive wheat cultivar, 
while opposite was true for the tolerant wheat genotype SR3 (Wang et al. 2014). 
Likewise, genome-wide bisulphite and RNA sequencing performed in three rice 
cultivars, namely, IR-64 (drought stress-sensitive), Nagina22 (droughttolerant) and 
Pokkali (salt tolerant), showed differential DNA methylation associated with vary-
ing expression of abiotic stress responsive genes in a genotype dependent manner 
(Garg et al. 2015). Epigenetic DNA methylation regulates the plants’ response to 
salinity in a genotype and tissue specific manner which was further validated in rice 
and wheat where varying levels of DNA methylation was recorded in their shoot and 
root systems (Chang et al. 2020). Kumar et al. (2017) attributed the better salt 
tolerance ability of a wheat cultivar Kharchia-65 to elevated cytosine methylation 
levels and consequent repression of high-affinity potassium transporters TaHKT2,1 
and TaHKT2,3 in the roots and shoot system. In a similar manner, methylation of 
salt responsive genes like flavonol synthase gene TaWRS15 and TaFLS1 has also 
been shown imparting salt tolerance in barley and wheat (Kong et al. 2020). Besides 
DNA methylation, DNA demethylation also contributes significantly in regulating 
the plant stress responses. In a 2015 study performed on transgenic tobacco, Bharti 
et al. provided evidence of salt stress-induced expression of AtROS1 demethylase 
and other genes associated with antioxidant and flavonoid biosynthesis pathways. 
While a number of DNA demethylase (DNA-dMTase) genes have already been 
identified and functionally validated in various crops, it’s only recently that a group 
of 12 DNA-dMTase encoding genes belonging to subfamilies; DEMETER-Like 
(DML) and repressor of silencing 1 (ROS1) have been identified in wheat (Gahlaut 
et al. 2022). It is quite evident from the discussion that alteration in the DNA 
methylation pattern is one of the key epigenetic mechanisms regulating plants 
response to biotic or abiotic stresses. 
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17.3 Histone Modifications 

Post-translational covalent modifications (PTMs) at N-terminal regions of 
nucleosomal histone proteins are other key mechanisms of regulating the expression 
levels of various stress responsive genes. Histones are vital for the packaging of 
DNA molecule. DNA molecule folds around the histone octamer (H2A, H2B, H3 
and H4) to form a structure known as nucleosome, which is the basic unit of



chromatin. Some of the common N-terminal histone tail modifications include 
acetylation, methylation, phosphorylation, ubiquitination and sumoylation. These 
modifications interfere with the integrity of the nucleosome structure and influence 
the chromatin organization, thus determining the transcriptional state and expression 
level of the associated genes (Fig. 17.2) (Berger 2007). In general, modifications 
such as acetylation, phosphorylation and ubiquitination are responsible for enhanc-
ing the gene expression levels, while the others like biotinylation and sumoylation 
have been reported to repress the gene transcription. Histone methylation, however, 
can lead to either activation or repression of gene transcription, depending upon the 
histone residues being modified. For instance, trimethylation of H3K4 (lysine 4 on 
the histone H3 protein subunit) seems to activate gene transcription, while 
dimethylation of H3K9 (lysine 9 on the histone H3 protein subunit) and H3K27 
(lysine 27 on the histone H3 protein subunit) causes its repression (Yaish 2013). A 
combination of these site-specific post-translational modifications on different 
residues of histone tail constitutes a “histone code”. These codes signify a particular 
chromatin state and regulate transcriptional activity in combination with different 
external and internal signals. Numerous research studies have documented the role 
of histone modifications brought about by histone modifying enzymes in plants 
responses to environmental perturbations. The histone acetyltransferases (HATs) 
and histone deacetylases (HDACs) have been shown regulating plant growth and 
gene expression by facilitating histone acetylation and deacetylation, respectively. A 
histone acetyltransferase (HAT), namely GCN5 (GENERAL CONTROL 
NONDEREPRESSIBLE 5) is a versatile epigenetic regulator and was found to 
improve the salt stress tolerance in A. thaliana (Zheng et al. 2019). In wheat, 
TaGNC5, an ortholog of A. thaliana histone acetyltransferases AtGCN5 has been 
attributed with regulation of responses to high temperature and salinity. This 
TaGCN5 was also found targeting genes overseeing the production of hydrogen 
peroxide, crucial for salinity stress adaptation in wheat (Zheng et al. 2019). Simi-
larly, histone deacetylases (HDACs) such as HDA6 and HDA19 were shown to 
positively influence salt tolerance in Arabidopsis (Chen and Wu 2010). The 
overexpression of one of the rice histone deacetylases HDT701 improved the 
chlorophyll content and the survival rate of the seedlings under salt stress (Zhao 
et al. 2015). On identical lines, TaHDA4 was reported to interact with TaHOS15 
protein and influence the acetylation of various defence related genes via histone 
deacetylation in wheat (Liu et al. 2019). Further efforts were done to gain insights 
into the working of these histone modifying enzymes by using chemical inhibitors. 
The addition of a HDAC inhibitor, Ky-2, enhanced the H4ac (acetylated H4) levels 
in A. thaliana, which was accompanied by higher SOS1 and SOS3 expression, lower 
accumulation of Na+ and thus better salt tolerance (Sako et al. 2016).
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17.4 Chromatin Remodelling 

Multi-subunit protein complexes, referred to as chromatin remodelling factors 
(CRMs), have an ATPase activity and can alter the chromatin structure by modifying 
the DNA-histone interactions. CRMs basically regulate the assembly and displace-
ment of nucleosomes using the energy derived from hydrolysis of ATP. These 
complexes can be grouped into three main classes, namely the SWI/SNF ATPases, 
the imitation switch (ISWI) ATPases and the chromodomain and helicase-like 
domain (CHD) ATPases. Out of these, SWItch/SUCROSE 
NON-FERMENTABLE (SWI/SNF) complex was the first one to be identified in 
yeast (Alvarez et al. 2010) and has been extensively studied ever since. 

In plant genomes, the SWI2/SNF2 subgroup chromatin remodelling ATPases are 
further characterized into three types, i.e., BRAHMA (BRM), SPLAYED (SYD) 
and MINUSCULE (MINU) (Sang et al. 2012). These SWI2/SNF2 ATPases uses 
energy derived from ATP hydrolysis to alter DNA-histone interactions, thereby 
participating in the activation or repression of various gene expression including 
those responsive to abiotic stress. Antagonistic relation between SWI3B, an 
Arabidopsis homolog of the yeast SWI3 subunit of SWI/SNF chromatin remodelling 
complex, with the components of ABA-mediated signalling during an abiotic stress 
response was reported by Saez et al. (2008). The role of SWI3B as a potent negative 
regulator of ABA-mediated stress tolerance was further confirmed in the swi3b 
mutants of Arabidopsis which exhibited reduced sensitivity towards 
ABA-mediated inhibition of seed germination and growth along with down regula-
tion of ABA-responsive genes like Rab18 and Rd29B (Yuan et al. 2013). Further, a 
group of chromatin re-modellers like CLSY1 (CLASSY1), DDM1 (DEFECTIVE 
IN RNA-DIRECTED DNA METHYLATION1) BRM (BRAHMA), SPS 
(SPLAYED), all belonging to SWI2/SNF2 subfamily, were found to have a specific 
role in Arabidopsis RdDM pathway (Sang et al. 2012). Some of these re-modellers 
have also been found to show salt stress responsive expressions. For example, the 
brm loss of function mutant of Arabidopsis thaliana was more responsive to ABA 
levels and exhibited improved tolerance to desiccation stress (Han et al. 2012). In 
addition to this, a brm-3 A. thaliana mutant showed heightened expression of ABI5 
(Abscisic Acid-INSENSITIVE 5) on sensing ABA, leading to arrested growth and 
better tolerance to water stress (Peirats-Llobet et al. 2015). 

17.5 Small RNAs 

Micro-RNA (miRNA) and small interfering RNA (siRNA) are two important classes 
of small RNAs (sRNAs) involved in post-transcriptional and translational regulation 
of gene expression. These sRNAs are usually made of small nucleotide sequences 
(20–30 nt long) and often bring about silencing of the genes either by repressing the 
transcriptional process or by targeting mRNAs to degradation (Duempelmann et al. 
2020). They do so by binding to RNA induced silencing complexes (RISC) and 
regulating the gene expression through either chromatin remodelling, DNA



methylation or mRNA degradation in a site-specific manner. Such a suppressions of 
target mRNA is often referred to as RNA interference and the process is now being 
exploited to establish the involvement of small RNAs abiotic stress responses in 
several crop plants (Dutta et al. 2020). 
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Over the course of past decade or so, the importance and involvement of sRNAs 
(especially miRNAs) in regulating gene expression as a response to range of abiotic 
stresses like salt stress have been increasingly documented. In 2008, Liu et al. while 
working on the model plant A. thaliana reported 13 miRNA transcripts (miR156, 
miR158, miR159, miR165, miR167, miR168, miR169, miR171, miR319, miR393, 
miR394, miR396 and miR397) being upregulated and one miRNA transcript 
(miR398) being downregulated under salinity stress. Furthermore, attempts were 
made to understand the interplay of abiotic stresses and regulatory miRNAs in wheat 
genotype C-306. Results obtained from the expression profiling revealed that out of 
the selected panel of conserved miRNAs (i.e., miR159, miR164, miR168, miR172, 
miR393, miR397, miR529 and miR1029), miR172 was upregulated and two others 
(miR168, miR397) were downregulated under all types of stress. A novel salt stress-
induced miRNA; Ta-miR855, was also identified via a computational protocol 
indicating the presence of diverse set of miRNAs responsive to salt, cold and 
osmotic stress in wheat (Gupta et al. 2014). 

A high-throughput small RNA and degradome sequencing depicted a total of 
98 known and 219 novel miRNA transcripts to be associated with the superior 
adaptability of wheat cultivar SR3 to salt stress. Virus-Induced Gene Silencing 
(VIGS) was used to explore the function of these salt stress responsive miRNAs 
and they were found to be involved in number of stress responsive pathways like JA 
and auxin signalling, carbohydrate metabolism and epigenetic modifications (Han 
et al. 2018). Most recently, an Illumina high-throughput sequencing and in-silico 
study was undertaken to gain insight into root specific salinity stress response 
between two contrasting wheat cultivars Suntop (Salt Tolerant) and Sunmate (Salt 
Sensitive). A total of 191 miRNAs belonging to 23 conserved and 12 unique families 
were identified in both the cultivars. Also, saline conditions induced 43 and 
75 miRNAs in Suntop and Sunmate cultivars, respectively (Zeeshan et al. 2021). 

A lot of studies done with model plant A. thaliana have demonstrated that 
miRNAs also participate in plant salt stress responses by targeting the hormone 
signalling pathways. Consequent to an exposure to salt stress, miR156, miR172, 
miR393, miR394 and miR399 were found regulating the ABA metabolic pathway 
while miR319 is involved in ethylene metabolic pathway (Liu et al. 2019). Here, it is 
pertinent to note that the type and expression patterns of miRNAs responding to salt 
stress varies from one plant to other. In general, miR156, miR159, miR160, miR164, 
miR166, miR167, miR168, miR169, miR172, miR319, miR394, miR395, miR396, 
miR397, miR399 and miR408 have been reported to be associated with salt stress 
response in most plants (Kumar et al. 2018). On similar lines, several siRNAs have 
also been linked with the stress responsive epigenetic pathways. From being first 
identified in Arabidopsis mutants and linked with RdDM pathway, a critical pathway 
for gene silencing or RNAi, these sRNAs have been shown altering the methylation 
patterns of number of sites in plant genome (Xie and Yu 2015). Continuous and



rigorous efforts to discover new regulatory sRNAs and uncover their putative role in 
imparting salt tolerance can be instrumental for achieving genetically improved and 
stress responsive wheat cultivars. 
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17.6 Epigenetic Stress Memory, an Important Feature 
of Epigenetic Inheritance 

Abiotic stresses are generally recurring in nature and may even increase in their 
severity over time. In such situations, it is desirable on the plant’s part to be able to 
remember past incidents and use this stored knowledge to adapt to new challenges. 
Plants acquire stress memory on being exposed to prior mild stressful conditions, 
thereby enabling them to adapt better during subsequent encounters, a process often 
termed as priming or hardening (Fig. 17.3) (Crisp et al. 2016). Several studies have 
reported development of stress memory in response to salinity, cold, drought, ABA 
(abscisic acid), oxidative stress in plants (Ding et al. 2012). In some cases, this 
priming effect gets transferred to the next generations, inducing adaptive 
transgenerational plasticity and conferring acclimation and adaptive benefits to the 
future generations as well (Sharma et al. 2022). 

A number of priming strategies have been identified among plant species ranging 
from accumulation of intermediate compounds in the cellular compartments to

Fig. 17.3 Plants have elaborate mechanisms for stress memory. A naïve plant on experiencing a 
mild stress, say dehydration, for the first time undergoes wilting and recovers after rehydration. 
During this process it acquires the memory of that stress and gets primed. Upon subsequent 
exposure to stress conditions this primed plant, owing to its acquired stress memory, responds 
quickly and strongly which greatly improves its chances of survival



modification of key regulatory proteins to those involving epigenetic regulations 
(Hilker et al. 2016). There is growing evidence in support of different epigenetic 
mechanisms such as modification of chromatin structure, DNA methylation, 
chromatin remodelling, histone modifications and miRNAs, taking part in stress 
memory development in plants and providing means to adapt rapidly to changing 
local conditions (Hilker et al. 2016). Ding et al. (2012) reported a progressive 
accumulation of RAB18 and RD29B transcripts together with elevated H3K4me3 
and Ser5P levels in Arabidopsis RNA polymerase II after multiple exposures to 
drought stress. Although the transcription levels of the mentioned genes fell back to 
their basal levels with the removal of stress, the pattern of H3K4me3 and Ser5P 
modifications in RNA polymerase II remained unchanged, which might be 
attributing to the stress memory. Such a memory has often been found to be cell 
specific, mitotically stable with extent of epigenetic repression being directly pro-
portional to the duration of initial exposure to stress conditions (Crisp et al. 2016).

342 A. Dahiya et al.

In fact, stress priming is now being hailed as a promising approach for improving 
plant stress tolerance. Scientists are evoking the epigenetic stress memory by 
exposing the crop plants to either stress or an elicitor treatment (Turgut-Kara et al. 
2020). Enhanced salt tolerance following priming treatments is also being studied 
and tested by several groups and has become one of the key focus points for 
agricultural research and crop improvement strategies. In an Arabidopsis study, 
neighbouring plants were shown to acquire salt tolerance after receiving air-borne 
signals from the salt stressed plants (Lee and Seo 2014). Van Oosten et al. (2018) 
observed that inoculation of tomato plant roots with Azotobacter chroococcum 76A 
enhanced their tolerance to salt stress as well as their nitrogen use efficiency. With 
regard to wheat, Fan et al. (2018) assessed the impact of heat priming during stem 
elongation. The heat primed wheat plants exhibited elevated sucrose levels, 
improved activity of antioxidant enzymes and photosynthetic machinery and had 
improved tolerance to post-anthesis heat stress. Certain other research works have 
shown plants with compromised epigenetic machinery, say the RdDM pathway, 
having diminished ability for priming and transgenerational plasticity (Boyko et al. 
2010). In view of these observations, stress priming followed by development of 
memory brought about by a targeted manipulation of the epigenome can be a potent 
approach for improving stress tolerance in the crop plants. 

17.7 Conclusion and Future Perspectives 

Wheat holds a prominent position among the food crops of the world both in terms of 
its grain acreage and production volume. As it is a staple food for millions, a need to 
improve its yield and nutritional value is constantly felt by the researchers and policy 
makers alike. However, the rapidly degrading environmental conditions especially 
the increasing problem of salinity in the cultivated lands round the world has put 
roadblocks in the path to achieve this goal. It is therefore crucial to speed up the 
breeding programmes and develop new climate and abiotic stress resilient varieties.

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/chromatin-remodeling
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/histone-modification
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/microrna
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In the recent times, epigenetics is being seen as an important research field for 
crop improvement. Epigenetic control over plant responses to environmental stresses 
is a complex process involving not only the regulation of plant genes, but also 
induction of stress memories in the exposed plants and at times over couple of 
generations. Till now, our understanding of the various ways these stress responses 
get regulated by epigenetic processes is quite limited. A comprehensive understand-
ing of these transcriptional modulations is thus needed to modify epigenetic cascades 
and improve agricultural productivity by improving stress responsiveness of the crop 
plants. It may also be added that being a self-built component of the plant, targeting 
major players in such epigenetic pathways should be more feasible method of crop 
improvement rather than introducing foreign genes to develop transgenics. Recent 
progress in developing powerful and versatile tools for understanding and studying 
the epigenetic phenomenon like DNA methylation/demethylation, histone 
modifications, small RNAs has lifted the prospects of harnessing these modulations 
and stress memory for crop management and improvement to a great extent. One 
way would be using the knowledge of the epigenetic adaptations to select targets for 
modifications by genome editing techniques like CRISPR-CAS. Though the poten-
tial is huge, most of the information available comes from the work done on the 
model plants. More efforts are needed to devise strategies for tapping this knowledge 
and transferring to crop plants before these epigenetic processes, epialleles and their 
inheritance can be exploited for our benefit in a directed and more convincing way. 
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Halophytic Plants: A Potential Resource 
That Reduces Water Crisis in Future 18 
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Abstract 

In the past few years, global climate change has caused severe drought, soil 
salinization, irregular rainfall, and other changes to the environment all over the 
world. These changes have decreased crop yield and upset the balance of 
ecosystems. Water shortages have been getting worse, and the problem is 
worse in dry areas. This leads to poverty and other problems in society and the 
economy. Therefore, for long-term development, an integrated approach is a 
must. One solution to the water problem could be to employ salty resources to 
cultivate a variety of commercially relevant halophytes in agronomic field trials, 
such as vegetable, fodder, and oilseed crops. Halophytes have also been used to 
bioremediate salt-contaminated soils, and their products may even have pharma-
ceutical uses. These halophytes have unique physical, biological, and anatomical 
characteristics that help them live in salty environments. Halophytes can do an 
excellent job of fixing saline soil because they have many ways to adapt. Ion 
compartmentalization, osmotic adjustment, ion transport and uptake, succulence, 
an antioxidant system, regulating redox status, and salt excretion are examples of 
these. Some halophytes, such as Spartina townsendii, Aster tripolium, and Beta 
vulgaris sp., exhibit low transpiration, low stomatal resistance, and low CO2 

content inside the plant at their threshold salinity tolerance. These halophytes also
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have limited (but positive) net photosynthesis. Studies have helped us learn more 
about how halophytes deal with stress and how they might be used in farming and 
environmental services. Sodium extrusion, the SOS pathway, which helps keep 
the balance of ions in the cytoplasm, and vacuolar compartmentalization are all 
ways that tolerance is achieved.
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18.1 Introduction 

Sodic soils account for 434 million hectares unfavorable, whereas saline soils 
account for 397 million hectares of the total 831 million hectares of salt-affected 
soils (FAO 2000). Due to population pressure, unfavorable environmental 
conditions, escalating natural disasters, global climate change, agricultural land is 
rapidly shrinking (Hasanuzzaman et al. 2013a, b). 20% of all irrigated land, or more 
than 45 million hectares, is affected by salt, and each year, 1.5 million hectares of 
land is removed from use due to high saline levels (Pitman and Läuchli 2002; Munns 
and Tester 2008). If this trend keeps up, by the middle of the twenty-first century, 
half of the world’s cropland will be destroyed (Mahajan and Tuteja 2005). Water 
scarcity is defined as a situation in which water demand exceeds available supply. 
Water shortage occurs when there is inadequate water to meet both human and 
environmental water needs at the same time (White 2014). There is a growing global 
concern over sustainable development, and water is at the center of try more than any 
other natural resource. Many serious environmental problems with global 
repercussions are tied to water issues (Gleick 1994, 2000). One-sixth of the world’s 
population resides in arid and semi-arid areas, and these areas also have the largest 
population densities (World Bank 1999). There is a growing problem in many 
emerging countries, such as Tanzania, Sudan, Egypt, and Mexico, where a rapidly 
expanding population is putting a strain on arable land and other resources and 
pushing people to the periphery, where they must farm on marginal land in dry and 
semi-arid regions (Ericson et al. 2001; Darkoh 1982; Bilsborrow and Delargy 1990; 
Findlay 1996). Problems with water scarcity and land degradation develop when 
more people move to arid and semi-arid regions, leading to even more serious issues 
with population health, social instability, and poverty (Moench 2002). Conse-
quently, 13–26 million people around the world become environmental refugees 
every year, with the majority coming from dry and semi-arid regions (Bates 2002). It 
is become apparent that the issues of poverty, social insecurity, and environmental 
refugees are all, connected challenges of population increase, water scarcity, and 
land degradation in arid and semi-arid countries. Now the global issue of salinity and 
water scarcity can be resolved by multidisciplinary approaches such as development 
of resistant crops, restoration of degraded land, phytoremediation, and cultivating 
the wild plants. Halophytes are a type of flowering plants that are capable of



surviving in environments with high salt; hence domesticating them is a realistic 
alternative. Salinity can be induced by natural (weathering of parent material, 
flooding of coastal land by tidal water) as well as anthropogenic activities (increase 
in water table brought on by extensive subsurface water irrigation, poor drainage, 
etc.) (Hasanuzzaman et al. 2013a, b; Munns 2005; Manchanda and Garg 2008). 
Halophytes are plants which complete their life cycle in salty conditions (Stuart et al. 
2012). Some of the major halophytes are listed in the following (Fig. 18.1). 
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Mesembryanthemum crystallinum Chenopodium album 

Bruguiera gymnorrhiza Salicornia europaea 

Crambe maritima Rhizophora mucronata 

Fig. 18.1 List of major halophytes discussed in this chapter. (a) Mesembryanthemum 
crystallinum, (b) Chenopodium album, (c) Bruguiera gymnorrhiza, (d) Salicornia europaea, (e) 
Crambe maritima, (f) Rhizophora mucronata (Hasanuzzaman et al. 2014) 

These halophytes, which flourish in salty conditions, exhibit distinctive morpho-
logical, anatomical, and physiological features. In order to successfully alleviate 
saline soil, halophytes employ a wide range of adaptation processes, including as ion 
compartmentalization, osmotic adjustment, ion transport and absorption,



succulence, an antioxidant system, the control of redox status, and salt excretion 
(Lokhande and Suprasanna 2012). Halophytes can be divided into three groups 
based on their ecological characteristics: obligatory, facultative, and habitat-
indifferent halophytes. Obligate grow only in salty habitats. Under highly salinized 
circumstances, they exhibit adequate growth and development. This category 
includes a large number of plant species from the Chenopodiaceae family. Faculta-
tive halophytes can grow in salty soils, although their best growth occurs in low- or 
no-salt environments. Some plant species belonging to the family Cyperaceae, 
Poaceae, and Brassicaceae come under this category. Plants indifferent toward 
their habitat, are able to survive in salty soils. But they usually grow in soils with 
less salt. They may live in salty soils and compete with species that are salt-sensitive. 
Plants’ germination, growth, and reproductive capacities are all stunted by high 
salinity, and other physiological processes, such as cellular homeostasis, metabo-
lism, photosynthesis, respiration, transpiration, membrane characteristics, nutritional 
balance, enzyme activity, and hormone control are all adversely impacted. In 
addition, increased salinity causes the production of reactive oxygen species 
(ROS), which can ultimately lead to the plant’s death in extreme stress situations 
(Mahajan and Tuteja 2005; Hasanuzzaman et al. 2012). These halophytes have 
evolved unique morphological, anatomical, and physiological processes that allow 
them to thrive in salty conditions. Because of their varied adaptation mechanisms, 
such as osmotic adjustment, ion compartmentalization, ion transport, absorption, 
antioxidative systems, redox status maintenance, succulence and salt inclusion or 
excretion, halophytes are able to efficiently remediate saline soil (Lokhande and 
Suprasanna 2012). Coastal saline soil, mangrove forest soil, wetland, marshy land, 
lands of arid and semi-arid regions, and agricultural fields are a few of the places 
where some halophyte species thrive. These plants can be grown in high salinity soil 
and water, can replace more traditional crops, and provide useful products like food, 
fuel, fodder, fiber, medicinal oils, and fiber for textiles (Lokhande and Suprasanna 
2012). It is also possible to use halophytes as a major plant species with the potential 
for desalination, regeneration of saline soils, and phytoremediation. 
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18.2 Factors Responsible for Water Crisis 

1. Large quantities of potable water are primarily and readily available in the 
countries that are located in the northern hemisphere, whereas developing 
countries, which are home to approximately 40% of the world’s population, 
have a much more limited supply. 

2. The usage of water has increased by more than 600% over the course of the last 
century. This indicates that the rate of growth is twice as rapid as the rate of 
population increase. As a result, by the year 2025, it is anticipated that half of all 
people on earth will face difficulties associated with insufficient supplies of fresh 
water.
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3. As a result of changes in the global climate, countries in the Mediterranean region 
might anticipate seeing significant setbacks by the end of this century, while other 
regions of the world can anticipate experiencing increasing rainfall. 

4. Irrigation uses up approximately 70% of the world’s available water. Since 1966, 
when there were just 1.5 million km2 of irrigated land, that number has more than 
doubled to reach 2.70 million km2 now. This suggests that approximately 20% of 
arable areas were being irrigated at the end of the previous century. Forty percent 
of all crops have been produced on this territory. 

5. The expansion of the irrigated area leads to an increase in the amount of water that 
is used by irrigation systems, and this increase is progressive. This demand for 
additional irrigation water is a result of an expansion in arable land, in an area 
where blue water is already scarce or is no longer available at all. The lack of 
available water and the spread of desertification pose new dangers to human 
health, natural ecosystems, and the economies of a number of nations, signifi-
cantly undermining the viability of sustainable development initiatives. As a 
result, an integrated strategy to problem solving is necessary, one that 
incorporates prospects for economically, socially, and eco-friendly growth 
(Duda and El-Ashry 2000). 

18.3 Salinity and Freshwater Scarcity 

In light of the steadily decreasing availability of freshwater resources and the 
salinization of the soil, one important goal is to assess the capacity of indigenous 
halophytes for widespread commercial usage in arid regions. One of the main goals 
of the research is to find and choose plant species that can handle salt stress. This is 
achieved by selecting and employing biomarkers to characterize halophytes, figuring 
out how to use water that isn’t typical, like seawater, and choosing halophytes and 
salt-tolerant glycophytes that might be important for human or animal nutrition. 
There are a variety of natural salty habitats, some of which are located directly next 
to saltwater bodies (like a coastal salt marsh) and others that are located further 
inland (saline lakes, lowlands of dryland and desert terrain, and high evaporation 
basins). One major drawback of this idea is that even at low quantities in soil water, 
Na+ (a cation) and Cl- (an anion) are harmful to humans, plants, and most animals. 
That is why most estimates for managing water supply ignore it. Although we are 
resistant to using seawater, we must immediately find a way to the salinization. 
Salinization of the soil surface is increased by irrigation water use in both dry and 
semi-dry zones. Solutes from irrigation water can collect in soils in arid places of the 
world and eventually reach levels that are harmful to plant growth.
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18.4 Sustainable Use of Salt-Affected Soils 

Many crop species have lost systems for dealing with salt stress and other abiotic 
stresses as a result of being domesticated (Munns 1993; Serrano 1996). As saline 
levels rise, the majority of crop plants are unable to completely express their genetic 
potential for growth, development, and production, and their economic worth 
decreases (Maas 1990; Läuchli and Epstein 1990). Therefore, increasing crop plant’s 
salt tolerance is crucial for agricultural research. Wild populations of halophytes are 
a powerful genetic source for crop plant improvements in salt tolerance (Glenn et al. 
1999; Serrano et al. 1999; Khan et al. 2009). 

Advanced salt-tolerant crop species can be developed domestically, or genetic 
resources can be kept in gene bank for usage in crop species development program 
through traditional or modern molecular breeding techniques. Alternating your crop 
rotation might help you save water in dry areas. In contrast to established crops like 
maize, soybeans, rice, etc., some of these plants now produce less. They are not 
acceptable in regions, where crops with good yields can be cultivated. However, 
some cases of halophytes being used in industry, ecology, or agriculture are well 
documented. In agronomic studies, halophytes have been evaluated for their poten-
tial as a vegetable, fodder, and oilseed crops due to their adaptability. Growing 
halophytes in seawater necessitate the use of a leaching percent to maintain optimal 
salinity in soil, although, at less salinity, these plants outmatch their non-halophyte 
counterparts in terms of both yield and water efficiency. Different plant species are 
employed for wastewater treatment in various nations. Different plants have been 
shown to have varying degrees of success at either detoxifying themselves or 
precipitating contaminants. Under addition, there are several coastal plants (see 
halophytes or xerohalophytes) that have been exploited as crops or bred to increase 
output thanks to their ability to thrive in saltwater irrigation. The medicinal 
properties of the products of several halophytes and their potential use in the 
bioremediation of salt-contaminated soils are discussed. It has been proven that 
ruminants can benefit from eating silage made from these plants. 

18.5 Classification of Halophytes 

Typical environments for halophytes include saline semideserts, mangrove swamps, 
marshes, sloughs, and seashores, where the soil and water are salty and the plant 
cannot develop or sustain itself without human intervention. A halophyte’s adapta-
tion to a salty environment might involve either salt tolerance (see halotolerant) or 
salt aversion. Plants that are not obligate halophytes but still thrive in a salty 
environment (by, for example, completing their reproductive life cycle during the 
rainy season) are sometimes called facultative halophytes (e.g., Aster tripolium, 
Atriplex sp., Plantago sp., Chenopodium quinoa). Plants called “obligate 
halophytes” (halophytes found in arid environments are known as xerohalophytes.) 
require saltier than 0.5% NaCl water to thrive (Arthrocnemum sp., Frenkenia sp., 
Kochia sp., Prosopis sp.) (Koyro and Lieth 1998) (Fig. 18.2). There are lot of closely



related plant families, but only a handful of them have independently evolved the 
structural, phenological, physiological, and biochemical processes for salt tolerance. 
Almost all plant species are glycophytes, and thus are extremely sensitive to high 
salinity (e.g., most agricultural crops). Habitat-indifferent are defined as growth 
preferentially on salt-free soils, but in salt soils has better growth compared to 
glycophytes (Sasola sp., Festuca rubra, Agrostis stolonifera, Juncus bufonius). 

18 Halophytic Plants: A Potential Resource That Reduces Water Crisis in Future 353

Fig. 18.2 Growth pattern of halophyte under saline condition (Hasanuzzaman et al. 2014) 

18.6 Methods for Enhancing Generalized Salt Resistance 

Why does an organism react when it is exposed to salt? The level of salt resistance is 
proportional to the amount of stress applied. Both salt tolerance and salt aversion are 
forms of resistance. There are a few common ways to categorize halophytes, 
including secretor vs. succulents and excluders vs. includers. Physiological and 
biochemical modifications are required for salt tolerance, as electrolyte accumulation 
threatens the survival of protoplasm. It is possible for plants to avoid salt by making 
structural and physiological adjustments to either reduce intracellular salt 
concentrations or to physically exclude salt from the roots. In theory, salt exclusion 
or salt inclusion both can lead to salt tolerance (Fig. 18.3). 

Research into the physiology and biochemistry of halophytes has revealed a wide 
variety of adaptations involved in salt resistance. These include salt excretion, 
genetic regulation, ion compartmentalization, osmolyte synthesis, germination



responses, osmotic adaptation, succulence, selective ion transport, and absorption. 
There are a number of significant plant responses to excessive NaCl salinity that 
have been described in the literature that help plants escape salt harm and safeguard 
the symplast (Koyro and Huchzermeyer 2004; Marschner 1995; Mengel and Kirkby 
2001; Munns 2002) 
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Fig. 18.3 Flow chart depicting the potential methods by which vascular halophytes respond to 
high external NaCl salt. (Modified after Marschner 1995) 

1. A modification in the water potential, a reduction in the matric and osmotic 
potentials, and an increase in the rate of organic solute synthesis are all included. 
To prevent protein aggregation, often known as “salting out,” the majority of 
halophilic species and all halotolerant organisms expend energy to keep salt out 
of their cytoplasm. In order to be able to live in environments with high salinities, 
halophiles have evolved two distinct mechanisms that stop the osmotic transport 
of water out of their cytoplasm and keep them from drying out. Both approaches 
are successful because they raise the osmolarity levels found on the inside of the 
cell. The first step involves the accumulation of certain organic compounds with 
low molecular weight in cytoplasm; these substances are referred to as suitable 
solutes. These can either be synthesized once more or gathered from the 
surrounding environment. Some of the common forms of compatible (suitable) 
solutes are amino acids, sugars, polyols, and betaines as well as derivatives of 
some of these compounds. These solutes can be classified as neutral or 
zwitterions. 

2. Controlling the ratio of water lost to carbon dioxide taken up during photosyn-
thesis; increasing the efficiency with which water is used, or switching to a CAM 
photosynthesis system. 

3. Ion selectivity is used to keep homeostasis, especially in the cytoplasm of 
important organs like salt glands. This is done through selective uptake or
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exclusion, compartmentation of Na+ and Cl- in the vacuole, translocation in the 
phloem, growing parts, storage organs, selective ion transport in the shoot and 
flowering parts of plants. 

4. High capacity for the storage of NaCl in the vacuoles of a whole plant organ, 
typically in older and wilting sections (for example, in leaves that are intended to 
be shed later) or in specialized structures like hairs. Excessive NaCl concentration 
can be diluted by increasing the water content in tissue. This is accomplished by 
expanding the volume of the tissue. 

18.7 Morphological Adaptment to Salinity 

In many situations, halophytes benefit from different processes and specific mor-
phological traits that help reduce the amount of salt in their tissues and seeds, 
especially those that are used for photosynthesis, storage, or reproduction. Changes 
in halophytes’ shapes include a way for them to get rid of salt and a more sticky 
texture. According to Marschner 1995, excreting halophytes have glands that can 
secrete extra salts from plant parts. Salt glands can be found in a wide variety of plant 
families that are not related to each other, as well as in some grasses. Alkali grass 
(Puccinellia phryganodes), saltgrass (Distichlis spicata), cordgrass (Spartina 
alterniflora, S. patens), and shoregrass have all evolved a basic structure that 
comprises two-celled trichomes that act as salt-collecting chambers (Monanthochloe 
littoralis). Additionally, Tamarix (Tamaricaceae), Frankenia (Frankeniaceae), and 
several common mangroves have complex salt glands. The leaf surfaces of Atriplex 
(saltbush) have vesiculated trichomes (hairs). Extra electrolytes are stored in the 
bladder cells, which, in the event of a bladder cell rupture, return the salt back to the 
environment. Additionally, the presence of trichome layer gives the leaves of 
Atriplex a silvery reflectivity, which was found to reduce the production of ROS 
by preventing some UV radiation from reaching the leaf tissues (ROS). Succulence 
is seen in many halophyte taxa that live in saline settings. To reduce salt toxicity, 
succulents employ increased water content within big vacuoles. By storing salt ions 
in vacuoles, toxins are separated from the cytoplasm and organelles of the cell. When 
the leaf on a stem segment sheds, salts are expelled from the plant. Chenopodium, 
Arthrocnemum, Batis, Allenrolfea, Suaeda, Nitrophila, Halimione, Zygophyllum, 
and Salicornia all exhibit succulence. 

18.8 Cash Crop Halophyte Screening 

It is not necessary for halophytic organisms to exhibit any specialized morphological 
adaptations in order to endure the high salt of seawater. It is necessary for plants, 
whether or not they have salt glands, to focus on three interrelated components of 
their activity in order to develop salt tolerance. Damage must be avoided at all costs, 
homeostatic conditions must be restored, and growth must pick up where it left off. 
The capacity of vascular plants to adapt to conditions of high sodium concentrations



and low water potential is essential to their growth and survival in settings with high 
levels of salinity. This is because too much salt in the outside solution of plant cells 
can hurt them in many ways. It is very rare for a single trait to make a big difference 
in how well someone can live in an environment with a lot of NaCl. In order to 
obtain a survey about the processes constitution ultimately results to the salinity 
tolerance of specific species, it is necessary to conduct an exhaustive investigation 
using a QCS, with the examination of at least one or more of multiple factors (Koyro 
2003). These mechanisms are associated to the primary limitations that are placed on 
plant development when it occurs on salty substrates. Some of these problems are a 
lack of water, a limit on how much CO2 can be absorbed, nutritional imbalance and 
ion toxicity. Salt extrusion reduces ion toxicity while hastening the plant’s loss of 
water and thereby lowering its capacity to take in carbon dioxide. The uptake of salt 
(inclusion) makes osmotic correction easier, but it also increases the risk of toxicity 
and nutritional imbalance (Fig. 18.2). According to Mengel and Kirkby (2001), the 
presence of soluble salts can influence development in a number of different ways. 
To begin, plants may be subjected to a stressful level of water deficit. Second, it is 
possible that certain ions, in high enough quantities, could be toxic and cause 
disorders of the body’s physiological systems. Finally, high salt concentrations 
might lead to intracellular abnormalities. 
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18.9 CO2 vs. Water Loss 

In saline environments, the soil solution and atmosphere typically have low water 
potentials, which can make it difficult for terrestrial plants to thrive. It is essential 
under these conditions to reduce water loss (due to transpiration) that is greater than 
the rate at which water is being taken in. This is only conceivable if the plant has a 
lower water potential than the soil it is growing in. It was realized how important the 
time period was, which give rise to the concept of a “two-phase growth response” to 
salinity (Munns 1993, 2002; Mengel and Kirkby 2001). Initial stage of the growth 
reduction process can be thought of as an osmotic or water-stress phase. Even when 
subjected to high salinity treatment, the plants Spartina townsendii, Aster tripolium, 
Sesuvium portulacastrum, and Beta vulgaris sp. maritima have an appropriate 
adjustment mechanism. The entire turgescence of the leaves can be attributed to 
the fact that the osmotic potentials of all four halophytes, as well as many others, 
were sufficiently low at all salinity levels. Plants capacity to maintain high photo-
synthesis rate despite low water loss rates is the primary factor that determines the 
amount of biomass produced, it is imperative that plant water loss be kept to a 
minimum on soils with low water potentials. In this state of tension, the generation of 
biomass by a plant is dependent on both its rate of energy consumption and its rate of 
carbon buildup (CO2 net photosynthesis). If the plant’s rate of CO2 fixation goes 
below its rate of CO2 production (the compensation point), the plant will have 
reached a critical point. Because of this, the analysis of growth decrease and net 
photosynthesis is an essential component of the screening technique. This is espe-
cially important near the limit of salt tolerance. Koyro and Huchzermeyer state that



many plants exhibit a combination of low (but positive) net photosynthesis, low 
transpiration, high stomatal resistance, and low internal CO2 concentration at their 
threshold salinity tolerance (e.g., Aster tripolium, Spartina townsendii) (Koyro and 
Huchzermeyer 2004). Nevertheless, there is a broad spectrum of diversity among 
halophytes. Two extremely succulent halophytes, Sesuvium portulacastrum and 
Avicennia marina, can endure if the water balance is still positive and does not 
interfere with photosynthesis. Net photosynthesis and water usage efficiency (WUE) 
both increase in Sesuvium, but stomatal resistance decreases. These results highlight 
the critical need of studying the control of gas-exchange mechanisms at high salinity 
in connection to other factors (such as water relations). At high salinity, a water 
shortage is one of the most significant constraints, and it can lead to a reduction in 
CO2 uptake. One such basis for evaluating their capability for use is the balance 
between the amount of water lost and the amount of CO2 that is taken in. 
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18.10 Ion Imbalance vs. Ion Toxicity 

It is important for halophytes’ salt tolerance that they overcome ion toxicity and 
nutritional imbalance, two of the most significant growth inhibitors in saline 
environments. The rate at which salt-tolerant plants transfer Na+ and Cl- to their 
leaves is often slower than that of salt-sensitive plants (Munns 2002). However, for 
maximal growth and to reach low solute potentials, some halophytes even require an 
overabundance of salts (Flowers et al. 1977; Greenway and Munns 1980). Alter-
nately, by filtering away the majority of the salt, excessive concentrations can be 
avoided. These halophytes, which are also known as salt excluders, adapt to salinity 
by excluding ions, which requires the endogenous synthesis of osmotically active 
solutes in order to satisfy turgor pressure requirements (Mengel and Kirkby 2001). 
Even animals with salt bladders may benefit from this adaptive trait. However, the 
literature mostly discusses NaCl salinity as though a shared reaction between Na+ 

and Cl- (both ions) is what causes a salt damage. Salt tolerance was not linked to 
Na+ exclusion in maize by Schubert and Läuchli (1986). Separating the two ions is 
essential for comprehending the various tolerance to salt mechanisms. As opposed to 
that, an example of a Na-excluder that has high levels of Cl in its leaves is the 
Laguncularia racemose plant, which contains salt glands (Koyro et al. 1997). 
Leaves of plants such as Atriplex papula, Atriplex vesicaria, Atriplex nummularia, 
Suaeda occidentalis, Suaeda brevifolia, Salicornia utahensis, and amongst others, 
are able to store sodium and chloride despite the presence of a salty environment 
(salt-includers). In this case, the leaves are sticky, which is a typical adaptation for 
halophytes (Kinzel 1982; Mengel and Kirkby 2001). This is done to lower the 
concentration of toxic ions. Producing sugar alcohols (Laguncularia racemose, 
Mannitol present in leaves) or soluble carbohydrates (Beta vulgaris ssp. Maritima, 
Sucrose present in tap roots) or organic acids (like amino acids) or lowering the 
matrical potential allows these species to maintain the water potential low and the 
charge balanced. Creating organic solutes, on the other hand, takes a lot of energy 
the creation of these solutes results in a reduction in the energy condition of the plant.



The result is, a compromise in Na and Cl-excluding species is required for plant 
survival, and this is a slowdown in plant growth. That has nothing to do with toxicity 
or a lack of necessary nutrients. 
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18.11 Salinity Tolerance Mechanism 

One common way to figure out how plants deal with salt stress at the molecular level 
is to look how salt stress changes the activity or expression of cellular processes and 
genes (Hasegawa et al. 2000a, b), which has helped us learn more about how 
complicated it is for plants to handle salt. Studies have provided a better understand-
ing of how the tolerance mechanism work in halophytes (Flowers and Colmer 2008; 
Colmer and Flowers 2008) as well as their possible use in farming and environmen-
tal services (Rozema et al. 2013). There are three ways that halophytes work that 
need to be studied.

• Vacuolar compartmentalization.
• Sodium extrusion and the SOS mechanism, which permits cytoplasmic ion 

homeostasis.
• A process of taking and recycling sodium. 

1. Since Na toxicity is the primary stressor in saline soils, much effort has been put 
into identifying the ion transporters and regulatory mechanisms responsible for 
Na+ homeostasis and the maintenance of a high cytoplasmic Na+ /K+ ratio. 
Overexpressing the vacuolar-type sodium and proton antiporter (Na+ /H+ 

antiporter) gene from the halophytic plant Atriplex gmelini (Ag NHX1= vacuolar 
Na+ /H+ exchanger) resulted in a salt-sensitive rice cultivar with significantly 
greater salt tolerance than the wild type rice (Ohta et al. 2002). If large-scale 
genetic transfer can improve crop plants’ salt tolerance, then more work like this 
could be beneficial in the near future. It has become clear that the Salt Overly 
Sensitive (SOS) signaling pathway, which is made up of the SOS1, SOS2, and 
SOS3 proteins, is important for both the recognition of and resistance to salt 
stress. A calcium signal induced by salt stress is thought to activate a protein 
kinase complex consisting of SOS2 and SOS3 (Zhu 2003). The Na+ /H+ antiporter 
SOS1, located in the plasma membrane, is responsible for Na+ excretion into the 
apoplast and is phosphorylated and activated by this protein kinase complex. 

2. To a lesser extent, SOS3-like calcium-binding proteins may potentially control 
Na+ transport in tonoplast. Excretion across the plasmalemma (SOS1) is an 
efficient route for keeping the cytosolic Na+ content low, but vacuolar compart-
mentalization of sodium (Na+ ) ions is also important. A Na+ /H+ antiporter 
mediates the uptake of Na+ into the vacuole. In order to generate the proton-
motive force necessary for this transport, an ATPase and an H+-pyrophosphatase 
work together. Na+ sequestration into vacuoles was improved and salt tolerance
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Fig. 18.4 The physiological basis for halophytes salt tolerance and resistance. (Adapted from Devi 
et al. 2019) 

was increased when the tonoplast Na+ /H+ antiporter and vacuolar H+-
pyrophosphatase (AVP1) both were overexpressed (Gaxiola et al. 2001). 

3. It is believed that a calcium signal brought on by salt stress activates a protein 
kinase complex made up of SOS3 and SOS2. Phloem tissue is the only organ in 
which the HKT1 gene is expressed, and it plays a crucial role in regulating 
sodium concentration in phloem sap (Fig. 18.4). 

HKT1 probably helps Na+ ion transport from the leaves to the stem and roots by 
letting Na+ ions to get into the phloem sap in the leaves and get out of it in the roots. 
Uozumi et al. 2000 observed that keeping K+ uptake sustained, under salt stress 
requires the Na+-K+ symporter HKT1, a high-affinity carrier. Na+ overload 
suppressed HKT1-mediated K+ inflow and decreased HKT1 expression in trans-
genic wheat increased salt tolerance and decreased Na+ absorption (Laurie et al. 
2002). According to Katiyar-Agarwal et al. (2005), HKT1 being a crucial factor in 
tolerance of salt. Although, conventional breeding programs have had relatively little 
success in increasing crop salt tolerance because the trait is so complicated, both 
genetically and physiologically. These molecular investigations, in conjunction with 
rapid salt resistance testing techniques, could lead to new insights into how to boost 
crop yields in salty environments.
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18.12 Conclusion and Future Prospective 

Rising soil salinity is the main danger to agricultural production. Different plants 
behave differently to salinity. However, halophytes are able to survive under salinity 
due to ion selectivity and vacuolar compartmentalization. Various biotechnological 
techniques are used to create tolerant and high-yield crop types in order to address 
these problems. Transgenic food crops have been developed to deal with food scarcity, 
but  much work need to be  done  in  this  field. Instead, of waiting for conventional salt-
tolerant crops, we can use cash crop halophytes to take advantage of saline land. A 
new concept called “Biosaline Agriculture” has been developing over the last few 
decades. In this, several halophytes are grown to employ irrigation of saline or 
brackish water in place of normal crop plants. Three significant problems can be 
resolved in this way: First, saline or brackish water will be used for biosaline agricul-
ture, and high-yielding glycophytic crops might be irrigated with good quality water 
that would otherwise be diverted for human use (Nikalje et al. 2019). The halophyte 
can also be utilized as attractive plants, biofuel, food (vegetables and edible oils), 
forage and fodder, medicinal, biofuel, and landscaping. Thirdly, the non-edible 
halophytes have been used in ecological balancing, phytoremediation of hazardous 
metals, textile dyes, etc., phytodesalination of soils impacted by salt, and other 
environmental clean-up projects. Halophytes can thrive in challenging circumstances 
without suffering a yield penalty because they have a built-in tolerance to various 
biotic and abiotic stresses. These multifunctional plants must be examined for their 
output and possible application in environmental remediation. It may be prioritized to 
domesticate these plants with many applications so they can replace traditional crops. 
Biosaline agriculture will undoubtedly offer a lot of potential as a complement to 
sustainable agricultural practices in the years to come (Fig. 18.5). 
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Fig. 18.5 Utilization of halophytes for the purpose of achieving economic benefits and cleaning up 
the environment. (Adapted from Nikalje et al. 2019)
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Abstract 

Abiotic stresses mainly salinity and drought have become major threats to the 
global agricultural production. Arbuscular mycorrhizal fungi (AMF) inhabit the 
rhizosphere and develop a symbiotic relationship with the roots of most plant 
species. AMF benefits plants through mobilization as well as uptake of nutrients 
and improved soil structure, while the fungus receives photosynthetic carbon and 
nutrients from the host plant. AMF also possess the potential to alleviate abiotic 
stresses in crop plants through several mechanisms. Hence, this chapter will cover 
the importance AMF–plant interaction in ecosystem and will highlight the 
functions of AM fungi in alleviating the stresses in crops and plant growth 
promotion. Increased nutrient supply through ionic balance, biosynthesis of 
osmoprotectants, accumulation of metabolites, modification in plant physiology 
and root structure, accumulation of signal molecules are the major mechanisms of 
AM fungus which support crop plants to overcome such abiotic stress conditions. 
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19.1 Introduction 

Plant growth, development, productivity, and tolerance to climate obstacles are now 
hot topics in agriculture and plant-based biotechnologies. Due to biotic 
(phytopathogens) and abiotic (drought, salinity, flood, storm, and extreme 
temperatures) conditions, agricultural yield and productivity suffers large losses 
(Ma et al. 2020). A plant’s ability to recognize such stresses and adaptation to it 
could be favorable for its survival (Naylor and Coleman-Derr 2018). The 
co-occurrence of drought and saline stress environment restrict plant growth and 
its survival in certain areas, perhaps making agricultural production more challeng-
ing (Dugasa et al. 2019). The combined effects of salt and drought stress on the 
yields of some crops, such as wheat, potatoes, and barley, are more detrimental than 
either stress state alone (Levy et al. 2013; Yousfi et al. 2010, 2012). Plants respond 
differently to combinatorial stress conditions (Li et al. 2021). As a result, plants 
respond to mixed stresses in a complex and flexible manner, employing a variety of 
transcripts, metabolites, and proteins that are specific to the combination of stresses 
as well as the total of individual-to-individual challenges (Guo et al. 2021a, b; 
Hosseini et al. 2021; Osthoff et al. 2019; Prasch and Sonnewald 2013; Zandalinas 
et al. 2021). Agriculture sustainability is threatened by two major stressors: drought 
and soil salinity, which have a negative impact on crop development and productiv-
ity globally (Arif et al. 2020; Gupta et al. 2020, 2022). Bacterial biomass is reduced 
as a result of the effects of drought stress on both the plant host and the soil around its 
roots (Sadeghi et al. 2012). The symbiotic relationship between soil microorganisms 
and plants is well known to be an effective and environmentally friendly defense 
against harmful environmental stresses (Zhu et al. 2016a, b, c). Mycorrhizas are 
symbiotic relationships between higher plants and fungi that occur in the plant’s root 
apparatus and extend into the rhizosphere and surrounding soil (Giovannetti and 
Mosse 1980; Giovannetti et al. 2010; Ganugi et al. 2019). Over 80% of plant species 
can form symbiotic relationships with arbuscular mycorrhizal fungus (AMF), which 
is a type of beneficial and ancient soil microorganism belonging to the monophyletic 
phylum Glomeromycota (Smith and Read 2010). 

Symbiotic AMF has been found to have a number of benefits for maintaining the 
functioning of agro-ecosystems, including improving the plant’s ability to absorb 
water and nutrients as well as promoting growth (Gianinazzi et al. 2010). Plant yield 
is affected by AMF because they induce a number of morphological, physiological, 
biochemical, and molecular changes (Zhu et al. 2016a, b, c). Ectomycorrhiza, in 
which the mycelium does not penetrate the root cell wall specifically, and 
endomycorrhiza, in which the mycelium penetrates the cell membrane, are two 
commonly distinguished types of mycoses. Arbuscular, ericoid, arbutoid, 
monotropoid, and orchid mycorrhizae are other classifications of endomycorrhizae, 
which are different types of mycorrhizae. Arbuscular mycorrhizal fungi are ubiqui-
tous in soil and symbiotically associate with the roots of angiosperms and other 
plants to induce beneficial effects (Sadhana 2014; Gerdemann 1968).
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19.2 Impact of Salinity and Drought Stress on Crops Physiology 

Salinity and drought are known to limit agricultural production worldwide (Verma 
et al. 2022). The effects of drought and salinity on physiological, biochemical, and 
molecular changes in plants are very similar (Sairam and Tyagi 2004; Wang et al. 
2022). Collectively and individually, these stressors reduce soil water potential 
around the roots and in soil. Plant roots are naturally capable of sensing soil water 
deficits as well as other signals influenced by subterranean and/or above-ground 
processes. Soil dryness and salinity deprives plant roots of adequate water absorp-
tion to support normal growth (Cruz de Carvalho 2008; Mickelbart et al. 2015; 
Ribba et al. 2020; Uddin et al. 2016). Different signaling pathways are activated 
under the effects of drought and salinity, leading to the changes in the cellular redox 
state of plants (Ahanger et al. 2017; Dat et al. 2000; Mittler 2002; Ribba et al. 2020). 
Plant defense responses to individual drought or salinization stress may alter from 
those displayed under simultaneous two stresses (Verma et al. 2022). 

Water stress reduces stomatal opening and leaf size, leaf water potential, inhibits 
root growth, slows flowering, limits fruit set, and limits growth as well as yield 
(Osakabe et al. 2014). Thus, plants have evolved a variety of mechanisms to 
minimize water resource use or manage their growth until they encounter adverse 
conditions (Athar and Ashraf 2009; Gupta et al. 2021b, c). Stress induced by drought 
and salinity first leads to intracellular ionic toxicity, followed by disruption of 
osmotic equilibrium under prolonged stress. This combination of osmotic and 
ionic shocks alters plant growth and development. Ionic homeostasis and intracellu-
lar osmolarity must be rapidly regulated to maintain salt tolerance. Both can harm 
plants through osmosis, leading to significant accumulation of reactive oxygen 
species (ROS) such as superoxide anions and hydrogen peroxide in plants. When 
accumulation exceeds tolerance, these stressors can damage cell structures such as 
DNA, proteins, and cell membranes, and interfere with normal cellular metabolism 
(Patel et al. 2020; You and Chan 2015; Wang et al. 2022). 

19.3 Arbuscular Mycorrhizal Fungi–Plant Interaction 

AMF and plants are thought to coexist 400 million years ago (Selosse et al. 2015). 
These associations are generated by a number of biological processes that have 
several beneficial effects on the biotic population of agro- and natural ecosystems 
(van der Heijden et al. 2015). A well-known example of a mutual interaction that can 
regulate plant growth and development is the symbiotic association of AMF. AMFs 
have a network of mycelium under the plant’s roots that enhances the absorption of 
nutrients that cannot be obtained. Although derived from different plant species, the 
mycelium invades the roots of both to create a common mycorrhizal network 
(CMN). According to Pringle et al. (2009), CMN is recognized as an important 
component of terrestrial ecosystems, due to its significant impact on various plant 
communities, especially invasive species, and fungal transport of phosphate (P) and 
nitrogen (N) to plants (Smith and Read 2010). Furthermore, among other benefits,



shared nutrients also flow from fungi to plants, which may be why AMF increases 
plants’ tolerance to biotic and abiotic factors (Plassard and Dell 2010). They can 
improve soil quality and thus promote plant growth under low and high stress 
situations (Navarro et al. 2014; Alqarawi et al. 2014a, b). The morphological-
physiological characteristics of the plants are modified by AMF invasion to make 
them more resistant to more severe stressors (Alqarawi et al. 2014a, b; Hashem et al. 
2015). 
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Most terrestrial flora are thought to have AMF as a natural growth regulator. 
Researchers are promoting the use of AMF as an important biofertilizer for sustain-
able crop yields and productivity (Barrow 2012). In addition, compared with soils 
not treated with AMF, AMF inoculated soils are more stable mass and significantly 
stronger extraradical hyphal mycelium (Syamsiyah and Herawati 2018) which 
improves soil health. According to Wu et al. (2014), glomalin-associated soil protein 
(GRSP) is believed to maintain soil water content in the face of various abiotic 
challenges. This protein then controls the frequency of water between the soil and 
the plant, thus automatically initiating plant development and growth process. 
Glomalin is composed of 30–40% of related chemicals, which prevent the soil 
from drying out by increasing the water holding capacity of the soil (Sharma et al. 
2017). AMF inoculation impacts growth-related processes including stomatal con-
ductance, leaf water potential, relative water content (RWC), PSII, and CO2 effi-
ciency (He et al. 2017a, b; Chandrasekaran et al. 2019). By altering the physiology 
of aerial organs and tissues, AMF also improves water stress tolerance (Bárzana et al. 
2012). In addition, AMF inoculation increases dry matter accumulation and moisture 
absorption from water, thereby enhancing the plant’s tolerance to environmental 
challenges including salinity and drought. Organic farming to promote growth and 
maximize yield can significantly benefit from the use of AMF for plant growth in 
various biological habitats. According to Bieleski (1973), AMF can increase the 
material uptake capacity of the surface host roots up to ten times. Ions such as P, Zn, 
and Cu do not easily diffuse through the soil. The roots deplete these immobile 
nutrients from the soil of the area immediately surrounding the roots due to this poor 
diffusion. Increased nutrient uptake by mycelium in soil is often associated with 
increased plant growth due to AM symbiosis. It is well known that a network of 
mycelium attached to the roots of a living tree has the potential to infect the roots of 
other nearby plants (Chiariello et al. 1982; Francis and Read 1984, 1995; Newman 
1988). Several reports are being found, which stated the amelioration effect of AMF 
in several crops and are described in Table 19.1. 

19.4 Effect of AMF on Crops Under Salinity Stress 

Soil salinization is a well-known environmental problem that poses a serious threat 
to the security of global food supplies. It is well established that salinity stress 
inhibits plant growth by reducing vegetative growth rates and net assimilation 
rates, leading to lower yields (Ahanger et al. 2017). Furthermore, it encourages 
overproduction of reactive oxygen species (Ahanger and Agarwal 2017a, b;



AMF Crop Mechanism References

(continued)

19 Arbuscular Mycorrhizal Fungi–Plant Interaction for Salinity and. . . 369

Table 19.1 Effect of AMF in abiotic stress mitigation 

S Abiotic 
no. stress 

1. Rhizophagus 
intraradices; 
Funneliformis 
mosseae; 
F. geosporum 

Triticum 
aestivum 

Restored 
maximum 
phytochemistry 

Drought Mathur et al. 
(2018) 

2. Rhizophagus 
irregularies 

Triticum 
aestivum 

Enhanced NUE 
by altering plant C 
assimilation and 
N uptake 

Salinity Zhu et al. 
(2016a, b, c) 

3. Funneliformis 
mosseae 

Triticum 
durum 
Triticum 
aestivum 

Significantly 
improved the 
plants’ biomass 
production 

Drought Bernardo et al. 
(2019) 

4. Glomus 
claroideum 

Triticum 
aestivum 

Significant 
increase in total 
dry weight, 
relative water 
content and leaf 
chlorophyll 
content 

Drought Beltrano and 
Ronco (2008) 

5. Glomus mosseae; 
Glomus 
etunicatum 

Triticum 
aestivum 

Improved growth, 
nutrient uptake 
and yield 

Drought Al-karaki et al. 
(2004) 

6. Rhizophagus 
intraradices, 
Funneliformis 
mosseae, 
F. geosporum 

Triticum 
durum 

Exhibited an 
increase in RWC 
for both leaf and 
soil 

Alkaline 
soils 
drought 

Al-Karaki and 
Al-Omoush 
(2002) 

7. Glomus spp. Triticum 
aestivium 

Higher gas 
exchange 
capacity, higher 
osmolyte 
concentration, 
reduced oxidative 
damage by 
increasing 
antioxidant 
activity 

Salinity Talaat and 
Shawky (2014) 

8. Funneliformis 
mosseae 

Triticum 
aestivium 

Reducing Na 
uptake; 
increasing P, 
N, K, and Mg 
contents and 
stimulating 
photosynthetic 
pigments and 
some metabolic 
contents 

Salinity Abdel-Fattah 
and Asrar 
(2012)
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Table 19.1 (continued)

S 
no. 

Abiotic 
stress 

9. Rhizophagus 
intraradices, 
Funneliformis 
mosseae, 
Funneliformis 
geosporum 

Triticum 
aestivum 

Mitigation of the 
metabolic 
inhibition of 
photosynthesis 
through the 
maintenance of 
PSI and PSII 
integrity and 
stability 

Salinity Mathur et al. 
(2018, 2019) 

10. Glomus sp., 
Acaulospora sp., 
Gigaspora sp., 
and Scutellospora 
sp. 

Maccadamia 
integrifolia 

Increased soluble 
sugars and proline 
for 
osmoregulation 
defense response, 
improves water 
relation in plant 
tissues 

Drought Yooyongwech 
et al. (2013) 

11. Glomus 
versiforme 

Zea mays Increased growth 
and 
photosynthesis, 
compatible 
solutes, 
up-regulation of 
antioxidant 
system 

Drought Begum et al. 
(2019) 

12. Rhizophagus 
intraradices 

Euonymus 
maackii 

Increasing 
photosynthesis 
capacity, 
accelerating 
nutrient 
absorption and 
activating 
antioxidant 
enzyme activities 

Salt 
stress 

Li et al. (2019) 

13. Rhizophagus 
intraradices 

Pisum 
sativum 

Higher nutrient 
uptake, 
accumulation of 
compatible 
osmolytes, and 
lower cellular 
leakage of 
electrolyte 

Salt 
stress 

Parihar et al. 
(2020) 

14. Azospirillum sp. Lectuca 
sativa 

Encourage aerial 
biomass, vitamin 
C content, proline 
levels and reduce 
stomatal 
conductance 

Drought Fasciglione 
et al. (2015)
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Table 19.1 (continued)

S 
no. 

Abiotic 
stress 

15. Bacillus subtilis 
Rhizo 

Solanum 
lycopersicum 

ACC deaminase 
activity; protects 
against oxidative 
damage and 
enhances plant 
growth 

Drought Gowtham et al. 
(2020) 

16. Bacillus 
amyloliquefaciens 

Oryza sativa Induces metabolic 
and physiological 
parameters via 
different enzymes 

Salinity Bisht et al. 
(2020) 

17. Bacillus 
sp. RhStr_71, 
RhStr_223, and 
RhStr_JH5 

Pisum 
sativum 

Increased IAA 
production, 
phosphate 
solubilization, 
ammonia 
production, ACC 
deaminase 
activity, and 
siderophore 
production 

Salinity Gupta et al. 
(2021a) 

18. Bacillus sp. (CHR 
JH 203 and BST 
YS1_42) 

Pisum 
sativum 

ACC deaminase 
production; 
enhanced plant 
biomass, 
improved root 
system 
architecture, 
increased 
photosynthetic 
capacity and 
modulate 
antioxidant 
enzyme 
production 

Salinity Gupta et al. 
(2021a) 

19. Pseudomonas 
putida and 
Bacillus 
amyloliquefaciens 

Cicer 
arietinum L. 

Promote ACC 
deaminase 
activity, mineral 
solubilization, 
hormones 
production, 
biofilm formation, 
and siderophore 
activity 

Drought Kumar et al. 
(2016) 

20. Unneliformis 
mosseae, 
Hizophagus 
diaphanum, 
Glomus 
versiforme 

Poncirus 
trifoliata 

Higher plant 
growth and 
biomass, acid and 
total phosphatase 
activity, leaf and 
root P contents 

Drought Wu et al. 
(2011)
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particularly in
F. mosseae

Ahanger et al. 2018). Efforts are underway to investigate potential strategies to 
improve agricultural productivity on saline soils. One such promising method is 
the use of AMF to reduce the harmful effects of salinity on plants (Santander et al. 
2019). Many studies have documented the effectiveness of AMF in promoting plant 
growth and yield under salinity stress (Fig. 19.1) (Talaat and Shawky 2014). 
According to El-Nashar (2017), AMF improves the growth rate, leaf water potential, 
and water use efficiency of Antirrhinum majus plants. The positive effects of AMF 
symbiosis on physiological variables such as photosynthesis rate, stomatal conduc-
tance, and leaf water relations under salinity were recently documented by Ait-El-
Mokhtar et al. (2019). According to Sheng et al. (2011), AMF significantly reduced 
the negative effects of salt stress on photosynthesis. Under saline conditions, root 
microbial culture significantly increased photosynthesis rate, as well as other gas
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Table 19.1 (continued)

S 
no. 

Abiotic 
stress References 

21. Unneliformis 
mosseae 

Helianthus 
annuus L. 

Inoculated plants 
produced more 
dry matter, 
heavier seeds and 
greater seed and 
oil yields 

Drought Gholamhoseini 
et al. (2013) 

22. Funneliformis 
mosseae, 
Paraglomus 
occultum 

Poncirus 
trifoliata 

Increased hyphal 
length, hyphal 
water absorption 
rate, and leaf 
water potential 

Drought Zhang et al. 
(2018a, b) 

23. Glomus 
etunicatum, 
Glomus 
intraradices, 
Glomus mosseae 

Cucumis 
sativus L. 

Increased 
biomass, 
photosynthetic 
pigment 
synthesis, and 
enhanced 
antioxidant 
enzymes 

Salinity Hashem et al. 
(2018) 

24. Rhizophagus 
irregularis 

Solanum 
lycopersicum 
L. 

Enhanced shoot 
FW, leaf area, leaf 
number, root FW, 
and levels of 
growth hormones 

Salinity Khalloufi et al. 
(2017) 

25. Rhizophagus 
irregularis 

Digitaria 
eriantha 

Increased shoot 
dry matter, 
stomatal 
conductance, lipid 
peroxidation, 
H2O2 in shoot and 
root 

Drought Pedranzani 
et al. (2016)



exchange properties, chlorophyll content, and water use efficiency in Ocimum 
basilicum L. (Elhindi et al. 2017).
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Fig. 19.1 Mechanism of AMF colonization in alleviation of salt and drought stress 

Under saline conditions, AMF-inoculated Allium sativum plants exhibited supe-
rior growth characteristics such as leaf area index and fresh and dry biomass (Borde 
et al. 2010). Wang et al. (2018) recently showed that mycorrhizal inoculation under 
moderate salinity conditions significantly improved shoot and root fresh and dry 
weights and N concentrations. In addition, plants containing AMF have enhanced 
synthesis of salicylic acid, jasmonic acid, and many important mineral nutrients. For 
example, AMF-treated Cucumis sativus plants had increased amounts of total P, 
Ca2+ , N, Mg2+ , and K+ under salt stress conditions compared to untreated plants 
(Hashem et al. 2018). 

Under saline conditions, mycorrhizal inoculation of hot pepper increased chloro-
phyll levels, Mg2+ and N uptake, and decreased Na+ transport (Çekiç et al. 2012). In 
addition, Santander et al. (2019) using lettuce demonstrated that stressed mycorrhi-
zal plants produce more biomass, increase proline synthesis, take up more nitrogen, 
and have significant changes in ionic relationships, especially reduced Na+ accumu-
lation. The concentrations of key growth regulators can be efficiently controlled by 
AMF inoculation. Under salt stress, several studies reported that AMF-mediated 
increases in cytokinin concentrations lead to significant photosynthetic translocation



n

(Hameed et al. 2014; Talaat and Shawky 2014). In addition, an altered polyamine 
pool was found to be responsible for AMF-mediated growth promotion under salt 
stress (Kapoor et al. 2013). Furthermore, Aroca et al. (2013) showed how the effects 
of salt on lettuce plants were significantly reduced by increasing strigolactones in 
AMF-treated plants. By inhibiting lipid membrane peroxidation in response to salt 
stress, AMF-colonized plants can alleviate oxidative stress (Abdel Latef and 
Miransari 2014; Talaat and Shawky 2014). Furthermore, we found that AMF 
inoculation increased the accumulation of several organic acids and enhanced 
osmoregulatory processes in plants grown under salt conditions (Zhang et al. 
2017, 2020). For instance, Sheng et al. (2011) found that maize plants grown in 
saline soil produced more betaine and increased specific organic acid synthesis, 
suggesting that his AMF in osmoregulation of plants under salt stress indirectly 
confirmed their involvement. 
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19.5 Effect of AMF on Crops Under Drought Stress 

Many factors contribute to the effects of drought stress on plants. For example, root 
dehydration slows transpiration and causes oxidative stress (Impa et al. 2012). The 
adverse effects of drought stress on plant growth are caused by the changes in 
enzymatic activity, ion uptake, and nutrient uptake (Ahanger and Agarwal 
2017a, b; Ahanger et al. 2017). However, there is compelling evidence that AMF 
reduces the effects of drought stress through several mechanisms (Fig. 19.1)  i  
various crops such as wheat, barley, maize, soybean, strawberry, and onion 
(Mena-Violante et al. 2006; Yooyongwech et al. 2016; Moradtalab et al. 2019). 
Plant resistance to drought can be attributed primarily to roots that have access to 
many soils and fungi with extra-root mycelium (Gianinazzi et al. 2010; Gutjahr and 
Paszkowski 2013). Various physiological and biochemical processes in plants are 
associated with increased osmotic adaptation (Kubikova et al. 2001), stomatal 
regulation by regulation of ABA metabolism (Duan et al. 1996), proline accumula-
tion (Ruiz-Sánchez et al. 2010; Yooyongwech et al. 2013) or increased glutathione 
(Rani 2016). Finally, under impending drought conditions, the symbiotic relation-
ship between different plants and AMF may increase root size and efficiency, leaf 
area index, and biomass (Al-Karaki et al. 2004; Gholamhoseini et al. 2013). In 
addition, AMF and host plants interact and help protect plants from harsh environ-
mental conditions (Ruiz-Lozano 2003). In addition, AMF symbiosis improves 
stomatal conductivity, leaf water status, gas exchange, and transpiration rate 
(Morte et al. 2000; Mena-Violante et al. 2006). AMF can support ABA responses 
that regulate stomatal conductance and other related physiological processes. By 
upregulating the antioxidant system, Li et al. (2019) recently showed that her 
AMF-mediated increase in growth and photosynthesis occurs in plant species of 
C3 (Leymus chinensis) and C4 (Hemarthria altissima).
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19.6 Role of AM Fungi in Plant Growth Promotion 

Arbuscular mycorrhizal fungi (AMF) are a group of soil microorganisms that plays 
an important role in maintaining plant diversity and above-ground productivity in 
ecosystems (Collins and Foster 2009). AMF is often viewed as a traditional mutual-
ist that promotes plant growth (van der Heijden et al. 1998, 2006). AMF provides 
soil nutrients to plants in exchange for photosynthesis (Johnson 2010). The costs and 
benefits of AMF-plant symbiosis can be altered by nutrient supplementation, leading 
to antagonism (Johnson et al. 1997; Grman 2012; Grman and Robinson 2013). 
However, the effects of nutritional supplementation on plant-mycorrhizal 
interactions are not yet fully understood (Yang et al. 2014). The interaction of plants 
and AMF in this context is defined by plant growth responses. Adverse plant growth 
is associated with antagonism, whereas positive plant growth is associated with 
mutualism in his AMF (Johnson 2010; Grman 2012). The term “parasitism” is 
synonymous with the term “antagonism” (Yang et al. 2014). If the net costs to 
plants exceed the net benefits to fungi, nutrient additions can have antagonistic 
effects (Grman 2012). 

19.7 Mechanisms of AMF 

19.7.1 Increased Nutrient Supply 

AMF have tremendous power to change nutritional elements from an unavailable to 
an available form via biological processes (Ma et al. 2019a, b). A variety of 
environmental factors, such as soil type and characteristics, metal pollution, and 
abiotic stress, have a significant impact on their performance (e.g., drought and 
salinity). Mycorrhizal association with drought-stressed plants can increase nutrient 
accumulation by promoting the formation of large hyphal networks and glomalin 
secretion, both of which promote water and nutrient uptake (Bahadur et al. 2019). 
Salinity is known to limit plant growth by causing plants to have higher Na+ 

concentrations and lower K+ /Na+ ratios. Over a quarter of a million words and a 
half of a million pounds (Bharti et al. 2014; Tewari and Arora 2014). Kohler et al. 
(2009) investigated the effects of inoculation of plant growth-promoting 
rhizobacterium Pseudomonas mendocina on the growth, nutrient accumulation, 
and physiological parameters of Lactuca sativa exposed to salt stress using AMF 
Glomus intraradices or Glomus mosseae alone or in combination. In comparison to 
the control treatments, L. sativa inoculated with P. mendocina reduced plant Na+ 

uptake while increasing K+ uptake, resulting in a higher K+ /Na+ ratio and higher 
shoot biomass. This finding suggests that AMF could be used to alleviate salinity 
stress in salt-sensitive plants. Increased K+ transporter (HKT1) transcriptional 
expression was downregulated in Arabidopsis roots by volatile organic chemicals 
produced by these beneficial microorganisms, but increased in shoots, resulting in 
decreased Na+ uptake by roots and increased Na+ expulsion from shoots (Zhang 
et al. 2008).
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19.7.2 Biosynthesis of Osmoprotectants 

AMF can produce suitable osmolytes in response to drought or salinity stress, which 
work in tandem with osmolytes released by plants (such as proline, trehalose, and 
polyamines) to promote plant growth and development (Wu et al. 2013). Plant stress 
tolerance has been strongly linked to the ability to accumulate proline under stress 
(Nxele et al. 2017). By directly scavenging ROS and stabilizing proteins and 
membranes, proline has a tremendous ability to reduce lipid peroxidation and 
modify cytosolic pH under salinity and drought stress (Gill and Tuteja 2010). 
Numerous studies have found that AMF-inoculated plants have higher proline 
content, which improves their ability to withstand salinity and drought stress (Bharti 
et al. 2014; Shintu and Jayaram 2015). However, it is unclear whether it is derived 
from rhizosphere soils or as a result of the proline biosynthesis pathway being 
activated (Herbinger et al. 2002). A number of studies, on the other hand, discovered 
that AMF inoculation reduced proline concentration in plants under salinity and 
drought stress (Ma et al. 2017, 2019a; Singh and Jha 2017). This is due to the 
possibility that AMF can mitigate the negative effects of salinity and drought by 
regulating osmotic balance and preserving the bioenergetics of plant cells. Trehalose 
also has a significant impact on reducing the damage that salinity and drought do to 
plant cells because it is a high-level glucoside. This could be explained by trehalose’s 
ability to keep proteins and membranes stable. It was recently reported that salt-
stressed mycorrhizal plants accumulate more trehalose than non-mycorrhizal plants. 
This may be because trehalose-6-phosphate synthase and phosphatase, two enzymes 
involved in the production of trehalose, have increased activity when AMF is 
present, but the activity of trehalose-degrading enzymes, e.g., trehalase, has 
decreased (Garg and Pandey 2016). Almost all organisms produce polyamines, 
which are biogenic amines with an aliphatic nitrogen structure and are involved in 
a variety of plant growth and development processes, including cell division and 
differentiation, root growth, flower development, fruit ripening, senescence, 
programmed cell death, DNA replication, and transcription Translation (Alcázar 
et al. 2011). According to Cassan et al. (2009) inoculation of Oryza seedlings under 
osmotic stress with the cadaverine (polyamine)-producing A. brasilense Az39 sig-
nificantly accelerated root growth (Cassan et al. 2009). Zhang et al. (2019) recently 
performed a pot experiment to assess the function of AMF in Poncirus trifoliata’s 
root polyamine homeostasis, activity, and gene expression of polyamine-related 
synthesizing and degrading enzymes. The findings demonstrate that mycorrhizas 
can enhance plant drought tolerance through modulation of polyamine metabolism 
by increasing putrescine and cadaverine levels as well as polyamine catabolic 
enzyme and putrescine synthase activity under drought stress (Ma et al. 2020). 

19.7.3 Synthesis of antioxidant enzymes 

Abiotic stresses such as high salinity or drought leads to overproduction of ROS, 
leading to altered cellular redox homeostasis (Hare et al. 1998). The increased ROS



level causes inactivation of membrane-bound proteins, reduced membrane fluidity, 
DNA damage, inhibition of protein synthesis and enzymatic activities. There is 
considerable evidence that plants inoculated with AMF can survive under abiotic 
stress-induced oxidative stress through manipulation of antioxidant enzymes. 
Pedranzani et al. (2016) found that application of AMF Rhizophagus irregularis 
improved the physiological performance of Digitaria eriantha under drought, salin-
ity, and cold stress by upregulating antioxidant enzyme activity (catalase (CAT) and 
ascorbate peroxidase (APX)) and jasmonate synthesis. Recently reports proved that 
application of the AMF stimulated the activity of CAT and superoxide dismutase 
(SOD) under different stress conditions (e.g., drought, salinity). Although plants 
inoculated with AMF have been shown to mitigate oxidative damage, the underlying 
mechanisms behind AMF-induced changes in antioxidant enzyme activities are 
poorly understood. Many factors, such as host plant species, AMF type and strain, 
as well as the type, degree and duration of abiotic stress, can be responsible for such 
changes in enzyme levels. 
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19.7.4 Modification in Plant Physiology and Root Structure 

Drought is the greatest constraint on crop growth and the spread of natural plant 
communities worldwide, and several articles address the physics and physiology of 
water uptake by roots. Bi et al. (2019) suggested that AMF can alleviate root damage 
stress caused by cracking, but the underlying mechanisms are unclear. While, under 
root damage stress, the hormone levels in root and leaf of AMF-inoculated plants 
differed from those of uninoculated controls. Mycorrhizal plants alleviates changes 
in root and leaf hormone levels caused by root damage stress and promoted root 
development, particularly by increasing fine root fraction and leaf area and chloro-
phyll content. Zheng et al. (2022) suggested that AMF inoculation may alleviate 
stress from root damage by altering hormone levels and leaf and root response to 
crack-induced root damage. The experiment was developed by Zheng et al. (2022) 
concluded that the proportion of fine roots at 20 cm depth differed significantly 
between different treatments of mycorrhiza. However, the percentage of fine roots at 
40 cm depth did not differ significantly between the different treatments, probably 
due to an inadequate root system. Fine roots can respond to environmental stress by 
self-regulating and changing growth mode (Pregitzer et al. 2002), and these are the 
main nutrient-absorbing roots. A higher proportion of fine roots have a positive 
effect on nutrient uptake and resistance to abiotic stress indicating that AMF can 
affect plant root development. For instance, AMF has been found to significantly 
increase root hair density of orange trees (Wu et al. 2016) and improve growth of 
wheat under drought stress by regulating endogenous IAA levels and promoting 
lateral root formation (Arzanesh et al. 2011). Mycorrhizal-induced changes in root 
hair growth are closely related to upregulated expression of auxin-related genes and 
concomitant accumulation of IAA in roots (Liu et al. 2018). Thus, the results show 
that inoculation with AMF significantly increased root IAA levels, 1 week after soil 
crevice interference (Zheng et al. 2022). Some studies show that while high



concentrations of IAA inhibit primary root elongation, it stimulates lateral and 
adventitious root growth (Stoeckle et al. 2018). In horticulture, the stimulating 
effects of IAA on adventitious and lateral roots are also often used for vegetative 
propagation. The proportion of fine roots was significantly positively correlated with 
root IAA. Higher IAA levels in mycorrhizal plants can stimulate lateral root growth, 
leading to a significant increase in the proportion of fine roots. After soil splitting, 
AMF significantly increased the number of root tips, total root length, surface area 
and volume. However, AMF did not significantly affect the morphology of the root 
system of some plants (Zheng et al. 2022; Lenoir et al. 2016). 
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19.8 Production of phytohormones 

AMF produces IAA, GA, ABA, and other phytohormones that promote plant growth 
and help plants to adapt and tolerate environmental challenges (Ma et al. 2019a, b). 
IAA and GA synthesis from AMF improved plant health under drought and salinity 
stress by increasing plant growth and nutrient uptake (e.g., root length, root area, and 
number of root tips) (Egamberdieva and Kucharova 2009; Ma et al. 2016, 2017). 
According to the several studies, AMF can promote the growth of several plant 
species which inludes S. lycopersicum, Solanum pimpinellifolium, Capsicum 
annuum, B. napus, Helianthus annuus, P. vulgaris, T. aestivum, and L. sativa 
under drought and saline conditions (Yildirim and Taylor 2005; Barassi et al. 
2006; Ma et al. 2016, 2017, 2019a; Khan et al. 2017). Abscisic acid produced by 
AMF can also help plants to withstand salinity or drought. In addition, inoculation of 
AMF significantly improved the growth and proline content of Glycine max under 
salt stress. Similarly, the ability of O. sativa to tolerate salt stress was significantly 
improved by inoculation with AMF. This was achieved by altering the endogenous 
hormone and incorporating essential amino acids (e.g., glutamic acid, aspartic acid, 
phenylalanine, proline, and cysteine) (Shahzad et al. 2017). 

19.9 Conclusion 

Arbuscular mycorrhizal fungi play a variety of roles in the development of various 
plant species. AMF influence nutrient availability and absorption, increase photo-
synthetic rate, enhance antioxidant processes, and increase resilience to environmen-
tal stress. In addition to improving primary and secondary metabolites, AMF also 
increases growth, yield, and productivity. Although AM fungi are currently used on 
a small scale in greenhouses and agricultural systems, they have much broader 
potential for application hence further evaluation needs to be carried out for the 
better usage of such valuable eco-friendly biofertilizer.
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Abstract 

Abiotic stresses including drought and salinity due to the changing environment 
are continuous threat to crop production in terms of reduced yield and quality. 
Preventing global crop losses and increasing food production is crucial to meet 
the rising demands of the growing human population. Identification of physio-
logical, biochemical, and molecular mechanisms developed by plants to counter-
act abiotic stresses and maintain their growth and survival under adverse 
condition is need of time. Phytohormones are in a prominent position, playing 
important regulatory roles in plant physiology affecting both developmental 
processes and responses to a wide range of abiotic and biotic stresses. They 
play central roles in the ability of plants to adapt the changing environments, by 
mediating growth, development, nutrient allocation, and source/sink transitions. 
They are involved in cellular regulation via various signaling pathways. Auxins, 
gibberellins, cytokinins, brassinosteroids, ethylenes, abscisic acid are major 
phytohormones along with growth regulators like jasmonic acid and salicylic
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acid involved in plant stress tolerance. Crosstalk between the different plant 
hormones results in synergetic or antagonic interactions that play crucial roles 
in response of plants to stress adaptation. Here, we review recent advances made 
in understanding the role of these hormones in modulating plant defense 
responses against drought and salt stress.
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20.1 Introduction 

Climate change poses a significant threat to human civilization. To feed increasing 
world population the crop productivity must be increased by 70% up to 2050 
(Tilman et al. 2011). Plants are vulnerable to a variety of abiotic and biotic 
challenges as a result of climate change; over the past few decades, research on 
plants under abiotic stress has yielded crucial insights. According to Zandalinas et al. 
(2016), a significant progressive research work has been done in understanding the 
physiological, biochemical, and molecular mechanism of various plant species under 
abiotic stress conditions. Plants that are subjected to two or more stress conditions 
also employ particular mechanisms to adapt and complete the life cycle. Two 
significant abiotic factors that have a negative impact on a third-world population’s 
quality of life include salinity and drought stress. These stresses also have an impact 
on agricultural output. 

Drought stress is exacerbated by the reduction in water availability to plants roots 
and a rise in the atmospheric vapor pressure deficit, causing detrimental effect on 
plant growth and agricultural yield (Ahanger et al. 2013). Productivity losses 
differed by plant species, growth stage, drought longevity, and severity, which 
determines response of plant toward stress. Under water deficit conditions plant 
cell membranes gets affected due to disturbance in ion exchange which ultimately 
disturbs the structure of cell membranes. In response to drought stress, plants employ 
a variety of adaptive mechanisms to reduce the negative effects on plant growth. For 
example, morphological adaptation includes reduction in leaf area, stem elongation, 
root proliferation (Krasensky and Jonak 2012), while physiological mechanisms 
include increasing water-use efficiency, stomata closing, reduced turgor pressure. 

High concentrations of salts present in the soil are another threat to human lives, 
similar to water scarcity. Salinity is a long term problem although the degradation of 
arable land has been caused by a gradual rise in salinity over many centuries, the 
degradation of cultivated land may take less than a century. It has now become a 
highly major issue for agricultural production, especially in arid and semi-arid 
countries, as its extent is currently steadily expanding throughout the world 
(Munns and Tester 2008). Soil salinity can be divided into primary and secondary 
salinization depending on the type of source from which it was salinized. Primary



salinization arises from weathering of minerals and soil obtained from saline parent 
rocks. Secondary salinization is brought on by human intervention such as irrigation, 
deforestation, overgrazing, or intense farming. According to Abobatta (2018), salin-
ity stress restricts plant development by adversely affecting various metabolic 
processes in plants. The dangers of salinity depend on the stage of growth, the 
severity of the stress, and how long it lasts. 
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In environments with high temperatures, both water stress and salt stress naturally 
occur. More than 10% of fertile land was damaged by both salt and water stress, 
which hastened the desertification and salinization of the entire planet. Both abiotic 
stresses retard the growth and development of plant causing metabolic changes, 
nutritional imbalance, reduction in leaf area, overall biomass disturbance, osmotic 
imbalance, Na+-Cl- ions toxicity (Isayenkov and Maathuis 2019; Petretto et al. 
2019). There is need for the identification of promising traits that leads to develop-
ment of stress tolerant crop varieties through conventional breeding or genetic 
engineering. Certain types of salt-tolerant plants may have evolved specific complex 
systems, according to comparisons of adaptive responses among different species. 
Plants have distinct and more complex mechanisms for responding and tolerating 
environmental stress than do animals (Qin et al. 2011). How plants react to different 
environmental conditions is one of the most important things to understand for plant 
biologists. Reason behind the development of adaptive mechanism for abiotic stress 
tolerance in plant includes combination of various physiological, metabolic, and 
molecular responses. For stress tolerance, the genes which control ion and water 
homeostasis are crucial (Bartels and Sunkar 2005; Munns and Tester 2008). 

Phytohormone signaling, ROS signaling, cellular osmotic adjustment to maintain 
water potential are some of the processes that regulate the decreased plant growth 
and output under drought and salt stress (Khan et al. 2015; Tardieu et al. 2014). 
Numerous tactics have been used to lessen the negative effects of salinity and 
drought stress, and attempts are being undertaken to investigate the mechanisms of 
stress tolerance. However, phytohormones have a wide range of mechanisms for 
tolerating drought and salinity stress and established as essential for acclimatization 
of plants in response to biotic and abiotic stresses (Ullah et al. 2017). A number of 
physiological functions and biochemical systems have been found to be modulated 
by phytohormones, which in turn affect stress tolerance (Fatma et al. 2013). Drought 
stress causes production of phytohormones and these phytohormones are fur-
ther involved in regulation of drought tolerance in plants. There has been research 
on the role of phytohormones in stress tolerance, including ethylene (Iqbal et al. 
2012), gibberellins (Iqbal et al. 2011), abscisic acid (ABA) (Gurmani et al. 2013), 
cytokinins (CK) (Wu et al. 2014), salicylic acid (SA) (Khan and Khan 2013). 
Phytohormones like abscisic acid, ethylene, jasmonic acid, and salicylic acid partic-
ipate in activities connected to drought tolerance via osmotic adjustment 
(Vishwakarma et al. 2017). Phytohormones act as chemical messengers that activate 
a variety of physiological processes in plants, such as osmolyte accumulation, 
closing of stomata, and more root growth to reduce water loss (Ullah et al. 2018). 
In this chapter, we will discuss on involvement of different phytohormones in 
salinity and drought stress tolerance in various crop plants.
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20.2 The Impact of Drought and Salinity Stress on Plants 

20.2.1 Impact of Drought on Plants 

Numerous severe drought occurrences have happened in the last few decades, 
making farming extremely difficult in a number of nations. According to studies, 
drought stress during plant reproduction has an impact on a number of biological 
functions in leaves, including protein levels, ROS balance, and energy metabolism 
(Wang et al. 2019a, b). Under drought conditions the distribution and breakdown of 
phytohormones disturbed, there are reports on auxin (indole acetic acid), cytokinin, 
as well as the starch content of developed grains, early senescence, impaired seed 
germination, and seedling establishment (Chen et al. 2018; Liu et al. 2018). Drought 
stress reduced chlorophyll content, dry weight of root and shoot, plant height, spike 
length, and yield production (Fig. 20.1). Additionally, it leads to oxidative stress, 
hormonal instability, and decreased antioxidant enzyme activity (Abbas et al. 2018), 
slowed down the pace of photosynthesis, metabolic processes, and nutrient absorp-
tion causing eventual reduction in plant growth and productivity (Hasanuzzaman 
et al. 2018). 

Avoidance, escape, tolerance, and recovery are the four main types of drought 
stress response mechanisms that plants typically exhibit to cope with stress 
conditions. The two main defenses of plants against water deficit stress are drought 
tolerance and drought avoidance. The ability of a plant to withstand a dry environ-
ment through a variety of physiological processes, such as osmotic adjustment using 
osmoprotectants, is known as drought tolerance. The continuation of physiological 
functions during a water deficit, including as stomata regulation, root system devel-
opment, and other processes, is known as drought avoidance. The ability to alter 
their life cycle is how drought resistance works (short life cycle to avoid drought 
stress). The capacity of a plant to resume growth after being exposed to intense 
drought stress is known as drought recovery (Manavalan et al. 2009). Drought stress 
causes the stomata closure which leads to reduction in intercellular CO2 concentra-
tion and increased photorespiration. Plant cell water potential reduced under drought 
conditions causes decline in the activity of RuBISCo enzyme and rate of photosyn-
thesis. Drought stress enhanced the ROS production, down regulate the non-cyclic 
transport of e- and decline in nutrient uptake which finally leads to oxidative damage 
in plants, obstruction of ATP synthesis and enhance the susceptibility to diseases 
incidence. 

20.2.2 Impact of Salinity on Plants 

Salinity is another most important abiotic stress that reduces plant productivity 
globally (FAO 2009). Salinity stress lowers the capacity of the roots to absorb 
water, which primarily inhibits plant growth. Major effects of salinity stress to plants 
are due to ionic and osmotic effects of salts (Fig. 20.2).
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Fig. 20.1 Impact of drought stress on plants
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Biochemical Changes 

Effect of salt stress on plant 

Morphological Changes 

Physiological changes

• Poor root growth
• Ieaf rolling
• Chlorosis
• Leaf burning
• Stunted growth

• Reduced photosynthesis
• Stomatal closure
• Decreased water content
• Higher concentration of
 osmolytes
• Lower osmotic potential

• Iow harvest index
• Less grain yield
• Less grain weight
• Spikelet sterility

• Lower K, Zn and P uptake
• High Na transport to shoot
• Altered metabolisn
• Oxidaytive stress 

Biomass and grain yield 

Fig. 20.2 Effects of salt stress on morphology, physiology, biochemical processes, and yield of a 
plant 

As premature senescence is accelerated by salt buildup in leaves, assimilate 
transport to the growing regions is decreased, and plant growth is subsequently 
inhibited (Munns et al. 1995). Salt stress also triggers the more production of 
abscisic acid which helps in closing of stomata, where it causes a decline in 
photosynthesis as well as photoinhibition. However, severe salt stress damages the 
cell completely. The most common ions in salty soils or water are sodium and 
chloride (Levitt 1980). Sodium ions causes reduction in potassium uptake by roots, 
leads to more accumulation of sodium ions near root surface. Due to the similarity 
between sodium and potassium ions, plants have low-affinity systems that have low 
potassium/sodium selectivity. As a result, under salinity stress plants uses both low 
and high affinity system for uptake of potassium ions for maintaining potassium 
nutrition and to lessen the sodium ions toxicity. Although a high potassium/sodium 
ratio is thought to be the determining factor for enhancing the plant growth while a 
high sodium/potassium ratio is the most harmful. Halophytic plants also show 
cytosolic enzymes sensitivity toward high sodium/potassium ratio as was observed 
in glycophyte plants (Noble and Rogers 1992). 

20.3 Phytohormones: Key Mediators of Plant Responses 
to Abiotic Stresses 

In order to react to diverse internal and external stimuli, plants must control their 
growth and development (Wolters and Jürgens 2009). These reactions are mediated 
by phytohormones, a broad class of signaling chemicals that are present in minute 
amounts in cells. It is generally known that they play crucial role in helping plants 
adapt to constantly changing surroundings by mediating growth, development, 
source/sink transitions, and nutrient allocation (Fahad et al. 2015).



20 An Overview of Phytohormones Mediated Drought and Salinity Tolerance in Plants 393

Fig. 20.3 Plant response 
toward drought tolerance:. 
The thickness of cuticle 
increased and leaf 
area decreased; closing of 
stomata, reduced 
stomatal density and 
distribution; thickned palisade 
tissues and large number of 
trichomes under drought 
stress leads to increase in 
production of ROS 
Scavenging substances like 
CAT, POX, SOD etc. and 
reduce the water loss from 
plants. Phytohormones 
production (ABA, SA, JA 
etc.) causes osmotic 
adjustment by accumulating 
sugars and amino acids. The 
abundance of xylem and 
increase of root length 
improve the water intake 
under drought stress 

Endogenous phytohormones are critically required by plant for proper growth 
and development. Under stress conditions phytohormone helps in modulating 
plant’s metabolism; however, plant response to abiotic stresses depends on a variety 
of factors (Fahad et al. 2015). Phytohormones can exert their effects either where 
they were synthesized or where they were transported (Peleg and Blumwald 2011). 
The growth of plastic and the development of plants both heavily rely on 
phytohormones. They include auxin (IAA), cytokinins (CKs), abscisic acid 
(ABA), ethylene (ET), gibberellins (GAs), salicylic acid (SA), brassinosteroids 
(BRs), and jasmonates (JAs). The strigolactones (SL) are relatively new 
phytohormones. Figures 20.3 and 20.4 show various responses and involvements 
of various phytohormones under drought and salinity stress. Detailed account on role 
of phytohormones under stress conditions will be discussed in the coming sections.
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Fig. 20.4 Passive and active salt responses stress in plants. Plants are subject to oxidative, osmotic, 
and ionic stress due to salinity. Plants regulate stomatal closure, ion exclusion, ROS generation, and 
Ca2+ signaling in response to these salinity-related limitations. In addition to regulating these 
processes, hormonal pathways influence downstream signaling via the activation of several tran-
scription factors to activate salt-responsive genes. ABA bscisic acid, ABF ABRE binding factors, 
AP2/ERFs Apetala2/ethylene responsive factor, BR Brassinosteroids, bZIP basic leucine zipper 
proteins, CAMTA CaM-binding transcription activator, CK cytokinin, ET ethylene, GA gibberellic 
acid, JA jasmonic acid, NACs NAM (no apical meristem), ATAF (Arabidopsis thaliana activating 
factor), and CUC2 (cup-shaped cotyledons), SA salicylic acid, ST strigolactones 

20.4 Phytohormones and Their Role in Stress Management 

The exposure of plants to several stresses can hamper overall processes, instigating 
several adversities and increased production of reactive oxygen species (ROS) which 
further leads to degradation of integral macromolecules like carbohydrates, proteins, 
amino acids, nucleic acids, lipid peroxidation and generate oxidative injuries to cell 
membrane (Yadav et al. 2011; Fahad et al. 2015; Isayenkov and Maathuis 2019). 
The activation of antioxidant defense mechanism after exposure to stress leads to 
production of both enzymatic and non-enzymatic antioxidants and metabolites 
including SOD, CAT, POX, AsA, Glu etc. that play a major role in maintaining 
proper metabolism of plants (Sharma et al. 2012). There is positive relationship 
between antioxidant enzyme action and various stress-induced genes (RAB18, 
RD22, RD29A, RD29B, DREB2A, and DREB2B) (Bielach et al. 2017). Different 
phytohormones alter different physiological factors discussed below individually. 

20.4.1 AUXIN 

Among various phytohormones, auxin plays vital role in growth, development, and 
response to various stresses in plants including water deficit, salinity, and pathogen



attack (Ghanashyam and Jain 2009; Lee et al. 2012; Singh et al. 2017). Kaya et al. 
(2010) demonstrated that young growing apical meristematic tissues mainly produce 
IAA which further induces and stimulates cell division, cell elongation, flower 
development, gametogenesis, embryogenesis, vascular differentiation, and root ini-
tiation (Khadr et al. 2020). Other than developmental processes, auxin plays multi-
functional role in combating the stress conditions in plants (Abdel Latef et al. 2021). 
Different environmental stresses including light, temperature, pathogens, metal 
toxicity induce auxin synthesis (Zhao 2018). Root plasticity is controlled by auxin 
transit from limited storage regions or by oxidation, biosynthesis, and conjugation 
under diverse stress conditions (Korver et al. 2018). Naser and Shani (2016) 
suggested that osmotic imbalance also influenced auxin biosynthesis and transport 
through YUC and PIN proteins, respectively (Fig. 20.5). Auxin is transported in 
Arabidopsis thaliana through many routes, including ATP-binding cassette subfam-
ily B (ABCB), influx channels or carriers named AUX1 and Like-AUX1 (LAX), 
PIN proteins (PIN), and PIN-LIKES (PILS) proteins (Smith et al. 2017). Wang et al. 
(2019a, b) reported that during the water scarcity in tobacco plants, different PIN 
proteins, viz. PIN1, PIN3, PIN3b, PIN4, and  PIN9 were upregulated and stimulation 
of root development was analyzed. During water deficit conditions in Arabidopsis 
(Arabidopsis thaliana), ROS production causes stomata to close by increased level 
of glucosinolates (GLS) via DREB2A/B which further induces IAA5/6/19 and 
upgrades its resistance toward drought (Salehin et al. 2019). To date, however, 
some interconnected pathways for the production of auxin in plants have been 
postulated, including four tryptophan-dependent and a tryptophan-independent path-
way (Lekshmy et al. 2017). Indole 3 pyruvate (IPA) is formed from tryptophan 
pathway which ultimately forms IAA by flavin monooxygenases of YUC genes. 
Current evidence also supports auxin biosynthesis modifies the environmental 
changes through YUCCA (YUC) pathway (Kim et al. 2013; Lee et al. 2012).
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Fig. 20.5 Representation of model proposed for the function of YUCCA6 in drought stress. 
YUCCA6 protein is involved in auxin biosynthesis as a rate-limiting step converting IPA to IAA. 
TAA tryptophan aminotransferase of Arabidopsis, IAA indole acetic acid, ROS reactive oxygen 
species



According to Zhao (2010) also during IAA synthesis via TAM (tryptamine) path-
way, the rate-limiting step where TAM is converted into HTAM (N-hydroxyl 
tryptamine), YUCCA genes were found to be associated by following indole-3-
acetaldoxime (IAOX) pathway with different intermediates, and HTAM progress 
to form IAA. Thus different pathways are associated with varying environmental 
conditions and developmental phases. YUCCA2 and YUCCA6 genes are found to be 
suppressed under high temperature which in turn suppresses the auxin level and 
induces male sterility in Arabidopsis thaliana and barley (Cheng et al. 2006; Sakata 
et al. 2010). In potato and poplar, there was overproduction of auxin as a result of 
overexpression of YUCCA6 and also showed increased drought tolerance (Kim et al. 
2013). Plants also remain green for prolong time but with reduction in yield as 
compared to wild type. Therefore, in potato, biosynthesis of auxin through YUCCA 
genes can be explored under different environmental conditions with respect to the 
plant responses. There was amplified ROS production and lesser drought tolerance 
in the phenotypes which were triple mutants yuc1 yuc2 yuc6 auxin genes (Shi et al. 
2014).
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Drought and salinity stress also activate auxin response factors (ARFs). They 
facilitate plants to cope up different stress conditions by adjusting compatible 
solutes, chlorophyll development, and root promotion via small RNA-mediated 
post-transcriptional regulation (Verma et al. 2022). IAA8 auxin gene enhanced the 
formation of lateral roots under stress conditions (Zhang et al. 2020). Khadr et al. 
(2020) reported that foliar spray of 30 mg/L of naphthalene acetic acid (NAA) 
showed positive effects on physiological and morphological characteristics of 
wheat. Similarly, treating salt-stressed faba bean plants (Vicia faba L.) with exoge-
nous IAA resulted in an enhancement of growth and also reinforced the antioxidative 
defense mechanisms. There is upregulation of auxin genes like AtRD26 and 
AtDREB2 which are induced under drought conditions and also play a vital role in 
growth and development of plant. In addition, auxin-responsive gene TaSAUR75 
activates genes that respond to stress, such as AtRD26 and AtDREB2, which are 
crucial for plant growth and development in the presence of water deficits (Guo et al. 
2018). Thus according to different studies it is concluded that auxin plays a crucial 
and central role in governing and regulating the plant growth, development and 
metabolic activities with respect to environmental signals. Several IAA related genes 
alter and regulate under abiotic stress conditions intensifying antioxidant mechanism 
via conserving ionic balance. 

20.4.2 Gibberellins 

The gibberellins (GAs) are a wide group of tetracyclic diterpenoid carboxylic acids, 
but only a few of them, GA1 and GA3, operate as growth hormones in higher plants 
(Sponsel and Hedden 2010). Majorly derived by geranylgeranyl diphosphate via 
terpenes pathway, they possess an ent-gibberellin tetracyclic skeleton as its essential 
structure (Olszewski et al. 2002). The biosynthetic process is split into three phases 
based on the enzymes involved. Solvent-producing enzymes in plastids will first



create ent-kaurene in first stage. Then, in second stage, microsomal 
MONOOXYGENASES oxidize the end product of the first step, and in the third 
step, 2-OXOGLUTARATE-DEPENDENT DIOXYGENASES catalyze the reac-
tion. The GAs are favorable for germination of seeds, expansion of leaf, elongation 
of stem, initiation of flower and trichome, flower and fruit development as well 
(Yamaguchi 2008). Due to their capacity to stimulate development, they are essen-
tial for plant’s whole life cycles. All other phytohormones interact with GAs in a 
variety of developmental and stimulus-response mechanisms (Munteanu et al. 
2014). Both positive and detrimental mutual regulation can occur in the relationships 
between GA and ET, depend upon that tissue and signaling system (Munteanu et al. 
2014). It functions as a growth regulator, promoting blooming, stem elongation, fruit 
enlargement, and seed germination in particular (Camara et al. 2018). GA was 
shown to control the vegetative and reproductive growth of Hibiscus cannabinus 
L. and increase the plant’s prebiotic fiber (Muniandi et al. 2018). Without altering 
the fruit’s shape, exogenous GA treatment of the rabbit eye blueberry (Vaccinium 
ashei) improves the number of viable seeds, SOD activity, individual fruit weight, 
and delayed fruit ripening time (Zang et al. 2016). Additionally, this phytohormone 
was found to raise the amount of sucrose and dry matter in sugarcane (Rai et al. 
2017). GA treatment encourages early sprouting and an abundance of sprouted buds 
to form in potato tubers (Alexopoulos et al. 2017). 
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The evidence for their critical role in abiotic response to stress and adaptation is 
intriguingly expanding (Colebrook et al. 2014). Studies (Skirycz et al. 2011; Claeys 
et al. 2012) have investigated the function of GAs in the osmotic stress response of 
Arabidopsis thaliana seedlings. When rice is under salt stress, exogenous GA 
treatment boosts lipid synthesis (Liu et al. 2018). The use of GA boosts the 
production of H2S, which acts as an antioxidant to combat oxidative stress, promote 
plant development, and lower boron levels (Kaya et al. 2020; Iftikhar et al. 2019). 
The cell wall and plastid stability are altered, which increases Solanum lycopersicum 
L. resilience to temperature stress (Gamel et al. 2017). By increasing the levels of 
macro-elements (K, Ca, Mg, and Fe) and osmoprotectants (proline and soluble 
protein), 0.1 mM GA and 0.1 mM ascorbic acid reduce the detrimental effects of 
saline stress on okra. This improves antioxidant enzymes and lowers H2O2 content, 
lipid peroxidation, and electrolyte leakage (Wang et al. 2019a). Due to its role in 
maintaining the source-sink relationship and ability to explain why sink enzyme 
activity declines under salinity, GA signaling is crucial for plants to survive salt 
(Iqbal et al. 2011). It has been shown that giving plants GA enhances their levels of 
nitrogen and magnesium while they are under salt stress. GA aids plants in preserv-
ing their normal development and growth when exposed to salt stress. Additionally, 
10-6 M GA treatment of tomato enhanced the amount of proline and sugar in the 
cytoplasm, which serves as an osmoprotectant and improves a variety of develop-
mental indices under 100 mM salt stress (Ben Rhouma et al. 2020). The AtGAMT1 
gene is overexpressed and generates an enzyme that enhances the methylation of 
active GA, resulting in the production of inactive GA. Reduced GA concentration in 
transgenic plants causes them to have smaller leaves with higher stomatal conduc-
tance and reduced stomatal intensity, which slows down transpiration (Nir et al.



2014). Genes involved in GA biosynthesis are also downregulated by SlDREB 
overexpression. A reduced GA concentration enhances tomatoes’ drought tolerance 
mechanism by decreasing internode elongation and foliage development (Li et al. 
2012). In addition, PtGA2ox1 overexpression lowers the GA level in the roots, 
stems, and leaves of tobacco plants, enhancing their ability to withstand drought 
(Zhong et al. 2014). Due to the upregulation of the A. thaliana gene, transgenic 
tomatoes have decreased levels of bioactive GA. Due to reduced stomata and pores, 
which resulted in less whole-plant transpiration, the GA METHYL TRANSFERASE 
1 (AtGAMT1) gene displayed drought tolerance (Nir et al. 2014). In small grains, GA 
deficiency confers both lodging resistance and drought tolerance. We explore that 
GA negatively regulated plants’ response to drought stress, in comparison to other 
phytohormones. Therefore, GA downregulation may be the first focus in order to 
develop plants that can tolerate drought. 
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20.4.3 Cytokinins 

Cytokinins (CKs) are a group of multifaceted plant hormone that have a significant 
impact on a variety of processes which take place during growth and development 
(Nishiyama et al. 2011). These are adenine derivatives with isoprenoid side chains 
flanking the adenine ring at the N6 position. It has been classified by a substituted 
base into three groups: zeatin (Z), dihydrozeatin (diHZ), and N6-(Δ-isopentenyl) 
adenine (ZIP). In many species, the zeatin-type cytokinins are the most active and 
most prevalent forms of cytokinin (Kieber and Schaller 2018). In the biosynthetic 
process, isopentenyl transferase catalyzes the transfer of an isopentenyl group from 
dimethylallyl diphosphate to AMP, ADP, or ATP which is a crucial step for the 
production of CK. These are group of compounds that stimulate water uptake, 
increase cell division, promote organ development, and lead to regeneration and 
proliferation of shoot as in Brassica juncea L., CK signaling encourages callus 
regeneration (Lu et al. 2020). In transgenic and mutant cells, the changed activity 
of metabolic enzymes is critical for a number of crop attributes such as productivity 
and enhanced stress tolerance (Zalabak et al. 2013). In stressful conditions, the 
endogenous level of CKs was increased through absorption and increased produc-
tion. Abiotic stresses such as drought (Kang et al. 2012) and salinity (Nishiyama 
et al. 2011) indicate the changes in the endogenous levels of CKs in response to 
stress (O’Brien and Benková 2013). CK response accelerates leaf senescence in 
Arabidopsis which is regulated by Type-B Arabidopsis response (Raines et al. 2016; 
Zubo et al. 2017). The Ck signaling pathway in Arabidopsis is essential for LZR216 
which promote root structural alterations and plant growth and development (Naulin 
et al. 2020). Additionally, CK has a big impact on how plants react to stress caused 
by nutrient, salt, osmotic, temperature, and drought (Cortleven et al. 2019). CK 
induces seeds to come out of dormancy, which is the opposite of how ABA suppress 
seed germination (Fahad et al. 2015). It is usually regarded as ABA antagonists 
(Pospíšilová 2003). The ABA/CK ratio rises when CK content decreases and ABA 
accumulation increases in plants under water stress condition. Adaptation to drought



stress is aided by the increased apical dominance, which is enhanced by the lower 
CK levels and combined with ABA modulation of stomatal aperture (O’Brien and 
Benková 2013). Cytokinin is a potential second messenger for auxin signaling in 
controlling bud activity (Müller and Leyser 2011). In MAX2 signaling pathway, 
Arabidopsis experiences growth and callus formation as a result of interaction 
between the CK and F-box protein (Li et al. 2019). Nicotiana tobaccum is protected 
from the Chilli veinal mottle virus by CK (Zou et al. 2020). Moreover, it also 
activates proteins that have detrimental effects on growth, enhancing plants ability 
to tolerate osmotic stress (Karunadasa et al. 2020). The Arabidopsis root-derived 
CK, i.e. trans-zeatin guards the plants against circadian stress (Frank et al. 2020). 
Osmotic stress induces the production of CK, which prevents leaf senescence, 
inhibits ABA signaling and ABA-mediated reactions, reduces lipid peroxidation 
and ROS damage, increases the plant ability to withstand osmotic stress, and 
promotes growth and development (Gujjar and Supaibulwatana 2019). It has also 
been suggested that CK can be up- and downregulated to improve drought resis-
tance. The negative effects of stress on photosynthesis are mitigated when CK is 
elevated during drought stress (Prerostova et al. 2018). 

20 An Overview of Phytohormones Mediated Drought and Salinity Tolerance in Plants 399

The primary method of CK elevation is the overexpression of the biosynthetic 
gene, i.e. isopentenyl transferase, which enhances root development and, in turn, it 
raises the antioxidant activity. Thus, it improves tolerance for drought stress 
(Xu et al. 2016). Plants accumulate CK in root tissues during drought stress due to 
decrease in cytokinin dehydrogenase/oxidase activity (Havlova et al. 2008). 
Overexpressions of these enzymes increase the content of protective compounds 
which ultimately increase tolerance in tobacco, Arabidopsis and barley under 
drought stress (Nishiyama et al. 2011; Macková et al. 2013). This has been the 
main method for the enzymes to downregulate CK. It also promotes signaling in a 
variety of ways in response to drought stress. The increase in CK levels under stress 
along with the activation of stress-responsive genes may provide us some indications 
about a target that can help plants become more resistant to drought stress. Wu et al. 
(2014) proposed that the increase in proline content caused by exogenous CK 
increased salt resistance of Solanum melongena. 

20.4.4 Abscisic Acid 

Abscisic acid (ABA) commonly known as a “stress hormone” is derived from its 
function in the abscission of plant leaves. It is also one of the phytohormone that has 
received the most research due to its particular role in plant adaptation to different 
abiotic stresses. Abscisic acid, a sesquiterpenoid molecule with 15 carbon atoms that 
is generated in the plastids (Xiong and Zhu 2003). It is widely distributed throughout 
many kingdoms including cyanobacteria, sponges, algae, lichens, mosses, and 
mammals (Valona et al. 2008; Cutler et al. 2010; Mehrotra et al. 2014). Higher 
plants produce ABA via a two-step process that converts the xanthoxin to ABA via 
ABA-aldehyde after cleaving a C40 carotenoid precursor (Xiong and Zhu 2003). 
ABA regulates a vast range of physiological, molecular, and cellular functions in



plants at various phases of development. Additionally, it is necessary for the 
synthesis of lipids and storage proteins, as well as for stomatal opening, embryo 
morphogenesis, seedling growth, plant development, seed maturation (Sreenivasulu 
et al. 2012) and also influences the differentiation of xylem fibers. The function of 
stress tolerance in ABA has attracted a lot of attention since it is thought to be a 
crucial messenger in plants’ adaptive response to abiotic stresses. ABA serves as an 
intracellular signal that enables plants to withstand unfavorable climatic 
circumstances (Keskin et al. 2010). Intrinsic ABA levels rise quickly in response 
to abiotic stresses which modified the gene expression by activating particular 
signaling pathways (O’Brien and Benková 2013). When plants were subjected to 
salt stress, Zhang et al. (2006) observed a significant increase in ABA content. 
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ABA is created in the roots and transferred to the leaves when a plant is exposed 
to water-deficient conditions. Here, it activates drought-resilience mechanisms in the 
plants that restrict growth and cause stomata to close (Qi et al. 2018). ABA regulates 
the expression of genes that respond to stress as well as the production of protective 
proteins like LEA and dehydrins to protect plants from water deprivation 
(Sreenivasulu et al. 2012). The type-A ARR5 is phosphorylated by ABA-activated 
SnRK2s, increasing its stability and amplifying the stress response that is mediated 
by ABA. In addition, type-A ARR5, which inhibits CK signaling in Arabidopsis 
through a negative feedback loop, limits plant development. In transgenic 
Arabidopsis, activation of IbARF5 upregulates the biosynthetic genes such as 
IbZEP, IbABA2, and IbNCED, leads to the development of tolerance under drought 
stress condition (Kang et al. 2018). Furthermore, SAPK2 is a crucial molecule of 
ABA-dependent pathway which enhances the expression of number of stress-
responsive genes, such as OsOREB1, OsLEA3, OsRab16b, OsRab21, and 
OsbZIP23 under water deficit condition (Lou et al. 2017). All these stress-responsive 
genes that are affected by drought may be suitable targets for the gene engineering of 
plants to make them drought tolerant plant. Furthermore, REL1 overexpression 
modulates drought tolerance in rice plants (Liang et al. 2018). The local ABA 
reactions in guard cells are similarly stimulated by AtABCG25 overexpression, 
which promotes plant water usage efficiency in water-scarce circumstances 
(Kuromori et al. 2016). Exogenous ABA application has been observed to increase 
the activity of antioxidant enzymes, ASR1 expression, interacellular ABA level how-
ever it reduce oxidative damage to minimize the detrimental effects of drought on 
maize seedlings (Yao et al. 2019). According to research on the Arabidopsis, a 
model plant, ABA is a prominent drought-responsive plant growth regulator that is 
significantly involved in the management of drought stress. Nemhauser et al. (2006) 
reported that up to 10% of protein-encoding genes are transcriptionally controlled by 
ABA. Desiccation tolerance is mediated by osmoprotectants and antioxidant 
enzymes, both of which are synthesized by mechanisms that are upregulated by 
ABA (Chaves et al. 2003). According to reports, the Camellia sinensis bud activity-
dormancy transition depends on genes responsible for the metabolism and signaling 
of ABA and GA (Yue et al. 2018). ABA controls the expression of genes involved to 
cell wall alterations and anthocyanin production in the ripening fruits of Vaccinium 
myrtillus L. (Karppinen et al. 2018). Plants acquire ABA in response to abiotic



stresses, which causes a reaction to the harsh environment. Guajardo et al. (2016) 
reported that Pyropia orbicularis, a species of seaweed, exhibited the levels of ABA 
that were 4–7 times higher during the oxidative stress at the time of water deficit 
condition. In water-stressed leaves, mesophyll cells are identified to be the principal 
location of ABA production (McAdam and Brodribb 2018). It also promotes the 
expression of AGO2 and AGO3 to promote resistance to the bamboo mosaic virus 
(Alazem et al. 2017). ABA regulates stomatal closure to prevent water loss; hence, 
the genes associated in stomatal closure could be a key target to alter in order to 
improve drought resistance in plants. 
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20.4.5 Ethylene 

Ethylene (ET) is a gaseous phytohormone which is significant in mitigating the 
negative effects of abiotic stress conditions. Along with being a crucial stress 
response regulator, it also has a major impact on petal and leaf abscission, floral 
senescence, and ripening of fruit (Groen and Whiteman 2014; Pech et al. 2012; 
Wang et al. 2020). This phytohormone is a basic 2-C compound that is 
biosynthesized from methionine using ACC (1-aminocyclopropane-1-carboxylic 
acid) and S-AdoMet (S-adenosyl-L-methionine). ACC oxidase turns ACC into 
ethylene, whereas ACC synthase turns S-AdoMet into ACC (Vandenbussche and 
Van Der Straeten 2012). Low temperature and salinity are abiotic stresses that affect 
plant endogenous ET levels. Higher ET concentrations were consequently effective 
in improving tolerance of plants (Shi et al. 2012). It also has a significant impact on 
how plants respond defensively to heat stress (Larkindale et al. 2005). ET usually 
works in conjugation with another plant growth regulators including jasmonic acid 
and salicylic acid. These are the key factors which control the plant defense against 
pathogens and pests (Klay et al. 2014). A series of signaling pathways involved in 
plant defense are triggered by the biosynthesis, transport, and storage of the 
hormones (Matilla-Vázquez and Matilla 2014). According to Yin et al. (2015), 
ethylene and abscisic acid tend to have synergistic and antagonistic effects on 
growth and development of plants. It plays an important part in the starting of 
autophagy and inducing ROS amelioration, which supports survival during 
re-oxygenation stress, low level of oxygen and flooding. Furthermore, the plant 
growth-promoting fungus, Penicillium Viridicatum also plays a role in the ET 
signaling pathway which contributes to systemic resistance in Arabidopsis (Hossain 
et al. 2017). It has been found that during abiotic and biotic stresses, ET is essential 
for nodule development and signaling in legumes (Khalid et al. 2017). It also 
encourages nodal root emergence, which slows down root development and eventu-
ally has a detrimental impact on Zea mays ability to resist root lodging (Shi et al. 
2019). ET also controls the regions where adventitious roots start forming in 
Arabidopsis hypocotyls (Rasmussen et al. 2017). Gómez-Soto et al. (2019) reported 
that the exogenous administration of plant hormones like ET and ABA causes the 
expression of AtNIP1 and AtNIP5, which improves the boron uptake in Arabidopsis 
plant. In tobacco plant, drought tolerance is improved by overexpressing GmERF3,



which increases proline content, soluble sugar content, and reduces the accumulation 
of MDA content (Zhai et al. 2017). Furthermore, transgenic tomato plants 
overexpressing SlERF5 also showed high drought resistance (Pan et al. 2012). 
Cotton was also found to contain the AP2/EREBP gene, which is adapted to water 
stress (Liu and Zhang 2017). ET controls a number of signaling pathways to mitigate 
drought just like other phytohormones. Therefore, the information provided above 
regarding the stress-responsive gene mediated by ET may be useful for the future 
research. 
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20.4.6 Brassinosteroids 

A new class of polyhydroxy steroidal phytohormones with significant growth and 
development promoting abilities is known as brassinosteroids (BRs). They were 
initially identified and isolated from the pollen of rape plants (Brassica napus). More 
than 70 BRs have been synthesized from plant sources. The three most bioactive 
BRs are brassinolide, 24-epibrassinolide, and 28-homobrassinolide. These BRs are 
widely used in experimental and physiological studies (Vardhini et al. 2006). They 
are also found in basically every part of the plant, including the vascular cambium, 
roots, leaves, flower, stems, pollen, buds, fruits, and seeds (Bajguz and Hayat 2009). 
They are essential for a number of developmental activities, such as floral initiation, 
root and stem development, and the formation of flowers and fruits (Bajguz and 
Hayat 2009). However, new research suggests that BRs and related chemicals have 
stress-mitigating effects in plants exposed to diverse abiotic stressors. These abiotic 
stressors include high temperature (Janeczko et al. 2011), low temperature (Wang 
et al. 2014), soil salinity (Abbas et al. 2013), light (Kurepin et al. 2012), drought 
(Mahesh et al. 2013), metals/metalloids (Bajguz and Hayat 2009), and organic 
contaminants (Ahammed et al. 2020). Vardhini and Anjum (2015) explored the 
potential of BRs and related compounds to modify the antioxidant defense system 
components after exposure to abiotic stress to avoid the stress-induced oxidative 
burst. 

There is still much to learn about the sources, pathways, and enzymology of their 
biosynthesis, source-sink relationships, stress physiology, interactions with 
microbes, fungi, and mammals, and the realization of their powerful uses (Fahad 
et al. 2015). At high temperature, BZR1, i.e. BRs-activated transcription factor 
attaches to the PIF4 promoter which activates a number of genes that promote 
growth and development (Ibanez et al. 2018). In Oryza sativa, overexpression of 
OsMIR396d gene affects BRs and GA signaling pathways which control plant 
morphology and potential of crop yield (Tang et al. 2018). Important BRs signaling 
regulator, i.e. Oryza sativa mediator subunit 25 interacts with OsBZR1 gene to 
control rice plant structure and BRs signaling (Ren et al. 2020). Root hydrotropism 
in Arabidopsis is dependent on BRs-associated H+ efflux (Miao et al. 2018). 
Brassinosteroids are also exploited as priming agents and are known to control 
plant growth, development, and abiotic stress tolerance (Ahammed et al. 2020). It 
has been shown that brassinolide (5 M/L) seed priming of lucerne (Medicago sativa



L.) increased seed germination and seedling development under salt stress (Zhang 
et al. 2007). Similarly, peanut seed priming with 0.15 ppm brassinosteroids 
enhanced drought resistance and boosted peanut output (Huang et al. 2020). During 
water stress, BRs encourage Rubisco and efficient leaf water use to improve CO2 

assimilation and leaf water economy (Farooq et al. 2009). Numerous studies have 
also demonstrated that wheat, Arabidopsis, and Brassica napus have been beneficial 
under water stress condition. Extracellular 24-epibrassinolide treatment enhances 
brassinosteroids content leading to decreased ABA and ROS levels and hence aiding 
in stomatal expansion during drought tolerance (Tanveer et al. 2019). Three WRKY 
transcription factors, WRKY46, WRKY54, and WRKY70 have been recognized as 
crucial signaling elements that, in turn, either favorably or unfavorably influence 
BRs controlled growth and drought responses (Chen et al. 2017). Similar to this, 
Brassica napus increased drought resistance by overexpressing the Arabidopsis BRs 
biosynthesis gene AtDWF4 (Sahni et al. 2016). Furthermore, ABA signaling is 
negatively regulated by ABI1 and ABI2, which has been seen to engage with 
BIN2 and affect BRs signaling, which leads to Arabidopsis stress responses. The 
localized phytohormone BRs interact with other important stress hormones such as 
ABA that plays a significant function in drought stress. 
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20.4.7 Jasmonates 

The term “jasmonates” refers to the ubiquitous cyclopentanone plant hormones 
produced by the metabolism of membrane fatty acids, particularly methyl jasmonate 
(MeJA) and its free acid jasmonic acid (JA). These multifunctional chemicals are 
engaged in vital plant growth and survival activities, such as reproduction, bloom-
ing, fruiting, secondary metabolism, senescence, and direct and indirect defensive 
responses (Seo et al. 2001; Fahad et al. 2015). JA increases plant defensive responses 
to pathogens attack and environmental stresses, including salt, low temperature, and 
drought (Pauwels et al. 2009), along with the developmental activities in plants. JAs 
are essential signaling molecules triggered by a variety of environmental stresses 
such as drought (Du et al. 2013), salt (Pauwels et al. 2009), and exposure of UV 
(Demkura et al. 2010). They are equipped to combat various environmental 
difficulties (Dar et al. 2015). Exogenous MeJA treatment significantly reduced 
salinity stress responses in soybean seedlings (Yoon et al. 2009). Unexpectedly, 
endogenous levels of JA increased under salt stress in rice roots and were shown to 
reduce the negative effects of salt stress (Wang et al. 2001). There has been a 
widespread usage of jasmonic acid derivatives as priming agents to mitigate abiotic 
stressors. It has been shown that rice seed priming with MeJA at concentrations of 
2.5 and 5 mM improved Chl content and photochemical efficiency in response to 
PEG stress (Sheteiwy et al. 2018). Similarly, MeJA priming enhanced the develop-
ment of broccoli sprouts under salt stress (Hassini et al. 2017). Exogenous adminis-
tration of JA is hypothesized to enhance antioxidant activity under drought stress by 
inducing ascorbate peroxidase (APX), glutathione reductase 
(GR) monodehydroascorbate reductase (MDHAR), and dehydroascorbate reductase



(DHAR) (Shan et al. 2015). Additionally, it enhances plant water uptake by 
controlling root hydraulic conductivity under the conditions of low moisture content 
(Sanchez-Romera et al. 2014). Methyl JA increases the rate of photosynthetic 
activity, grain yield, and resistance to drought in a number of plant species, including 
maize, banana, soybean, and Cistus albidus (Yu et al. 2018). Furthermore, methyl 
JA promotes the accumulation of appropriate solutes and osmoprotectants, which 
enhances antioxidant activity, gas exchange parameters and chlorophyll content, 
hence inducing stomatal closure and improving water usage efficiency and water 
status. In addition, methyl JA alters endogenous phytohormones and polyamine to 
minimize the negative effects of drought stress (Xiong et al. 2020). It is claimed that 
exogenous administration of 0.5 mM methyl JA maintains wheat development and 
grain yield under water deficit condition (Anjum et al. 2016). Furthermore, 10 M of 
methyl JA reduces the negative effects of the extreme drought stress on sugar beets 
(Fugate et al. 2018) then up to 20 M of methyl JA affects a variety of physiological 
processes, including the production of more solutes and secondary metabolites like 
flavonoids and phenolic compounds, hence promoting plant growth in drought-
stressed environment (Mohamed and Latif 2017). Endogenous JA greatly reduces 
the impact of drought stress on oat through fatty acids and lipids. MeJA might 
modulate drought tolerance in plants by accelerating antioxidant and osmotic adjust-
ment molecules (Xiong et al. 2020). We infer that JA signaling is linked to the 
regulation of secondary metabolites for drought control in plants. 
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20.4.8 Salicylic Acid 

A naturally present phenolic compound called salicylic acid (SA) controls the 
expression of proteins which is involved in pathogenesis (Miura and Tada 2014). 
In addition to controlling defensive responses, it also controls abiotic stress 
responses, ripening, and plant growth and development (Rivas-San Vicente and 
Plasencia 2011; Hara et al. 2012). Two mechanisms are involved in the production 
of SA: the isochorismate (IC) route and the phenylalanine ammonia lyase (PAL) 
pathway. The IC pathway is the most crucial pathway in tomato and Nicotiana 
benthamiana (Uppalapati et al. 2007). During low SA concentration, antioxidant 
activity of plants is increased, whereas high SA concentrations may produce cell 
death or make plants more sensitive to abiotic stresses (Jumali et al. 2011). This is an 
intriguing and notable common notion. The majority of genes responsible for 
reduced sensitivity to SA treatment are associated with stress and signaling pathways 
that ultimately lead to cell death. SA includes genes that make heat shock proteins, 
antioxidants, chaperones, and secondary metabolite-producing enzymes such as 
cytochrome P450, sinapyl alcohol dehydrogenase, and cinnamyl alcohol dehydro-
genase (Jumali et al. 2011). SA has a role in how plants react to abiotic stresses such 
as heat (Fayez and Bazaid 2014), cold (Munne-Bosch and Penuelas 2003), salt 
(Fahad and Bano 2012), and drought (Miura et al. 2013). Both SA and ABA are 
involved in drought response control (Miura and Tada 2014). Phillyrea angustifolia’s 
endogenous concentrations of SA increased fivefold in response to drought stress



(Munne-Bosch and Penuelas 2003). The SA content of barley roots almost doubled 
as a result of water deprivation (Bandurska 2005). The pathogenesis-related genes 
PR1 and PR2 are induced by drought stress (Miura et al. 2013). However, the precise 
molecular mechanisms underpinning SA’s functions in abiotic stress tolerance 
remain mostly unknown, necessitating additional study in this field. Increasing 
levels of SA in plants suggest that it is essential for maintaining plant disease 
resistance, adaptability to abiotic stress, thermogenesis, seedling growth, fruit devel-
opment, DNA damage/repair, and other functions (Dempsey and Klessig 2017). 
Exogenous SA is administered to improve enzyme activity, alter cell redox status, 
protect plants from oxidative stress, and reduce the negative effects of salt stress on 
mustard plants (Husen et al. 2018). SA is also involved in cell growth and division. 
When SA is applied externally to canola, more pods and seeds are produced 
(Keshavarz and Sanavy 2016) and when applied to marigold under water deficit, it 
enhances various physiological mechanisms, increases bioproductivity, and reduces 
the negative effects of water stress (Abbas et al. 2019). 
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Additionally, SA boosts antioxidant enzymes and proline content, both of which 
are necessary for mung bean seedlings to endure less aluminum stress (Ali 2017). 
Also, the development and output of commercially important crops like maize, 
strawberries, and other plants under salt stress are improved by the exogenous 
administration of SA (Tahjib-Ul-Arif et al. 2018). According to Csiszár et al. 
(2018), SA maintains glutathione levels and redox equilibrium in situations of salt 
stress (Csiszár et al. 2018). It has also been noted that the application of SA enhances 
the root and shoot’s osmolyte and proline content in order to preserve the cell’s 
turgor pressure without compromising with other metabolic functions. During 
drought stress, its application stimulates non-enzymatic defensive systems, such as 
sugar accumulation for energy saving, osmoregulation, and decreases the levels of 
free radicals and malondialdehyde in a variety of agricultural plants, such as 
safflower, wheat, and Brassica rapa (Chavoushi et al. 2019). SA treatment improves 
the tolerance of agricultural plants to drought stress through redox balance and 
proline synthesis (Chavoushi et al. 2019). A mechanism for drought tolerance in 
Arabidopsis loss-of-function lines cpr5 and acd6 was shown to be mediated by 
endogenously accumulating SA (Miura et al. 2013). When the pathogen-induced 
pepper CAPIP2 gene was transferred into Arabidopsis, it increased the plant’s 
tolerance to a variety of biotic and abiotic conditions, such as drought stress (Lee 
et al. 2006). Additionally, it has been proven that SIZ1-mediated accumulation of 
internal SA increases drought resistance and encourages stomatal closure in 
Arabidopsis (Miura et al. 2013). External SA treatment was evaluated for its 
potential to improve drought tolerance by activating a variety of defensive 
mechanisms, such as the antioxidant system and increasing osmolyte content in 
the vegetative phase of safflower, maize, and barley, respectively (Abdelaal et al. 
2020). Thus, a potential transgenic target for developing drought-resistant plants 
involves genes engaged in signaling in response to exogenous administration of SA.
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20.5 Crosstalk Between Phytohormone 

The perception of abiotic stressors initiates signal transduction cascades that interact 
with the baseline pathways transduced by phytohormones (Harrison 2012) in order 
to respond to environmental challenges. Changes in stress-responsive hormone 
levels influence cellular dynamics and are crucial for coordinating the growth 
responses to stress (Kohli et al. 2013). A signaling network is created by the 
convergence points between hormone signal transduction cascades, which are 
known as crosstalk (Harrison 2012). Insights into the main phytohormones ABA, 
IAA, BRs, GAs, JA, and ET’s biosynthetic and fundamental signaling components 
have been disclosed in recent decades (Singh and Jwa 2013). In order to fine-tune the 
defense against environmental threats, various plant hormones collaborate to form 
signal defense networking. Among these, SA, JA, and ABA are of particular note 
and are thought to be important participants in the control of signaling pathways. 
Understanding the interconnections between phytohormones and how they work 
together to combat abiotic stressors has received more attention recently. 
Incorporating various input signals, regulating growth, and developing stress toler-
ance in plants all depend on interactions between phytohormones, according to 
unambiguous experimental results (Kohli et al. 2013). The extensive and repetitive 
signaling intermediates of each hormone offer insights into their presumed roles in 
this crosstalk. Understanding the interactions between defense signaling pathways 
and phytohormonal signaling pathways is crucial because it could point to new 
potential targets for the creation of phytohormones and host resistance mechanisms 
(Grant and Jones 2009). Expression of possible genes implicated in drought toler-
ance is regulated by ERF1 (ETHYLENE RESPONSE FACTOR1). By activating 
many transcription factors (TFs), including those whose expression is regulated by 
the ABA-responsive component SnRK2, increased drought tolerance. The 
phytohormones jasmonic acid and abscisic acid are encouraged to be produced, as 
well as the ROS detoxification process, which closes stomata and ultimately leads to 
stress tolerance. Cytokinin, brassinosteroid, and auxin also promote the synthesis of 
ethylene, which activates the DELLA and causes root growth. Photosynthesis is 
improved by JA (Fig. 20.6). 

20.6 Conclusion and Prospective 

Abiotic stresses intensively reduce the yield of major crops by affecting the growth 
and development of plants. Significant studies showed that phytohormone helps in 
abiotic stress tolerance. In this chapter we focused on role of different phytohormone 
under stress conditions. Plant hormones as growth regulators regulate various 
physiological processes under salt and drought stress. Phytohormones regulate the 
metabolic processes under stress condition by up- or downregulation of 
phytohormone-associated genes. To deal with stress conditions, genes which are 
involved in phytohormones biosynthesis can be identified with the help of recent 
techniques. Exogenous application of phytohormones may be used to maintain



growth and productivity of plants under stress conditions; however, more research 
work could be done under salt and drought stress. Possible outcome in this field is 
development of salt and drought tolerant varieties for major crops with the help of 
genetic engineering. Soil microbes may also be helpful in increasing stress resistance 
by altering the levels of osmoprotectant, phytohomones, secondary metabolites. 
Phytohormones could enhance drought and salinity resistance by employing various 
physiological, biochemical, and molecular mechanisms. 
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Abstract 

Drought is among the most dangerous consequences of climate change. It poses a 
substantial threat to agriculture, which reduces crop yields and impedes the 
realization of land’s full potential around the globe. This review article is divided 
into two sections: the effect of water stress on the physiological and biochemical 
features of crop plants and the amelioration of this effect by selenium treatment. 
In the first section, physiological and biochemical drought responses of crop 
plants are discussed. Drought stress has a detrimental effect on plant growth 
characteristics such as plant height, number of leaves and tillers per plant, and dry 
weight of various plant parts. This is as a result of decreased relative water content 
(RWC), which closes stomata and consequently decreases transpiration rate, 
stomatal conductance, and photosynthesis. In the second section, physiological 
and biochemical alterations generated by selenium (Se) in plants under drought 
stress are reviewed. Selenium’s antioxidant properties enable it to mitigate the 
negative effects of drought-induced stress on plants. The accumulation of 
metabolites is accompanied by the activation of catalase, superoxide dismutase, 
ascorbate peroxidase, and glutathione peroxidase. By promoting the accumula-
tion of osmolytes, Se plays a crucial function in the maintenance of water 
relations such as leaf water potential and RWC. Osmotic adjustment increases
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drought tolerance by allowing cell expansion, plant development, and stomata to 
remain partially open, as well as by maintaining stomatal conductivity, photo-
synthesis, and transpiration. Therefore, Se improves the quality of grains by 
promoting the absorption and translocation of many micro- and macroelements 
whose uptake was reduced under drought.
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21.1 Introduction 

Drought is one of the most threatening aspects of climate change that poses serious 
challenges for the survival of crop plants, thus reducing fitness and potential yield of 
the plants. The world’s dry and semi-arid regions, particularly those in developing 
nations, are in grave danger due to severe water scarcity. For instance, it impacts at 
least 60 million hectares of wheat-growing land in industrialized countries and 32% 
of the 99 million hectares of land that are used for wheat cultivation in developing 
nations (Shamsi and Kobraee 2011). The primary causes of these losses are lower net 
photosynthetic rates brought on by metabolic constraints, including stomatal closure, 
chloroplast oxidative damage, and inadequate grain setting (Farooq et al. 2014). 
Understanding the intricate reactions of plants to a lack of water depends heavily on 
physiological and biochemical approaches. The use of treatment with substances that 
reduce abiotic stress could be a more practical, less expensive method of improving 
plant drought tolerance. 

The action of Se on plants has been studied for almost 70 years and its essentiality 
has not yet been confirmed (Lyons et al. 2008). Currently, numerous studies have 
been made with trace elements to improve the response of plants subjected to 
drought, as in the case of selenium (Se) and silicon (Si) (Feng et al. 2013). Studies 
have shown that in adequate concentrations Se can be beneficial to plants. Physio-
logical and antioxidant properties of Se play beneficial roles in plants exposed to 
various abiotic stresses (El-Ramady et al. 2016). For example, selenium plays an 
important role in mitigating salinity (Abul-Soud and Abd-Elrahman 2016), heavy 
metals (Li et al. 2016), and high temperature stress (Balal et al. 2016) by increasing 
activity of GPX and antioxidants with a concurrent decrease in lipid peroxidase 
activity. Selenium improves plant tolerance to drought stress (Nawaz et al. 2015a) by  
regulating water status (Yao et al. 2009), increasing chlorophyll in plant leaves 
(Dong et al. 2013), and stimulating the activity of the antioxidant enzymes like CAT 
and SOD (Proietti et al. 2013). Figure 21.1 displays the list of physiological and 
biochemical roles of selenium. 

Selenium has been reported to improve the yield of multiple food crops like wheat 
(Ducsay et al. 2016), barley (Ducsay et al. 2009), rice (Wang et al. 2013; Zhang et al. 
2014), and maize (Chilimba et al. 2012) in multiple studies. Furthermore, selenium 
(Se) is an essential element for humans and animals, being a component of nearly



30 selenoproteins or selenoenzymes (Rayman 2012) having anti-cancer, antioxidant, 
and anti-stress properties (Carey et al. 2012). Selenium deficiency causes many 
diseases. Worldwide, it is estimated that over one billion people ingest Se below 
the recommended dose of 55 μg/day (Mora et al. 2015; Banuelos et al. 2017). Crop 
biofortification represents a great strategy (Galinha et al. 2014) which speaks for the 
need of supplementation of this nutrient via fertilizers for increasing its level in 
edible parts as represented in Table 21.1. A comprehensive understanding of the 
impact of Se on crop exposed to drought is critical for improving drought resistance. 
Although there are several excellent reviews on plant drought stress available, there 
are relatively few thorough reviews on selenium mediated biofortification under 
drought stress In this review, the responses of crops to Se application during water 
deficit are discussed, including common morphological, physiological, and bio-
chemical responses. 
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Table 21.1 Effect of selenium on yield and nutritional quality of cereal crop grown under drought 
stress 

Crop 
Base supplementation of 
selenium Effect on grain yield Nutrients References 

Winter 
wheat 

60 g/ha foliar from 6 to 
18 weeks after sowing 

7.62 ± 0.72 to 8.08 
± 0.75 g/plant 

Increase Hajiboland 
et al. (2015) 

Wheat 0.50 mg/L Se fertigation at 
flag leaf stage 

2.73–4.72 t/ha Increase Nawaz et al. 
(2015b) 

Buckwheat 1 g Se/L foliar spray at 
55 DAS 

No effect – Tadina et al. 
(2007) 

Rice 0.03 mM seed priming 15–21 g/plant Increase Emam et al. 
(2014) 

Maize 285 g Se/ha at tasseling No significant effect Increase Wang et al. 
(2013) 

Wheat 36 mg/L foliar spray at 50% 
flowering stage 

12,880–13,690 kg/ 
ha 

– Teimouri 
et al. (2014) 

Barley 20 g/ha foliar application at 
grain filling stage 

4.4–6.3 kg/ha – (not 
seen) 

Sajedi et al. 
(2011) 

Rice 21 g/ha at 15 day interval 
till harvest 

2.1–2.7 g/plant Increase Wang et al. 
(2013) 

Wheat 18 g/ha at fifth node on 
stem 

9% – Sajedi (2017) 

Barley 18 g/ha at 75% florescence 
spikelets 

6% – Sajedi (2017) 

21.2 Effect of Drought on Crop Growth 

Growth is one of the most important markers for evaluating the responses of plants to 
environmental stress, such as drought, salinity, heat stress, etc. Water stress may 
hinder internode elongation and leaf expansion by limiting cell division (Namich 
2007). Drought leads to the loss of water content, which reduces turgor pressure in 
the cell, preventing cell enlargement and division, resulting in a decrease in plant 
growth and accumulation of dry material (Delfine et al. 2002). 

Wheat growth characteristics, including plant height, number of leaves per plant, 
leaf area per plant, flag leaf area, number of tillers, shoot dry weight, and root dry 
weight per plant, were severely impacted by water stress as compared to a normally 
irrigated control plants (Hammad and Ali 2014). Similarly significant reduction in 
fresh weight of shoot and root was noticed along with shoot/root ratio, total biomass, 
and chlorophyll content in 24 days old wheat seedlings exposed to drought 
conditions (Yao et al. 2012). Crop phenology, dry matter, and grain yield responses 
to water stress varied on plant growth stage, crop cultivar, and drought severity 
(Abid et al. 2018).
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21.3 Effect of Drought on Crop Physiological Characteristics 

Water inaccessibility directly or indirectly disturbs almost every physiological 
process in plants. The maintenance of favorable water status in cells is considered 
a prime defense mechanism in water-stressed plants (Kaldenhoff et al. 2008). Plant 
water relations were significantly influenced by drought stress in wheat and this 
effect was more pronounced at anthesis causing 21% and 14.5% more reduction in 
leaf water potential (Ψw) and in leaf RWC, respectively, than at the tillering stage 
(Nawaz et al. 2017). Maize plants grown under 60% field capacity showed markedly 
reduced water status and more negative Ψw (Hussain et al. 2016). The relative water 
content (RWC) is a crucial drought stress measure that indicates the soil water 
availability to the plant. It is specified that stomata remain closed when RWC is 
low; hence, reduced stomatal conductance ultimately leads to decrease in photosyn-
thesis (Cornic 2000). In studies performed on four cultivars of bread wheat by 
Siddique et al. (2000), RWC reduced to 43% (from 88% to 45%) by moisture stress. 

Photosynthetic processes in plants are affected to a great extent by drought. Due 
to the closure of stomata under low water availability, the intake of carbon dioxide 
(CO2) is blocked and plants are unable to perform photosynthesis (Yang et al. 2006). 
Drought-induced reduction in gas exchange characteristics has been well 
documented in many crops such as wheat (Ahmad et al. 2018), chickpea (Rahbarian 
et al. 2011), cowpea (Singh and Reddy 2011), and mungbean genotypes (Baroowa 
et al. 2015).The value of Fv/Fm reflects the capacity to trap electrons by the 
photosystem II (PSII), and the decrease in Fv/Fm is attributed to damage of D1 
reaction-center protein of photosystem II (Zhang et al. 2014). Water stress caused 
degradation of PS II oxygen evolving complex and the PS II reaction centers (Murata 
et al. 2007). The quantum yield of photosystem II (Fv/Fm) was significantly reduced 
under drought stress in both HC-1 and RSG 931 chickpea genotypes and it was 
found to be positively correlated with RWC (Kumar et al. 2018). 

The role of the intact cell membrane remains to be more critical for plant 
adaptation in drought stress conditions. Changes in cell membranes under water 
deficit are often associated with the increase in the cell permeability and electrolyte 
leakage (Ahmad et al. 2018). According to a study conducted by Beltrano et al. 
(2008), wheat seedlings with a soil water potential of nearly -1.2 MPa from watery 
ripe, milk stage, and soft drought stage to harvesting showed a significant increase in 
electrolyte leakage compared to well-watered plants at each of the aforementioned 
stages. Water stress diminishes the availability, uptake, transfer, and metabolism of 
mineral nutrients in plants (Farooq et al. 2009). The availability of N, P, K, Ca, Mn, 
Mo, Fe, B, and Zn uptake to the plant decreases with decreasing soil water content, 
due to the decreasing mobility of these elements under water stress (Hu and 
Schmidhalter 2005). But under moist condition, the availability of Mn and Fe is 
increased due to its conversion to reduced and more soluble forms (Havlin et al. 
1999). In wheat water stress caused reduction of 24%, 42%, 14%, and 9% in P, Zn, 
Fe, and Mg contents, respectively, than that of normal irrigated plants, whereas K 
accumulation in grain was not affected by water deficit conditions (Nawaz et al. 
2015b). Contrary to this, in an experiment conducted by Ashraf et al. (1998)  to



determine the effect of water stress on nutritional changes in wheat, Ca, Mg, and P 
concentration decreased, K increased and Na content was not affected with water 
stress in all the wheat genotypes under examination. 
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21.4 Effect of Drought on Crop Biochemical Traits 

Chlorophyll is an important photosynthetic pigment which is directly linked to the 
yield of the plant. Wheat requires highest amount of chlorophyll at the flowering 
stage for proper development of grains (Lehari et al. 2019). Decline in chlorophyll a, 
chlorophyll b, and total carotenoids in wheat plant grown under water stress have 
been noticed by Ibrahim (2016). Analysis of MDA, which is a final product of lipid 
peroxidation and, a marker of stress in plants reflects the effects of stress on the 
membranes (Anjum et al. 2017). Yao et al. (2012) noticed that drought treatment 
significantly increased the rate of ROS production and MDA content in wheat. 
Reactive oxygen species (ROS) perform many vital roles in inter- and intracellular 
signaling to control plant growth and development (Breusegem et al. 2001). Water 
stress agitates the equilibrium between antioxidant defense and the amount of ROS 
(Gill and Tuteja 2010). CAT is one of the most important enzymatic antioxidants 
that protect cells against stress by converting the detrimental H2O2 directly to H2O 
and O2 (Akbulut et al. 2018). Wheat at 40% FC had 66.29% higher CAT activities as 
compared to irrigated control (Sattar et al. 2019). This enhanced activity of antioxi-
dant enzyme might be due to osmotic stress and ROS production (Sheoran et al. 
2015; Caverzan et al. 2016). Superoxide dismutase (SOD) is considered to be first 
line of defense to safeguard plant against antioxidant stress as it regulates the 
concentration superoxide in the cell. Mohammadi et al. (2015) documented enhance-
ment in SOD activity with an increase in stress intensity in all the ten tested wheat 
genotypes. This also indicated high and significant correlations of SOD and GPX 
activities with grain yield pointing out that these parameters can be used to estimate 
potential field performance of wheat under different irrigation conditions. APX 
participates in the ascorbate-glutathione pathway to combat enhanced generation 
of ROS. During abiotic stress, this enzyme becomes active to protect plant cells 
(Ghosh and Biswas 2017). Shabbir et al. (2016) studied APX action in wheat leaves 
underneath drought and concluded that drought stress upsurges APX activity up to 
55% compared to normal irrigated wheat plants. Contrary to this, APX activity of 
PEG treated wheat seedlings showed descending trends upon increased levels of 
drought stress (Lan et al. 2020). 

Ascorbic acid (AsA) plays an important role in scavenging the reactive oxygen 
species (ROS) under abiotic stress. Drought stress significantly increased ascorbic 
acid contents in wheat crop grown under different moisture regimes (Shahzadi et al. 
2017). Contrary to this, a decreasing trend of ascorbate content was observed in 
29 wheat genotypes under water deficit conditions compared to irrigated 
environments, and genotypes with higher reduced ascorbate under irrigated 
conditions had a lower drought susceptibility index than genotypes with low endog-
enous reduced ascorbate (Roy et al. 2017). Glutathione (GSH) is a low molecular



weight thiol and the chemical reactivity of the thiol group makes it particularly 
suitable to serve a broad range of biochemical functions in all organisms. This 
reactivity along with the relative stability and high water solubility of GSH makes 
it an ideal biochemical to protect plants against various stresses (Ghosh and Biswas 
2017). Furthermore, AsA and GSH serve as electron donors to APX and GPX (Batth 
et al. 2017). Hydroxymethylglutathione (hmGSH) and glutathione (GSH) were 
present in greater quantities after PEG treatment in the two wheat tolerant genotypes 
than in the sensitive ones (Kocsy et al. 2004). 
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Fig. 21.2 Drought stress mediated changes in physiological and biochemical traits 

High accumulation of proline is a very common but an important adaptive 
mechanism to drought stress (Alexieva et al. 2001). Keyvan (2010) reported that 
drought stress reduces total chlorophyll content in wheat but increases the amount of 
proline and soluble carbohydrates. Proline acts as an osmolyte that reduces the 
osmotic potential to minimize the water loss and also contributes in stabilizing 
membranes and scavenging hydroxyl radical under stress conditions (Hayat et al. 
2012). Drought stress significantly increased proline content in wheat (Simova-
Stoilova et al. 2008), maize (Bocchini et al. 2018), and rice (Mostajeran and 
Rahimi-Eichi 2009). Total soluble sugars (TSS) are also important compatible 
solutes that have main function in water regulation. They impart tolerance to the 
plant exposed to drought stress when accumulated in higher amounts (Kelaleche 
et al. 2018). An experiment conducted by Ibrahim (2016) indicated that the limited 
irrigations in wheat significantly increased TSS up to 24% compared to control. 
Fructose and TSS both increased more under severe drought at the field capacity of 
35–40% than moderate stress of 55–60% FC during tillering stage (Abid et al. 2018). 
Drought stress mediated changes in physiological and biochemical traits are 
presented in Fig. 21.2.
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21.5 Effect of Selenium on Crop Growth Under Drought Stress 

Selenium promotes the development of healthier crops by helping in development of 
more vigorous radicles with extensive root hairs, which escalates root activity under 
drought conditions (Yao et al. 2009). A significant increase in number of productive 
tillers by exogenous Se supply indicates its vital role in seedling establishment and 
early growth through development of vegetative structure and production of 
assimilates to fill an economically important sink (Boldrin et al. 2013). Proper 
mineral nutrition can ease the hostile effects of water scarcity. Selenium regulates 
the uptake and distribution of some essential nutrients such as Zn, Fe, Cu, and 
Mn. These elements are involved in reactivation of associated antioxidants such as 
SOD and CAT, thus helps to quench the ROS levels and improve stress tolerance in 
plants (Feng et al. 2013; Yao et al. 2013). The supplementation of wheat plants with 
sodium selenate escalates total nitrogen up to 20% than control (Lara et al. 2019). 
The regulation of the N metabolism was associated with increased nitrate reductase 
(NR) activity in wheat (Hajiboland and Sadeghzadeh 2014). Foliar and drench 
application of selenium significantly reduced the electrolyte leakage% (Moussa 
and Hassen 2017). Further selenite-treatment delayed leaf senescence in rice by 
regulating the activity of enzymatic antioxidants and also increasing chlorophyll 
content which sustained growth and yield formation (Duan et al. 2019). 

Supplemental Se was effective in improving the yield and yield components and 
enhanced grain weight by 26%, biomass yield by 12%, and grain yield by 24%, 
which attributed to the influence of Se on water relations, gas exchange 
characteristics, and enhanced activity of osmo-protectants and antioxidant machin-
ery (Nawaz et al. 2015a). In an experiment by Bocchini et al. (2018) Se-biofortified 
(CSe) maize plants showed improved water stress tolerance by increasing aerial 
biomass by 13% as compared to untreated (-Se) plants grown under water limiting 
conditions. Response of exogenous Se application on plants varies based on its 
concentrations applied as at lower rates, Se stimulated growth of ryegrass seedlings 
in pot experiments, while at high doses it acted as pro-oxidant reducing yields and 
induced metabolic disturbances (Hartikainen et al. 2000). At present, the effect of Se 
on wheat yield under drought stress is still controversial mainly due to different 
concentrations and methods used as presented in Table 21.1. 

21.6 Effect of Selenium on Crop Physiology Under Drought 
Stress 

Plant cell reduces the detrimental effect of drought by actively accumulating solutes, 
in response to low soil water potential known as osmotic adjustment (Hammad and 
Ali 2014). Further, disturbance in the osmotic balance reduces turgidity and cell 
elongation (this has been repeated multiple times in the paper) (Shabbir et al. 2016). 
The supplemented Se significantly reduced solute potential which contributed to 
maintenance of turgor and resulted in the higher pressure potential in water-stressed 
wheat (Nawaz et al. 2015a). Selenium foliar spray at 40 mg L-1 resulted in 41% less



negative leaf water potential in maize (Zea mays L.) under drought stress (Nawaz 
et al. 2016). Similar effect of Se was also reported on potato (Germ et al. 2007) and 
maize (Sajedi et al. 2011). Selenium-induced gains in water potential might be due to 
its positive role in osmotic balance and ion homeostasis to increase water uptake 
(Kuznetsov et al. 2003) and reduce transpiration under water deficit conditions (Yao 
et al. 2009). Selenium treatments significantly increase leaf RWC as described by 
Wang (2011) in water-stressed Triticum aestivum, Trifolium repens. Aissa et al. 
(2018) demonstrated the ability of Se to regulate the water status in Sorghum under 
drought stress. 
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Fig. 21.3 Simplified pattern indicating potential mechanism involved in Se mediated drought 
tolerance in crop plants 

It is found that water insufficiency leads to degradation in photosynthetic 
pigments and cell membranes; however, the application of Se minimizes the damage 
to chloroplast structure and PSII reaction centers (Germ 2008). Hajiboland et al. 
(2015) conducted an experiment and concluded that drought stress affected gas 
exchange parameters and photosynthetic efficiency (Fv/Fm, F′v/F′m, and ETR) 
and this quantum yield (Fv/Fm) was completely returned back to its control levels 
by Se application in “Homa” genotype of wheat. In this study Se treatment boosted 
stomatal conductance, transpiration rate,” and particularly net assimilation rates in 
both the normal and water deficit conditions. Germ et al. (2007) noted increase in 
transpiration rate due to Se under well watered conditions, while non-significant 
differences were observed under drought stress. Suitable amount of Se is beneficial 
for mitigating the drought stress in crops as it modulates various physio-biochemical 
traits (Fig. 21.3).
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21.7 Effect of Selenium on Biochemical Traits of Crop Under 
Drought Stress 

Water stress impairs cell membranes and photosynthetic apparatus resulting in 
growth inhibition and reduced yield in wheat. Foliar application of 20 and 
40 mg L-1 sodium selenite reduced the degree of membrane lipid peroxidation in 
two wheat varieties: “Shunmai-1718” and “Jintai-102” as documented by Chen et al. 
(2020). Contrary to this, MDA content in barley remained unchanged under 
Se-supplemented drought conditions (Habibi 2013). Foliar application of Se reduced 
the damage to the chloroplasts (Nawaz et al. 2016) and helped to sustain leaf 
anthocyanin content of wheat under drought stress (Shahzadi et al. 2017) and low 
temperature condition (Chu et al. 2010). 

Selenium is essential component of glutathione peroxidase (Rios et al. 2009). 
Application of Se significantly enhanced ascorbate and glutathione in wheat grown 
under drought stress as documented by Ibrahim (2014). Selenium implementation 
enhanced CAT (Wu et al. 2020), APX (Lara et al. 2019), and GPX activities (Chu 
et al. 2013) in wheat leaf. This increased level of antioxidative enzymes is attributed 
to antagonistic effects of Se in response to ROS production (Yao et al. 2011; Malik 
et al. 2012). There are reports that Se treatment did not significantly affect CAT 
activity in wheat under different moisture regimes (Shahzadi et al. 2017). Se induced 
effects were varied under different situations due to its concentration (Hu et al. 
2013), stress environment and crop type (Iqbal et al. 2015). The higher activity of the 
APX enzyme and the constant values of MDA and H2O2 contents in Se-treated 
plants can be favorable regarding phyto-mass production and grain yield (Lara et al. 
2019) because they reduce the damage caused by the oxidative stress and maintain 
cellular homeostasis, which is of fundamental importance for preserving cell mem-
brane permeability (Ahmad et al. 2016). Djanaguiraman et al. (2005) and Xue et al. 
(2001) showed increased activity of SOD following the treatment with Se in soybean 
and lettuce, respectively, while Saidi et al. (2014) reported a reduction in SOD 
activity of sunflower plants whose seeds were primed with Se (Table 21.2). 

The synthesis of total sugars and proline are distinctive features of wheat plants 
under drought stress. When amassed in huge amount they maintain potential integ-
rity in cells by avoiding cellular dehydration and act as membrane osmo-protectants 
to avoid the disintegration of proteins. Wheat cultivars (Pasban-90 and Kohistan-97) 
seedlings were primed with 75 μM Se-solution resulted in 75% and 64% higher 
soluble sugars, respectively under drought in comparison to seedlings without Se 
priming (Nawaz et al. 2013). In another study, Se foliar spray of 40 ppm increased 
the accumulation of TSS by 33% in wheat (Nawaz et al. 2015a). In an experiment 
conducted by Khan et al. (2015) plants treated with Se showed higher proline 
accumulation as a result of decreased activity of proline oxidase. The increase in 
proline content, K concentrations, and nitrogen metabolism in aerial parts of drought 
stressed maize plants might be responsible for Se-biofortification and increased 
plant’s resistance to water deficit conditions (Bocchini et al. 2018).
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21.8 Conclusions 

Drought is a significant threat to global wheat production. It disrupts the growth, 
physiological, and biochemical properties of wheat, ultimately resulting in signifi-
cant output losses. In recent years, there has been an increasing interest in selenium 
(Se) as an essential element for not only animals and people but also plants. Optimal 
Se treatment not only protects wheat from ROS-induced oxidative damage by 
activating antioxidative systems but also increases Se content in edible plant 
portions. Additionally, it improves yield-related factors in an effective manner. 
Role of Se under water constraints is indispensable in the future of wheat production. 
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Abstract 

Constant climate changes, high fluctuations in weather conditions, extremely low 
rainfall, and enormous drought conditions are attracting significant consideration 
in today’s world. Drought stress is one of the challenging abiotic stresses to 
agricultural fields and the environment. It affects plant physiology by delaying 
cell division, decreasing CO2 assimilation, water potential in leaves, plant water 
status, photosynthetic pigment, closing stomata, and other biochemical processes. 
To antagonize the drought condition, plants develop different mechanisms 
through different physiological and biochemical processes. Silicon (Si), as a 
multi-talented element, shows great performance in alleviating drought 
conditions in plants. Despite being a non-essential element, its role in stress 
tolerance is recommendable. Multiple effects of Si in mitigating water-deficit 
conditions through different mechanisms of action were presented in the chapter. 
Moreover, this chapter comprehends on different physiological, morphological, 
biochemical, and molecular aspects of plants dealing with drought stress. Appli-
cation of Si has an important and notable effect on increasing plant tolerance to 
drought conditions by regulating homeostasis, osmoprotectant, antioxidant 
enzymes related to a defense mechanism, reducing transpiration, enhancing 
compatible solutes, increasing uptake of water by roots, nutrient balancing, and 
many more. In addition, modulation in gene expression, phytohormone synthesis, 
activation of different defense-related mechanisms by acting as a signaling 
molecule, improving the water status of the plants under drought-stress situations,
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and increasing the production and growth of the plants are some other facts of 
Si. Si also enhances plant resistance to particular stress conditions by altering the 
expression of stress-related genes in plants. So, this chapter helps in understand-
ing the multidimensional role of Si in drought-stressed plants via different 
alleviation mechanisms.
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22.1 Introduction 

Drought stress is one of the most devastating abiotic stresses among all environmen-
tal stresses, which severely affects agricultural production and has various adverse 
effects on plant morphology, physiology, and yield production. Due to the constant 
problem of drought stress, sustainable agriculture production is decreasing day by 
day globally (Azeem et al. 2022; Ma et al. 2019). A decrease in agronomic yield 
leads to a reduction in income for local farmers. Low production affects the 
maintenance and economy of the farmers to a great extent (Boudiar et al. 2020). 
Plants mainly consist of about 90% water, which contributes greatly to various 
physiological, morphological, biochemical, and molecular aspects of plant develop-
ment and growth (Brodersen et al. 2019; Abbasi and Abbasi 2010). Hence, drought 
stress is considered adverse abiotic stress in areas where plants face water scarcity 
conditions (Anjum et al. 2011; Diatta et al. 2020). Drought becoming a major serious 
issue in dealing with world food demands due to persistent poor crop production 
(Okorie et al. 2019). Plants can grow under drought conditions, but their growth and 
production are halted due to water-deficit conditions. In addition, growth parameters 
like seed germination; physiological parameters like plant water status and mem-
brane stress injury; biochemical parameters like chlorophyll pigments, carotenoids, 
and photosynthetic rate are also affected under water-stressed conditions (Seleiman 
et al. 2021; McDowell et al. 2022; Pepe et al. 2022). Along with this, it decreases 
plant height by disturbing the internal system of plants (Lei et al. 2021). It was 
suggested that this reduction in plant height is due to reduced growth of plant cells, 
early senescence, and retarded cell division rate (Liang et al. 2018; Elnaggar et al. 
2018). Plants decreased the transpiration rate to slow down the water loss, reduced 
the number of leaves, and promoted wilting of leaves under drought conditions 
(Alam et al. 2021a; Wu et al. 2022). In addition, drought induces oxidative stress in 
plants by increasing reactive oxygen species (ROS) content and inhibiting plant’s 
growth and physiology (Kapoor et al. 2020). During high water scarcity, water 
transport via xylem becomes interrupted, impairs cell growth in higher plants. The 
cellular damage, structural instability, wilting and abscission of leaves, leaf rolling, 
decrease in leaf area, leaf number, and closure of stomata are some important 
alterations that occur during low to high water scarcity conditions and inhibit the 
plant growth (Correia et al. 1997; Kim et al. 2017; Ahmad et al. 2018). According to



Ahmad et al. (2018), drought affects the various development stages of plants, such 
as cell enlargement, cell division, gene expression, morpho-physiological, and 
homeostasis conditions. These various aspects are affected by the low water condi-
tion of the plant, which directly retards the overall plant growth and production 
(Wahab et al. 2022). 
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Silicon (Si) is the richest element found on the earth, which plays a valuable role 
in plant growth and production, especially during stressful conditions (Shahzad et al. 
2022; Pooja et al. 2022). Its emerging role under stress conditions is incredible. In 
many studies, it was observed that Si defends plants from the negative impact of 
drought stress in many crops. In addition, Si is one of the macronutrients in many 
plant species, particularly plants belonging to the Poaceae family (Epstein 1999). 
Plants that can accumulate Si in their plant parts, such as rice, wheat, and sugarcane, 
are Si-accumulator plants and take maximum benefits by increasing their growth in 
stressful conditions. Those plants that are low Si-accumulating plants also defend 
themselves in stressed conditions with Si application. Si is a multifaceted element 
present in the soil, which shows multiple effects on plants by improving plant 
growth, germination rate, photosynthetic efficiency, plant height, biomass, and 
lastly, yield production under all environmental stresses (Ali et al. 2020; Mir et al. 
2020; Mundada et al. 2021). Si application helps in the regulation of different 
morpho-physiological aspects of plants which are disturbed during drought stress 
conditions. Furthermore, it has been stated that even a high concentration of Si does 
not affect the physiology of plants (Bhardwaj and Kapoor 2021). Si supplementation 
enhances plant growth, antioxidant enzyme activities, water use efficiency, photo-
synthetic pigments, and ionic balance via regulating the ROS level in plant cells 
further decreasing the oxidative stress under water stress (Rizwan et al. 2015). The 
major mechanism of Si through which it improves the growth of plant includes 
regulation of aquaporin activity, water use efficiency, biosynthesis of compatible 
solutes like phenol, proline, and sugar, biosynthesis of phytohormones, enhance-
ment in antioxidant defense system by regulating enzyme activities, and 
downregulating the gene expressions of different stress-related proteins under 
drought conditions (Wang et al. 2021; Pooja et al. 2022). In tomato plants, it was 
found that Si enhanced the root hydraulic conductance and membrane stability and 
suppressed ROS generation via improving antioxidant enzyme activities under 
water-deficit environments (Shi et al. 2016). 

In this chapter, we will highlight the different mechanisms of Si under drought-
stress conditions involving morphological adaptations, photosynthetic rate, stomatal 
conductance, transpiration, ion homeostasis, regulation of aquaporin activity, water 
use efficiency, and biosynthesis of compatible solutes. Moreover, we will also 
discuss the different antioxidant enzyme activities in defense system, reduction of 
oxidative stress by suppressing the level of ROS production, regulation of different 
phytohormones, and regulation of gene expressions in plants under drought 
conditions (Fig. 22.1).
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Fig. 22.1 Si-induced different biochemical, morphological, physiological, and molecular changes 
in plants during drought-stress conditions 

22.2 Si as a Fertilizer 

Generally, fertilizers are used to produce high crop production and yield worldwide. 
Local farmers use different commercial chemical fertilizers in order to deal with the 
decreased production of crops. These chemical fertilizers are cost-effective and 
provide instant results on crops but lower the fertility of soil (Purbajanti et al. 
2019). Si application emerging as a new approach to agriculture in different envi-
ronmental stress conditions enhances soil fertility and nutrients and improves plant 
growth. Si is recognized as a biofertilizer after knowing its role in stress alleviation, 
increasing soil fertility, and improving the performance of many plants under 
stressful conditions (Pooja et al. 2022). In soil, Si supplementation improves the 
properties of soil and increases the NPK (nitrogen, phosphorous, and potassium) 
value in soil with different macro- and micronutrients (Tables 22.1 and 22.2). 

Moreover, applying Si as a fertilizer improves soil fertility at a greater level. 
Besides this, Si acts as a multifunctional element by enhancing plant growth under 
different biotic and abiotic stresses and providing stress tolerance to plants against 
many stresses like drought or salinity. Si provides nutrition to the plants through soil 
by converting the nutrients into a plant-available form (Tayade et al. 2022). 
According to a report on rice plants, it was found that Si as a fertilizer improved 
plant weight and yield production. In this report, they suggested that to increase the 
uptake of Si in plants, we must apply Si in different fertilizer forms (Kovács et al. 
2022).
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Table 22.1 Role of different types of Si fertilizers in improving agricultural production in different 
crops under stressed conditions 

Type of stress Application in 
Sr. Type of Si and plant 

species 
agricultural 
field 

1. Sodium 
silicate 

Biotic stress; 
Cucumis melo 

Promoting 
wound healing 
increases the 
hardness and 
reduces the 
flexibility of 
healing tissue 

Accumulation 
of suberin 
polyphenolic 
and Si at 
wounds 

Xue et al. 
(2022) 

2. Potassium 
silicate 

Salinity stress Removal of 
sodium from 
red mud for 
sustainable 
agriculture 

Hydrothermal 
leaching 

Chao et al. 
(2022) 

3. Potassium 
silicate 

Drought stress; 
Avena sativa 

Increases the 
physiological 
parameters like 
relative water 
content, 
photosynthetic 
pigments 

Enhances 
water use 
efficiency 

Kutasy et al. 
(2021) 

4. Monosilicic 
acid 

Drought stress; 
Cucumis melo 

Enhances the 
fruit quality and 
fruit yield 

Increases flesh 
thickness of 
fruit 

Alam et al. 
(2021b) 

5. Foliar Si Drought stress; 
Triticum 
aestivum; Beta 
vulgaris; 
Coriandrum 
sativum 

Improves 
growth, 
morpho-
physiological 
parameters 

Accumulation 
of Si in plant 
parts 

Aurangzaib 
et al. (2022), 
Artyszak et al. 
(2021), 
Afshari et al. 
(2021) 

6. Aerosil 
200 (SiO2) 

Salt stress, 
drought stress; 
Cucurbita 
pepo 

Improves the 
growth 
parameters, 
seed 
germination, 
photosynthetic 
efficiency 

Improved 
antioxidant 
enzyme 
activities 

Siddiqui et al. 
(2014), 
Tayade et al. 
(2022) 

7. Agribooster™ Drought stress; 
Allium cepa; 
Glycine max 

Improves the 
photosynthetic 
pigments; 
increases the 
water 
availability 

Enhances 
antioxidant 
enzyme 
activity 

Rangwala 
et al. (2018, 
2019), 
Tayade et al. 
(2022) 

8. Absorbent 
silicates 

Drought stress Improves soil 
fertility, water 
holding 
capacity of soil 

Enhances soil 
moisture 
retention 

Kovács et al. 
(2022)
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Table 22.1 (continued)

Sr. Type of Si 
Type of stress 
and plant 
species 

Application in 
agricultural 
field 

9. Silicate rock 
powder 

Environmental 
stress 

Increases the 
rate of Si uptake 
in plants 

Enhances 
weathering 
rate of silicate 
in the soil by 
releasing 
organic acids 

Harley and 
Gilkes 
(2000), 
Kovács et al. 
(2022) 

10. Slag silicate 
fertilizer 

Environmental 
stress; Oryza 
sativa 

Enhances 
atmospheric 
carbon dioxide 
sequestration 
and Si content 
in rice plant 

Phytolith 
production in 
field soil and 
trap of carbon 
in phytoliths 

Makabe-
Sasaki et al. 
(2014), 
Kovács et al. 
(2022) 

11. Si-rich rice 
husk ash and 
rice husk 
biochar 

Abiotic and 
biotic stress; 
Solanum 
melongena; 
Oryza sativa 

Decreases 
insect infection; 
reduces arsenic 
level 

Deposition of 
Si in plants 

Bakhat et al. 
(2021), 
Leksungnoen 
et al. (2019) 

12. Sodium 
silicate 

Drought stress; 
Zea mays 

Increases 
photosynthetic 
pigments in 
plants 

Increases the 
uptake of 
potassium and 
calcium 

Bijanzadeh 
et al. (2022) 

13. Nano-Si Drought stress; 
Triticum 
aestivum 

Improves yield 
production 

Increases 
water use 
efficiency 

Ahmadian 
et al. (2021) 

22.3 Different Drought Tolerance Mechanisms Driven by Si 
in Plants 

Bukhari et al. (2020) reported the study on Si under different environmental stresses 
and found that it increased crop quality and production under stressful conditions by 
reducing the negative effect of various stresses. Under drought conditions, the 
exogenous Si application improves the water status of the plants by increasing the 
relative water content (RWC) and water potential of the plants (Salim 2014). In 
addition, it reduces the leaf rolling and increases the rigidity and stiffness of the 
leaves, leaf area, number of stomata, and water status of the plants under drought 
conditions (Saud et al. 2014). Furthermore, Si alleviates drought stress by reducing 
oxidative stress and enhancing the antioxidant enzyme activities, and carboxylase 
activities in plants (Gong and Chen 2012). In a report, it was also found that addition 
of Si improves the photosynthetic pigments under water-deficit conditions and 
enhances the photosynthetic rate (Pilon et al. 2014). Its ameliorative role has also 
been seen in wheat plant defense system by regulation of different antioxidant
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Table 22.2 Si-mediated different mechanisms of action in various plant species under drought 
conditions 

Sr. Drought 
Form and 
dose of Si Mechanism of 
applied 

1. Fragaria 
ananassa 

0.6 soil 
moisture 
depletion 

K2SiO3 

10 mmol L-1 
Improved plant 
growth by 
enhancing cell wall 
extensibility to 
promote cell 
elongation; 
increased 
photosynthetic rate 
and chlorophyll 
content 

Dehghanipoodeh 
et al. (2018) 

2. Solanum 
lycopersicum 
L. 

1.0% 
PEG 

Na2SiO3 

1.2 mM 
Improved cell wall 
resistance by 
regulating 
synthesis of lignin; 
protects plant from 
oxidative damage 
by ROS 
scavenging 

Cao et al. (2020) 

3. Cucumis melo 
var. 
Cantalupensis 

75% field 
capacity 

H4SiO4 

200 kg ha-1 
Improved fruit 
quality by 
increasing total 
soluble solid 
content, increased 
length, and yield of 
fruit 

Alam et al. 
(2021b) 

4. Triticum 
aestivum 

2-level 
irrigation 
frequency 

K2SiO3 

12 kg ha-1 
Improved water 
potential in plant 
by preventing 
excessive 
transpiration; 
increased grain 
yield, number of 
spikelet and straw 
yield by improving 
photosynthetic 
rates 

Ahmad et al. 
(2016a) 

5. Hordeum 
vulgare 

80% 
water 
holding 
capacity 

Nanosilica 
(nSiO2) 
100 ppm 

Enhanced 
photosynthetic 
rates by increasing 
synthesis of 
photosynthetic 
pigments; 
improved yield 
attributes, 
i.e. number of 
tillers, plant height. 

Hellala et al. 
(2020)
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Table 22.2 (continued)

Sr. Drought 
Form and 
dose of Si 
applied 

Mechanism of 

6. Arachis 
hypogea 

15% PEG Na2SiO3 

2 mM  
Helps in osmotic 
adjustment by 
improving uptake 
of Ca+ , K+ , and 
Mg2+ ions; 
enhanced 
photosynthetic rate 
by inhibiting 
chlorophyll 
degradation; 
increased the 
activity of 
antioxidative 
enzymes 

Patel et al. (2021) 

7. Zea mays L. 10% 
(w/v) 
PEG 

Na2SiO3 

1 mM  
Improved 
photosynthetic rate 
by enhancing 
chlorophyll and 
carotenoid content; 
increased 
membrane 
integrity; decreased 
electrolyte leakage 
from mitochondrial 
electron transport 
chain 

Bijanzadeh et al. 
(2022) 

8. Avena sativa 6 mm  
rainfall 

Si (silicon) 
3.0 L ha-1 

Improved water 
use efficiency by 
adjusting stomatal 
conductance; 
increased 
photosynthetic 
rate, air-leaf 
temperature 
difference, and 
improved yield 

Kutasy et al. 
(2021) 

9. Solanum 
lycopersicum 
L. 

75% field 
capacity 

H4SiO4 

(silicic acid) 
0.25 mM 

Enhanced cell wall 
integrity and 
improved hydraulic 
conductivity by 
increasing root 
water uptake; 
improved 
photosynthetic 
parameters by 
decreasing level of 
ROS in 
chloroplast; 

Chakma et al. 
(2021)



no. Plant species stress action

increased overall
growth and yield of
plant

enzymes like peroxidase (POX), superoxide dismutase (SOD), and catalase (CAT) 
under high drought stress (Bukhari et al.2020).
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Table 22.2 (continued)

Sr. Drought 
Form and 
dose of Si 
applied 

Mechanism of 
References 

10. Saccharum 
officinarum L. 

55% field 
capacity 

Ca3MgO8Si2 
600 kg ha-1 

Alleviated 
oxidative stress 
damage by 
increasing proline 
content and 
improving 
antioxidative 
enzymes activity 

Bezerra et al. 
(2019) 

11. Mangifera 
indica 

10 m3 

irrigation 
water 
with -
0.77 bars 

K2SiO3 

(potassium 
silicate) 
1.5 mM 

Enhanced 
photosynthetic 
efficiency by 
increasing 
pigments— 
chlorophyll, 
carotenoids, and 
flavonoids; 
improved yield by 
increasing 
synthesis of 
metabolites 

Helaly et al. 
(2017) 

12. Brassica 
napus var. 
napus L. 

30% field 
water 
capacity 

Si(OC2H5)4 
3.4 mM 

Maintains leaf 
water potential by 
improving water 
uptake by roots 

Saja-Garbarz 
et al. (2021) 

22.3.1 Si-Induced Morphological Adaptations for Drought Tolerance 

According to a morphological study, it has been observed that leaf is one of the 
major aspects of assessing drought stress in any plant. Leaf rolling, abscission, and 
wilting of leaf are the main symptoms of drought stress in plants. Many studies 
showed that due to rolling of leaf under drought stress, leaf size and leaf area are also 
reduced, and by this, plants cannot receive sufficient sunlight to process their 
different reactions like photosynthetic activities, which further affect the plant 
growth and metabolism (Li-feng et al. 2012). Leaf rolling also reduces the transpira-
tion rate and water loss under water-deficit conditions which is a vital feature of 
drought tolerance in plants (Zhang et al. 2021). However, Si supplementation 
recovers the leaf rolling in the plants, which ultimately enhances the photosynthetic



pigments due to sufficient light. This helps increase number of leaves and leaf area 
and improves transpiration so that plant can easily conduct their metabolic processes 
(Pei et al. 2010). Furthermore, Si application improves the RWC of the plant and 
enhances the rigidity of the leaf by reducing the rate of leaf rolling under water-
stressed situations (Emam et al. 2012; Saud et al. 2014). Si improves the RWC and 
water capacity of plant leaves by Si accumulation in the leaves and increases the 
thickness of leaves under drought conditions (Gong et al. 2003). This deposition of 
Si in plant leaves also decreases the transpirational rate by preventing the leakage of 
water molecules between the polymerized silica in the leaves (Ahmed et al. 2014; 
Keller et al. 2015). Ning et al. (2020) found an improvement in the photosynthetic 
pigments, number of leaves, leaf area, and in antioxidant enzyme activities of maize 
plants with the Si treatment under water-deficit conditions. In addition, Si also helps 
in the improvement of root growth and increases root hydraulic conductance and 
water absorption through roots under high drought stress. The enhancement in root 
hydraulic conductance is due to reduced oxidative stress in the plant cells and an 
improved antioxidant defense system with Si supplementation (Wang et al. 2021). 
Furthermore, Si helps in the development of root growth by accumulating in the root 
endodermis and forming a dense silica layer with suberin (Fleck et al. 2011). This 
formation of silica layer in the root cells increases the water holding capacity of roots 
and helps in mitigation of the adverse effect of drought. Si improves the root/shoot 
ratios in plants under water-deficit conditions. Casparian band, suberin, and silica 
formation in the root endodermis is the major development in the root, which further 
improves the cell wall thickness under drought conditions (Wang et al. 2021). 
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22.3.2 Si-Induced Decrease in Transpiration and Increase 
in Stomatal Conductance for Drought Tolerance 

The benefits of Si on plant health somewhere link to the regulation of the transpira-
tion process. The deposition of Si on the leaf epidermal cells of the plant helps 
reduce water loss through reduced transpiration rate in drought conditions (Pooja 
et al. 2022). This reduced transpiration rate by Si-mediated deposition is an impor-
tant drought tolerance mechanism under water-deficit conditions (Zhu and Gong 
2014). Moreover, accumulation of Si around stomatal cells was also reported in rice 
plants. It has been found that Si decreased the transpiration rate by up to 30% with 
the deposition in stomatal cells and cuticles (Rea et al. 2022). Si interacts with the 
cell wall components like hemicellulose and maintains structural and mechanical 
stability in plants (Ma et al. 2015). After cross-linking with hemicellulose, Si also 
helps in holding a high quantity of water within them. In this way, plants can survive 
the adverse conditions of drought stress with Si treatment (Souri et al. 2021). 
Furthermore, the application of nano-Si is also emerging in drought-stress 
conditions. Nano-Si treatment was reported to improve the sugar beet plants’ 
performance under drought conditions by increasing the photosynthetic pigments, 
plant biomass, and stomatal conductance and reducing the transpiration rate 
(Namjoyan et al. 2020). Similarly, in tomatoes, Si lessened the negative impact of



drought stress by increasing stomatal conductance, CO2 assimilation rate, and 
photosynthetic rate (Cao et al. 2020). 
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22.3.3 Si-Facilitated Photosynthetic Pigments and Photosynthetic 
Rate for Drought Tolerance 

Photosynthesis is directly associated with different biochemical, metabolic, and 
physiological processes in plants. Drought stress decreases the photosynthetic rate 
and pigments like chlorophyll and carotenoids in plants halt the overall growth of the 
plants. This reduction in photosynthesis was due to the reduced movement of CO2 

through stomata and mesophyll cells (Bhardwaj and Kapoor 2021). The lower 
movement of CO2 in plant leaves resulted in a decreased rate of chloroplast CO2, 

which further damaged both photosystems, finally decreasing the photosynthetic rate 
(Singh and Thakur 2018). Chlorophylls are also the best indicator of any type of 
stress in plants. It plays a major part in maintaining plant health and biomass as it 
directly links to photosynthetic rate (Wang et al. 2002). Si application improves the 
photosynthetic pigments by enhancing the activity of Rubisco enzyme, which 
contributes to increasing the photosynthetic rate under drought stress (Seal et al. 
2018). Along with Rubisco, GADPH is also enhanced by Si application, which 
declines oxidative stress by decreasing ROS production and increasing different 
antioxidant enzyme activities. Increment of these two enzymes under drought 
conditions by Si treatment provides drought tolerance to plants (Zhang et al. 
2020). It was found that in chestnut plants, Si treatment enhances the stomatal 
conductance, transpiration rate, CO2 assimilation, and gaseous exchange, which 
ultimately increases the photosynthetic pigments in plants during water-deficit 
conditions (Zhang et al. 2013). Along with it, Si increases the drought tolerance in 
plants by maintaining the photosynthetic rate, which further improves the overall 
processes in plants under water-stressed conditions (Bhardwaj and Kapoor 2021). 
According to a study on oat plants, it was found that Si increased the rate of 
photosynthesis up to double and improved the water uptake by maintaining transpi-
ration rate and photosynthetic pigments in plants under water-stressed conditions. Si 
also lessens the adverse effect of drought and increases the oat plants’ yield (Kutasy 
et al. 2021). Similarly, under water-deficit conditions, Si application proved benefi-
cial by showing better growth and improved photosynthetic rate (Ahmad et al. 
2016a) (Fig. 22.2). 

This figure illustrates that (a) application of Si improves root/shoot ratio which 
increases the water absorption capacity of roots and improves aquaporin activity and 
osmotic driving force, thereby increasing root hydraulic conductance, thus providing 
tolerance to water-stressed plants; (b) Si ameliorates ROS-mediated inhibition of the 
activity of aquaporins, thus enhancing the activity of aquaporins to transport water 
from root cells to the xylem by upregulating plasma membrane intrinsic protein 
(PIP) aquaporin gene expression; (c) Si activates the expression of SKOR gene 
(Stelar K+ Outward Rectifier) for transport of K+ ions from root cells to xylem sap. 
The accumulation of K+ , soluble sugars, and amino acids inside xylem sap leads to



osmoregulation which involves the accumulation of osmolytes to maintain osmotic 
potential, which further increases the osmotic driving force. 
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Fig. 22.2 A brief overview of mechanisms of Si to maintain osmotic balance in plants under 
drought stress (Chen et al. 2018) 

22.3.4 Si-Induced Regulation of Aquaporins in Plants for Drought 
Tolerance 

Aquaporins is the member of the major intrinsic protein (MIP) family, which helps 
regulate water levels in plants and small solutes through membranes. The regulation 
of aquaporins is an essential feature in plants, especially during water-deficit 
conditions. Its activity maintains plant development and growth under adverse 
stress. The inflow and outflow of water molecules are channelized by aquaporins’ 
action, which links it with drought tolerance in plants under drought-stress situations 
(Ahmed et al. 2021). The aquaporins family consists of different transporters, 
proteins, and channels that activate water channels in plants along with varying 
solutes through cell membranes. Si influx transporters (Lsi1) also belong to the 
aquaporins family, which helps in the uptake of Si through the soil and enhances the 
absorption of water in plants (Ma et al. 2006). After the Si uptake in plants by Si 
influx transporters, it is transported upward through the xylem by efflux transporters 
(Lsi2) to other parts of the plants. Si uptake and transport into the plants accumulate 
it into polymerized silica or amorphous silica in different plant parts. Some plants 
show the accumulation of Si in phytolith formation in plant parts (Mandlik et al.



2020). It has also been found that Si upregulates the transcription of different root 
aquaporin [SbPIP1;3/1;4(2), SbPIP1;6, SbPIP2;2, and SbPIP2;6] gene expression 
under water-stressed conditions and increases the hydraulic conductance of root (Liu 
et al. 2014). In addition, Si treatment under drought-stressed plants activated the 
gene expression of different aquaporins, which resulted in improved water status of 
the plants with improved plant growth (Manivannan and Ahn 2017). Si recovers the 
ionic balance in plants with improved water uptake under drought conditions. 
Si-facilitated upregulation of different aquaporin genes activity under water-deficit 
conditions provides drought tolerance to plants and helps in the alleviation of 
negative effects of drought. Apart from this, Si also helps in activation of root 
aquaporins which directly recovers the root growth and development in stressed 
subjected plants (Liu et al. 2014). A study on sorghum plants showed that Si 
enhanced the upregulation of different genes of SbPIP aquaporins and improved 
the transpiration rate with water loss by reducing the H2O2 level in plants (Liu et al. 
2015). 
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22.3.5 Si-Induced Water Use Efficiency (WUE) for Drought Tolerance 

Water use efficiency (WUE) is a very important parameter in plants and a determin-
ing factor of crop production and yield under water-stressed conditions (Bhardwaj 
and Kapoor 2021). The application of Si maintains WUE in many ways, transpira-
tion is one of them. The accumulation of Si on the leaf epidermal cells and below the 
cuticular layer reduces the transpiration process and water loss and increases stoma-
tal conductance (Thorne et al. 2020). It was found that Si improved the plant health, 
production, and yield with quality parameters in maize plants by increasing the WUE 
under water-deficit conditions (Gomaa et al. 2021). Si-mediated increment in WUE 
under water-stressed conditions provides drought tolerance to the plants and helps 
them by decreasing water loss (Rea et al. 2022). Water retention is also found to be 
increased in many plants, such as broad bean, tomato, and sugarcane, with Si 
treatment under drought stress (Verma et al. 2020; Desoky et al. 2020; Khan et al. 
2020). 

22.3.6 Si Modulates the Biosynthesis of Compatible Solutes 
for Drought Tolerance 

Plants accumulate different kinds of compatible solutes along with upregulation of 
antioxidant enzyme activities to lessen the adverse effects under a stress environ-
ment. Major compatible solutes include proline, phenol, soluble sugar, polyols, 
glycine betaine, sorbitol, mannitol, etc., which is also called osmoprotectant in plants 
(Ahammed et al. 2020). They also contribute to improving water retention in various 
plants under stress conditions. Recent studies showed that Glycyrrhiza uralensis and 
Salvadora persica also accumulate amino acids, glycine betaine, and sugars to 
protect themselves under drought conditions (Zhang et al. 2018; Rangani et al.



2020). Si applications have been reported to enhance drought tolerance efficiency 
via increasing the accumulation of different compatible solutes and osmolytes. 
Those plants which accumulate Si in their plant parts are found to be more protective 
under drought-stress conditions by Si-mediated regulation of different osmolytes. 
Similar results were found in rice and sorghum plants exposed to stress conditions 
(Ming et al. 2012; Sonobe et al. 2010). 
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22.3.6.1 Soluble Sugars 
Soluble sugars are the most significant compatible solute or osmoprotectant, which 
perform a vital function in providing drought tolerance in plants after accumulation. 
This is a kind of adaptation by which plants protect themselves from any stress (Patel 
et al. 2021). Soluble sugar accumulation in plants activates different gene 
expressions related to photosynthetic rate, sugar metabolism, and structural stability 
(Rangani et al. 2020). Sonobe et al. (2010) stated that Si treatment improves the 
concentration of soluble sugars in sorghum plants under water-deficit conditions. 
Similarly, in peanut plants, it was found that the addition of Si increased the rate of 
sugar content such as fructose, mannose, sucrose, and trehalose under water-stressed 
conditions (Patel et al. 2021). This improvement in sugar content in the plants during 
water-deficit situations is somewhere associated with the improved antioxidant 
defense system with the application of Si. Ning et al. (2020) also found a similar 
trend of sugar accumulation under stress conditions with Si treatment in maize 
plants. 

22.3.6.2 Polyphenols 
Polyphenols are a member of a large family of secondary metabolites, which are 
formed in plants by phenylpropanoid, shikimic acid, and pentose phosphate pathway 
(Patel et al. 2021). Polyphenols are low molecular weight compounds that also act as 
osmoprotectants and effective antioxidants. They alleviate the negative effect of 
adverse stress up to a great extent and lower ROS production in plants. Rangani et al. 
(2018) also reported the role of polyphenol in improving drought tolerance in water-
deficit situations with its accumulation in plants. In many studies, its accumulation is 
linked with Si application in plants. It was observed that supplementation of Si 
enhances the rate of polyphenols accumulation under water stress (Hajiboland et al. 
2018). 

22.3.6.3 Proline 
Proline is measured as a significant indicator of stress tolerance in plants to alleviate 
different types of abiotic stresses like drought, heavy metal stress, and salinity. It acts 
as an osmoregulatory amino acid that protects plants from the detrimental result of 
stress. It was found that proline accumulation under high-stress conditions amended 
the plant biomass, water status, and photosynthetic pigments by partially alleviating 
the negative impact of drought (Abdelaal et al. 2020). However, in maize, it was 
observed that Si reduced the level of high proline content by reducing ROS forma-
tion and oxidative stress (Parveen et al. 2019). Si treatments help in the regulation of 
different types of osmolytes and balance the redox equilibrium in plants exposed to



water-deficit conditions. Si regulates the expression of different genes such as 
DREB2A and NAC5 under water-deficit situations and maintains the proline and 
other osmolytes concentrations from overaccumulation in plants and increases 
drought tolerance (Khattab et al. 2014). Moreover, in sorghum, Si supplementation 
reduced the proline concentrations and increased the sugar concentrations in 
drought-stressed plants (Yin et al. 2014). The overaccumulation of proline content 
is harmful to plants and damages plants by disturbing the redox equilibrium. In that 
case, Si addition in plants during drought conditions lowers the proline concentration 
and improves plant health (Kaya et al. 2006). 
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22.3.7 Si-Induced Regulation of Ion Homeostasis in Plants 
for Drought Tolerance 

Minerals are vital nutrients for plant growth and development. The ionic homeosta-
sis mechanism determines the fate of a plant by controlling the downstream events 
(Tripathi et al. 2020). Water deficits also affect plant growth and production by 
hindering the absorption and transport of nutrients by the roots and shoots. Because 
of this reason, nutrient supply is limited, which further disturbs the overall status of 
plants (Ratnakumar et al. 2016; Xu et al. 2017). In plants exposed to drought stress, 
Si application enhances the absorption, distribution, and transportation of mineral 
ions, thus, reducing stress levels in plants (Etesami and Jeong 2018). Si foliar 
spraying has been reported to increase wheat plant growth and development by 
increasing the content of phosphorus and potassium (Ratnakumar et al. 2016). 
Supplementation of Si enhances the development of wheat plants in water-restricted 
conditions by optimizing nutrient absorption (Xu et al. 2017). It was observed that Si 
regulates the water potential by improving the K+ level in shoots and grains (Ahmad 
et al. 2016a, b). It has also been shown that Si application enhances root growth by 
stimulating root elongation and increasing cell wall stability in the root growing 
region (Etesami and Jeong 2018; Hattori et al. 2003). The addition of Si improves 
ionic balance in plants by enhancing root growth and improving water absorption 
during water-deficit conditions (Malik et al. 2021). 

Moreover, Si-facilitated different mechanisms of drought tolerance in plants like 
(a) enhancing water potential and water status with increased absorption of essential 
nutrients from the soil (Liu et al. 2014; Chen et al. 2018); (b) increasing the capacity 
of roots for different ions (Hernandez-Apaolaza et al. 2014); (c) activating ion 
transporter proteins (Pavlovic et al. 2013); (d) regulating aquaporin proteins in plants 
under water stress (Feng Shao et al. 2017). In short, the addition of Si helps in the 
improvement of ions absorption through roots, balances the ions, and increases the 
water potential, and growth under water-stressed situations (Wang et al. 2021).
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22.3.8 Si Suppresses ROS-Induced Oxidative Damage for Drought 
Tolerance 

Different environmental stress generates oxidative stress in the plants and disturbs 
the various functions of plant tissues and their constituents. Additionally, these 
stresses also distort the antioxidant defense machinery through the high production 
of ROS and alter various biological functions and metabolic processes (Bhardwaj 
et al. 2021). Due to drought stress, ROS accumulates excessively, which damages 
cellular components. Along with this, drought stress also causes oxidative damage in 
plant tissues via altering the cellular metabolism and disturbing the cell membrane 
and other biomolecules like lipid, protein, and nucleic acid (Kapoor et al. 2020). Si 
enhances the drought tolerance efficiency of plants via regulating the antioxidant 
defense machinery to alleviate oxidative stress (Tayyab et al. 2018). Si plays a 
positive role in enhancing antioxidative enzyme activity as well as the elimination 
of O2- and H2O2 by triggering a decrease in an oxidative burst through the reduction 
of ion toxicity and accumulating nucleo-proteins and providing defense to plants 
from stress (Abdelaal et al. 2020). As a result of Si supplementation in drought-
stressed maize plants, antioxidant enzyme activity like POD, CAT, and SOD was 
increased, thereby declining the MDA content (Ning et al. 2020; Parveen et al. 
2019). Nano-Si application in sugar beet increased the antioxidant enzymes 
activities like SOD, GPX, and CAT while diminishing the level of MDA and 
H2O2 (Namjoyan et al. 2020). Biju et al. (2017) also reported the decline in lipid 
peroxidation and H2O2content through the application of Si in lentil leaves subjected 
to drought stress. 

22.3.9 Si-Induced Regulation of Antioxidant Defense Mechanism 
for Drought Tolerance 

Overproduction of ROS is often associated with plant adaptation to drought stress 
(Patel et al. 2021). Thus, plants must have effective antioxidant defense machinery to 
regulate the ROS content. Plants have enzymatic (GR, GPX, APX, CAT, SOD) and 
non-enzymatic antioxidant defense systems to protect themselves from environmen-
tal damage (Ahammed et al. 2021). Along with the direct detoxification of ROS, 
these enzymes may also generate non-enzymatic antioxidants (Patel et al. 2021). 
Several studies documented to show the positive impact of Si in mitigating the 
harmful effect of water deficits on different plant species. Si application improves the 
activities of SOD, APX, CAT, and POD in wheat and peanuts under water stress 
conditions (Ahmad and Haddad 2011; Patel et al. 2021). In stress conditions, SOD 
catalyzes the generation of H2O2 from O2-, which is catalyzed by CAT, APX, and 
GPX to produce water (Hasanuzzaman et al. 2020).
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22.3.10 Si-Induced Regulation of Phytohormone Synthesis in Plants 
for Drought Tolerance 

Phytohormones like jasmonic acid (JA), salicylic acid (SA), abscisic acid (ABA), 
etc. play a vital role in increasing plant tolerance to different stresses by regulating 
the various growth as well as physiological responses (Ahmad et al. 2016a, b; Khan 
et al. 2020). Under drought conditions, exogenous applications of SA maintain the 
optimal water status by enhancing RWC in plants (Sohag et al. 2020). In plants, the 
application of Si differentially regulates endogenous levels of phytohormone, 
including JA, ABA, and indole acetic acid (IAA) (Xu et al. 2017; Jang et al. 
2018). By increasing phytohormone levels via Si application, plants became more 
tolerant to drought conditions (Yin et al. 2016). It was found that Si supplementation 
reduced the levels of JA in plant shoots and increased levels of salicylic acid in plants 
under drought stress (Hamayun et al. 2010). There is a possibility that Si alleviates 
the downregulation of JA-synthesis enzymes like lipoxygenase, allene oxide 
synthase 2, and 12-oxophytodienoate reductase 3, allene oxide synthase 1, which 
account for the reduced levels of JA (Kim et al. 2014a). 

A similar observation was reported by Pei et al. (2010). It was observed that Si 
regulates the level of ABA phytohormone in the leaves under water-deficit 
situations. This regulation of the ABA level may be due to the enhancement of 
OsZEP gene expression by Si (Kim et al. 2014b). Therefore, ABA synthesis 
enhances the ABA-mediated gene expression and activates various ABA-regulated 
functions like stomatal closure, which lessens water loss through transpiration and 
ultimately restricts plant development (Yoshida et al. 2019). Si-treated leaves under 
drought stress accumulate ABA, which promotes partial closure of stomata, thereby 
maintaining the plant’s water relations as shown in Fig. 22.3 (Zhang et al. 2006),

Fig. 22.3 Foliar application of Si in inducing ABA-mediated partial closure of stomata. This figure 
illustrates that drought stress induces complete stomatal closure in plants which lead to inhibiting 
plant growth; however, the addition of Si under drought-stressed plants regulates the gene expres-
sion of OsZEP which further maintains the concentration of ABA phytohormone (Kim et al. 
2014b). This regulation of ABA by Si treatment induces partial stomatal closure in the plant leaves 
so that plants can save themselves from high water loss and function normally under stress 
situations



thus improving the plant’s drought tolerance. In drought-stressed plants, Si applica-
tion enhanced cytokinin (CK) gibberellic acid (GA) and IAA but declined ABA level 
(Helaly et al. 2017). In addition, Si application enhances the levels of GA, IAA, and 
ABA in maize (Merhij et al. 2019) and sugarcane (Verma et al. 2019) under drought 
stress. As a result of these findings, Si may boost drought tolerance by regulating the 
synthesis of phytohormones. Additionally, Si supply increased the expression of 
polyamine biosynthesis genes in sorghum under drought conditions (SPDS, 
SAMDC06, SAMDC04, ADC, CAP, ODC1, -2, -3) and decreased the ACC synthesis 
genes expression (ACS1 and ACS2) (Yin et al. 2014). In plants, polyamines influence 
many physiological and biochemical functions that contribute to stress mitigation 
(Milon et al. 2020).

454 P. Singh et al.

22.3.11 Si-Induced Gene Expression in Plants for Drought Tolerance 

The first microarray study of Si-induced gene expression was conducted in the rice 
plant. In this plant, it was found that Si increases the expression of zinc finger 
proteins (ZFPs) and reduces the expression of chlorophyll a/b binding protein and 
metallothionein-like protein (Bhardwaj and Kapoor 2021). Under drought-stress 
conditions, Si upregulates the gene expression of some transcription factors, such 
as ZFPs, which is a stress-responsive gene expression and improves the plant 
conditions by its enhanced expression and providing drought tolerance to plants. 
ZFPs help in improving the stress defensive genes in plants under drought stress 
with the application of Si (Watanabe et al. 2004; Manivannan and Ahn 2017). In 
addition to ZFPs, no apical meristem (NAC), cup-shaped cotyledon (CUC), and 
C-repeat/dehydration-responsive element binding factors (CBF/DREB) are the most 
common stress mediator genes, whose expressions are regulated by Si application in 
plants under drought-stress situations. These gene expressions under stress 
conditions increase drought-stress tolerance in plants at the molecular level (Cong 
et al. 2008; Kapoor et al. 2020). Furthermore, Si also increases the expressions of 
some other drought-specific genes such as OsRDCP1, OsCMO (coding rice choline 
monooxygenase), and dehydrin OsRAB16b by stimulating the DREB2A 
(dehydration-responsive element binding protein 2A) and NAC5 under water-
stressed conditions. The increase in different gene expressions leads to the formation 
of different osmolytes in plants, such as soluble sugars, betaine, and proline, which 
improve plant stress tolerance (Bhardwaj and Kapoor 2021). Bae et al. (2011) 
observed the importance of OsRDCP1 drought-specific gene in different morpho-
physiological processes of plants to alleviate drought stress. In addition, OsRAB16b 
is also an important stress-related gene that increases the tolerance capacity of plants 
under water-stressed conditions (Lenka et al. 2011). Furthermore, Si also 
upregulates the gene expressions of four ASH-GSH cycle genes such as TaDHAR, 
TaGR, TaGS, and TaMDHAR in drought-stressed plants by reducing the H2O2 and 
MDA content (Kim et al. 2017; Ma et al. 2016) (Table 22.3).



S. no Genes Genes/protein function References
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Table 22.3 Effect of Si on different gene expressions and functions induced during drought stress 

Plant 
species 

1. Oryza sativa OsDREB2A; 
OsRDCP1 

Activates DREB2A protein by 
phosphorylation; inactivates and 
degrades water stress-related 
proteins 

Khattab et al. 
(2014) 

2. Sorghum 
bicolor 

SAMDC Encodes enzyme which initiates the 
synthesis of ethylene 

Yin et al. 
(2014) 

3. Brassica 
napus var. 
napus L. 

BnTIP;1 Improves aquaporins activity and 
increases the activity of antioxidants 

Saja-Garbarz 
et al. (2022) 

4. Triticum 
aestivum 

TaSOD, 
TaCAT, and 
TaAPX 

Production and activation of 
antioxidant enzymes 

Ma et al. 
(2016) 

5. Arabidopsis 
thaliana 

At5g22460 Encodes esterase lipase thioesterase 
family protein transporter gene, 
which increases drought-stress 
tolerance 

Li et al. 
(2008), Naz 
et al. (2021) 

6. Arabidopsis 
thaliana 

At5g59030 Encodes copper transporter protein 
which maintains ion homeostasis 

Li et al. 
(2008), 
Carneiro et al. 
(2017) 

7. Sorghum 
bicolor 

SbPIP1;6 Activates plasma membrane intrinsic 
protein PIP1;6 aquaporins and 
regulates the activities of aquaporins 

Liu et al. 
(2015) 

8. Oryza sativa OsCMO Encodes Oryza sativa choline 
monooxygenase, increasing the 
accumulation of different osmolytes 
for drought tolerance 

Rehman et al. 
(2021) 

22.4 Conclusion and Future Outlook 

The issue of a water shortage is extremely prevalent in the agricultural sectors, where 
plants must deal with water-stressed circumstances that cause a sharp decline in 
production. The alleviation of drought stress by Si application is emerging as a great 
opportunity for farmers. From this chapter, we can conclude that Si has multiple 
stress alleviation mechanisms by which it improves plant growth and production. 
Supplementation of Si provides drought-stress tolerance to plants under water-deficit 
conditions by regulating ion homeostasis, aquaporins activity, osmolytes accumula-
tion, antioxidant enzyme activity, and many more. Its role in the biosynthesis of 
phytohormones under stress conditions is also noticeable. Apart from this, Si plays a 
great role in regulating the different gene expressions which are induced during 
drought-stress situations. Si upregulates many stress-related genes, which help in 
alleviating stress from plants. It was observed that Si-accumulator plants such as 
wheat, rice, and sugarcane get more benefits from their Si-accumulating capacity in



their plant parts which provide stress tolerance and mechanical support to plants. So, 
in near future, we can try to genetically manipulate the plant’s ability to uptake Si 
from soil and becomes stress-resistant to drought stress. Also, we may encourage 
farmers to use Si as a biofertilizer in areas vulnerable to drought. 
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Abstract 

Rapid industrialization and urbanization have led to increased contamination in 
the environment with heavy metal and toxic element. The contamination of 
agricultural soils and irrigation water due to these toxic elements is a serious 
threat to ecosystem and human health. Using plants to scavenge, extract, or 
reduce the bioavailability of toxic elements in the environment, including soil, 
water, and air, is called phytoremediation. It is a cost-effective and sustainable 
solution to manage heavy metal contamination from soil water, prevent soil 
pollution and air pollution. Some of the cereals, grasses, and crop plants are
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found useful for phytoremediation. They have heavy metal and toxic element 
carriers along with favorable morpho-physiological characteristics which make 
them suitable for phytoremediation. The ideal crop plants and grasses–mean they 
have anatomical traits viz. long and profuse roots, high growth rate etc and 
physiological mechanism for phytoremediation. By the use of phytoremediators, 
soil erosion and leaching of contaminants can be prevented. Phytoremediation 
mechanisms known in plant species are phytofiltration, extraction, stabilization, 
transformation/degradation, volatilization, removal of aerial contaminants and 
desalination. The proof of concept of phytoremediation was long established. 
However large scale utility is limited worldwide primarily because it is a slow 
process. This chapter highlights the potential crop plants and grass species for 
phytoremediation strategies. Further, the physiological, biochemical, and molec-
ular approaches in revealing the uptake, transport, and localization mechanisms 
must be studied in detail for employing these crops as potential candidates for 
phytoremediation. There is scope to bridge the gap for cost-effective, efficient, 
and environment-friendly remediation technologies through advanced biotechno-
logical tools and strategies.

466 S. N. Dheeravathu et al.

Keywords 

Cadmium · Heavy metals · Lead · Phytoremediation · Plant growth promoting 
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23.1 Introduction 

Globally pollution levels have increased ever since industrial revolution. Soil, water, 
and air pollution has caused long term health concern to human and environmental 
hazards. Measures are taken to reduce pollution globally like use of lead free 
automotive fuel, restricting use of aerosol pesticides, water treatment plants, etc. 
However, the major concern is the rising concentration of heavy and toxic metals in 
the environment (FAO and UNEP 2021), Table 23.1. The anthropogenic activities 
such as untreated sewage disposal, mining, gas emission, and municipal waste 
production, smelting, and the use of pesticides and fertilizers in agriculture have 
aggravated the conditions severely (Kabata-Pendias and Pendias 1989). Heavy 
metals are generally defined as elements with metallic properties and an atomic 
number more than 20 or these are a group of elements with a high density, i.e., above 
5 g/cm3 (Appenroth 2010). In the context of environmental pollution, the most 
important trace elements are arsenic (As), chromium (Cr), cadmium (Cd), copper 
(Cu), lead (Pb), mercury (Hg), nickel (Ni), zinc (Zn), cobalt (CO), selenium (Se), 
manganese (Mn), and uranium (U) (He et al. 2015). These trace elements can be 
subdivided into essential elements (Cu, Ni, and Zn) and nonessential elements (As, 
Cd, Cr, Hg, and Pb) for plants, but both nonessential and trace elements can be toxic 
even at low prevailing concentrations (Clemens 2006). These elements may be 
biogenic, i.e., essential for proper plant functioning, since they regulate the processes
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of photosynthesis, respiration, nitrogen metabolism (Fe, Zn, Cu, and Co, among 
others), or toxic that cause diseases and disrupt many plant processes (Szarek-
Łukaszewska 2014; Tibbett et al. 2021). Some volatile organic compounds 
(VOCs) such as benzene and toluene are monocyclic aromatic hydrocarbons that 
are emitted into the atmosphere, from biogenic and anthrophonic sources. Volatile 
organic compounds promote the production of secondary organic aerosols (SOAs), 
which affect human health and climate change (Shrivastava et al. 2017). Toxic heavy 
metals such as Pb, Co, Cd can be differentiated from other pollutants, since they do 
not biodegrade, rather accumulate in living organisms, soil, surface and underground 
water, thus causing various diseases and disorders even in relatively lower 
concentrations (Pehlivan et al. 2009). Soil contamination with an excessive amount 
of metals and toxic elements (Na+ and Cl-) can result in reduced soil microbial 
activity, soil fertility, soil quality, and eventually significant yield reduction 
(McGrath et al. 1995). The entry of toxic materials into the food chain (Haan and 
Lubbers 1983) has serious consequences of biomagnification. In past few decades 
agriculture land deteriorated tremendously due to the accumulation of heavy and 
toxic metals which has caused impaired soil and reduced soil fertility. There is 
reduced soil biomome which is important to keep soil healthy and fertile. Contami-
nation of food with the heavy metals is a serious health concern for humans and 
animals. The ecosystems are polluted which is endangering all life forms on earth 
(Sidhu 2016). The lack of quality irrigation water and use of sewage water for 
growing vegetables have led to increased heavy metal accumulation such as Cu, Fe, 
Ni, and Zn (Rattan et al. 2005). The places in vicinity of industry are more prone to 
heavy metal contamination. A pilot study in the industrial area of Surat region of 
India reveals high concentration of toxic elements than the permissible limits 
(Krishna and Govil 2007). Similarly, it is estimated that elemental toxicity and 
heavy metal contamination (Hg, Pb, Cr and Cd) are serious threat to 66 million 
people globally (Rahman and Singh 2020). Furthermore, water contamination alone 
has affected more than 150 million people globally (Ravenscroft et al. 2011). 
Chemical methods for heavy metals (HMs) remediation such as heat treatment, 
chemical extraction, ion exchange, membrane separation, electro remediation, soil 
replacement, precipitation, and chemical leaching are costly (Selvi et al. 2019). Plant 
and microbial-based technologies are generally called phytoremediation and biore-
mediation, respectively. These techniques are eco-friendly, non-invasive, energy-
efficient, and cost-effective to reclaim sites with low to moderate concentrations of 
trace elements are proposed as alternative approaches (Vangronsveld et al. 2009). 
Phytoremediation is an integrated multidisciplinary approach to clean up 
contaminated soils and irrigation water, which combines the disciplines of plant 
physiology, soil chemistry, microbiology, environmental science, plant breeding, 
and biotechnology. Phytoremediation is a green strategy that uses hyperaccumulator 
plants/halophytes and their rhizospheric microorganisms to stabilize, degrade, trans-
fer, and volatilize pollutants in soil, irrigation water, and the environment (Liu et al. 
2020). According to the soil conditions, pollutants, and the species of plants used, 
seven types of phytoremediation are phytofiltration, extraction, stabilization, trans-
formation/degradation, volatilization, removal of aerial contaminates, and
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desalination (Fig. 23.1). Understanding phytoremediation through crop plants espe-
cially grasses necessitates to investigate the molecular synthesis, enzyme induction, 
and membrane transport. Some crop species especially grasses that are reported as 
potential candidates for phytoremediation. Grasses have elaborate root structure and 
may have specialized propagating underground structures. Below ground structures 
like roots, rhizomes and bulbs bind the soil and to prevent erosion and leaching of 
contaminant. An ideal phytoremediation plant species is expected to grow profusely 
even in less fertile soils (Zurek et al. 2013; Gołda and Korzeniowska 2016). In 
addition, they provide multiple benefits like improvement in soil structure and 
quality, reduction in erosion, and increase in biodiversity. Growing perennial grasses 
on degraded lands are much more sustainable than regular agricultural practices. To 
prevent toxic buildup of mineral ions in the cytosol, many plants may localize/ 
sequester them in the vacuole (Stewart and Ahmad 1983). This chapter highlights 
the mechanisms which crop plants and grasses exhibit the detoxifying mechanism. 
Research efforts are under way to bestow heavy metal and toxic elements tolerance 
species using both classical/conventional plant breeding and molecular biology 
(Hasegawa et al. 2000).
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Fig. 23.1 Different types of phytoremediation techniques (phytoextraction, phytofiltration, 
phytovolatilization, phytostabilization, and phytotransformation) 

23.2 Heavy Metals and Salt Ions Toxicity in Plants and Grasses 

The plants that grow in heavy metal or toxic elements or organic/inorganic 
contaminated soil, water, or air alter the anatomical, morpho-physiological, and 
biochemical changes which affect normal growth and development of plant. Germi-
nation is severely affected by Hg which inhibits amylase and protease enzyme in the 
seed (Islam et al. 2007; Sengar et al. 2010). In general high concentration of heavy



metals in the environment adversely affects plants. Cu and Cd toxicity reduces 
germination, seedling growth, and number of lateral roots in Solanum melongena 
(Neelima and Reddy 2003). Cr and Pb reduce root fresh weight in Pennisetum 
purpureum (Islam et al. 2007; Sengar et al. 2010; Zhang et al. 2014) and Cd alters 
the root architecture (Sridhar et al. 2007). High Cr concentration in soil increases 
reactive oxygen species (ROS) in plants by removing Fe from proteins and inhibiting 
the chloroplast and mitochondrial electron transport chains in plants (Cosio et al. 
2004; Scandalios 2005). Cd causes ion imbalance in root which affects Mg absorp-
tion and metabolism (Sridhar et al. 2007). Cd decreases the photosynthesis process 
of the plant and photorespiration process as a result of stomata closure and low 
uptake of CO2 into plant tissues (Aravind and Prasad 2015). Higher concentration of 
Na+ and Cl- inhibits uptake of essential macronutrients like K+ and Ca+ from soil. 
Sodium ion in higher concentration breaks down chlorophyll in Bajra Napier hybrids 
leaves (Dheeravathu et al. 2021). Many reports reveal that relative water content 
(RWC) and membrane stability index (MSI) are reduced under heavy metals, 
salinity, and drought (Naseem et al. 2021). Dheeravathu et al. (2021) reported that 
salt-tolerant BN-hybrids maintain high MSI and RWC under stress conditions. 
Naseem et al. (2021) reported that MSI and RWC contents decrease as the Se 
level increases in maize leaves and Xia et al. (2012) observed that RWC content 
decreases at high levels of Se in Hordeum vulgare plants. 
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23.3 Mechanism of Phytoremediation 

23.3.1 Phytoextraction/Phytoaccumulation/Phytoabsorption/ 
Phytosequestration 

Phytoextraction involves the absorption of toxic metals by roots followed by trans-
location and accumulation in the aerial parts (deposition at cell wall, cell membrane, 
and vacuole). Mechanism of heavy metal extraction/accumulations include absorp-
tion of metal cations followed by metal–ligand complex formation inside the plant 
cell or metal-phytochelatin complex (Lajayer et al. 2019) (Fig. 23.1 and Tables 23.2 
and 23.3). 

23.3.2 Phytostabilization/Phytoimmobilization 

Phytoimmobilization/Phytostabilization can be achieved through immobilization or 
inactivation of heavy metal toxicants or pollutants within the roots or in the rhizo-
sphere. Toxicants can be immobilized or stabilized with the help of root exudates or 
trapped in the root surface with the help of sequestered or transport protein in the 
vacuoles of root cell through cellular process (ITRC 2009). The main objective is to 
avoid mobilization of contaminates and limit their diffusion in the soil (Fig. 23.1 and 
Tables 23.2 and 23.3).
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Table 23.2 Biochemical composition of root exudates 

Classification Composition Functions References 

Carbohydrates Arabinose, fructose, 
fucose, galactose, 
glucose, lactose, 
mannose, raffinose, 
rhamnose, ribose, 
sucrose, xylose 

Nutrient and energy 
sources, anchoring of 
bacteria to plant 
surfaces 

Slaveykova et al. 
(2010), Venkatesh and 
Vedaraman (2012) 

Organic acids Acetic, isocitric, lactic, 
aconitic, adipic, 
butyric, citric, cyclic, 
fumaric, gluconic, 
glutaric, glycolic, 
glyoxylic, 
hydroxybutyric, indole-
3-acetic, maleic, malic, 
malonic, oxalic, 
piscidic, propionic, 
pyruvic, succinic, 
tartaric, valeric 

Chemotaxis signals to 
microbes for chelation 
and solubilization of 
mineral nutrients, act as 
acidifiers of soil 

Mucha et al. (2005), 
Magdziak et al. (2011), 
Ramachandran et al. 
(2011), Vranova et al. 
(2013) 

Amino acids All the amino acids They serve as nutrient 
and energy sources to 
microbes for mediating 
the phytoremediation 
process 

Ma et al. (2009a, b, 
2011), Ahemad and 
Kibret (2014) 

Flavonols Naringenin, 
kaempferol, quercetin, 
myricetin, rutin, 
genistein, strigolactone 
isoflavonoids, 
neoflavonoids, etc. 

Activation of secondary 
metabolism defense 
again pathogens 

Hofmann (2013), 
Dakora and Phillips 
(2002), Zhao et al. 
(2005) 

Phenols Caffeic acid, ferulic 
acid, styrene, N-
hexanoyl-D,L-
homoserine-lactone, 
7-hydroxy-6-methoxy, 
pyrocatechol 

Inductors of resistance 
against phytopathogens 

Steinkellner and 
Mammerler (2007), 
Steinkellner et al. 
(2007), Von Rad et al. 
(2008) 

Enzymes Amylase, DNase, 
protease, phosphatase, 
RNase, xylanase, 
sucrase, urease, 
polygalacturonase, 

Release of phosphorus 
from organic 
molecules, organic 
matter transformations 
in soil 

Wu et al. (2014) 

Coumarins Umbelliferone Activation of secondary 
metabolism defense 
again pathogens 

Ahemad and Kibret 
(2014) 

23.3.3 Rhizofiltration/Phytofiltration 

In the rhizofiltration/phytofiltration technique, plant roots either absorb or adsorb the 
heavy metals or toxic contaminations from surface water and waste streams. The



Name of PGPB References

rhizofiltration of heavy metals contaminated water sites leads to root-mediated 
fixation and precipitation inside the root in an insoluble form (Fig. 23.1 and Tables 
23.2 and 23.3). 
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Table 23.3 Bioremediation of heavy metals by the PGPB 

Sl. Phytoremediation % of removal of 
no. method heavy metals 

1. Pseudomonas 
fluorescens and 
P. putida 

Adsorb Uptake of 38% of Cr Hussein et al. 
(2004) 

2. Rhizobium. 
Leguminosarum 
(M5) + P. fluorescens 
(K23) + Luteibacter 
sp. + Variovorax sp. 

Phytoextraction 
(Lathyrus sativus) 

Uptake of 35% of Pb Abdelkrim 
et al. (2018) 

3 Bacillus cereus Phytoextraction 
(maize) 

92% of Ni Khan and Bano 
(2016) 

4 Bacillus sp. CIK-516 Phytoextraction 
(radish) 

Increase the uptake 
of Ni by 10 folds 

Akhtar et al. 
(2018) 

5 Streptomyces pactum Phytoextraction 
(wheat) 

Uptake of 121% of 
Cd, Cu, and Zn in 
the roots and shoots 
and Pb only in the 
roots 

Ali et al. (2021) 

6 Bacillus Phytoextraction 
(groundnut) 

66% of Pb uptake Banik et al. 
(2018) 

7 Brucella sp. K12 Phytostabilization 
(okra) 

Reduced the 43% 
uptake of Cr in okra 
plant 

Maqbool et al. 
(2015) 

8 B. cereus TCR17 Phytostabilization 
(Sorghum bicolor) 

Reduced the 60% 
uptake of Cr in okra 
plant 

Bruno et al. 
(2020) 

9 B. megaterium H3 Phytostabilization 
(vegetables) 

Reduced the 
41–80% uptake of 
Cd and Pb in 
vegetables 

Wang et al. 
(2018) 

10 Pseudomonas sp. K32 Phytostabilization 
(rice) 

Reduced the 90% 
uptake of Cd in rice 

Pramanik et al. 
(2021) 

11 Proteus mirabilis Phytostabilization 
(maize) 

Reduced the 78% 
uptake of Cr in rice 

Vishnupradeep 
et al. (2022) 

23.3.4 Phytodegradation and Rhizodegradation 
(Phytotransformation) 

Plant roots can metabolize heavy metals or toxic pollutants/or organic contaminants 
within the root tissue through the process known as rhizodegradation. While in leaf



and shoot tissues the process is known as phytodegradation. In phytodegradation, 
the organic contaminants are metabolized/or mineralized inside the plant cells by 
specific enzymes such as dehalogenases and nitroreductases which ultimately reduce 
the toxicity (Fig. 23.1 and Tables 23.2 and 23.3). 
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23.3.5 Phytovolatilization 

Phytovolatilization is the release of the contaminant or a modified form of the 
contaminant to the atmosphere from the plant. The contaminants is uptaken by the 
plant then metabolized, and released through transpiration. In phytovolatilization, 
contaminants are converted into a volatiles and released in the air through stomata 
viz Cd, Pb, Cr is converted into Hg by plants. However, this mechanism merely 
transfers contaminants from one environmental compartment to another, which may 
somehow return back to the original source (soil) by precipitation and hence could 
be less effective than phytoextraction and phytofiltration phytoremediation (Sarma 
2011; Nikolić and Stevović 2015). It is commonly employed when treating groups 
of highly volatile metals like Hg and As. Phytovolatilization of As involves the 
conversion of elemental As to selenoamino acids, such as selenomethione, which is 
modified by methylation to a volatile and less toxic form, dimethyl selenide (Wang 
et al. 2012) (Fig. 23.1 and Tables 23.2 and 23.3). 

23.3.6 Removal of Aerial Contaminates 

Some studies reported that some species of volatile organic compounds particularly 
oxygenated VOCs are taken by plant leaves (Dela Cruz et al. 2014; Niinemets et al. 
2014) (Fig. 23.1 and Tables 23.2 and 23.3). The process of VOCs uptake by the plant 
leaves is analogous to CO2 diffusion and assimilation. 

23.3.7 Phytodesalination 

Phytodesalination refers to the use of halophytic plants for removal of excess 
amounts of salts from soil and irrigation water. Removal of excessive salt from 
saline soil and saline water to increase the crop productivity by use of halophytes is 
called phytodesalination. Phytodesalination is a recently reported emerging tech-
nique. Remediation can be achieved through extraction of excess amount of toxic 
salt ions (Na+ and Cl-) by halophyte plants (Suaeda maritima and Sesuvium 
portulacastrum) from the soil and store the excess amount of toxic salt ions (Na+ , 
Cl) in root and shoot vacuoles (Fig. 23.1 and Tables 23.2 and 23.3). Ravindran et al. 
(2007) reported that Suaeda maritime and Sesuvium portulacastrum can remove 
504 and 474 kg of Na and Cl, respectively, from 1 ha of saline soil in a period of 
4 months.
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23.4 Heavy Metals and Salt Ions Transport and Metabolism 

23.4.1 Uptake and Translocation of Heavy Metals and Salts in Plant 
Species 

A few plant species are known to release root exudates that mobilize the 
non-bioavailable heavy metals ions in the rhizosphere by altering pH. The soluble 
form of heavy metal is sorbed on the root surface. Entry into the cellular atmosphere 
of plant could be symplastic or apoplastic. Unlike apoplastic pathway symplastic 
pathway is energy consuming process and works against the ionic gradient. After 
entering into the root cells, the heavy metal ions form complex with the chelators and 
organic acids present in the root cells. The high-affinity binding sites and plasma 
membrane-localized transporters render metal ion entry across plasma membrane. 

Generally, uptake of metals/salt ions occurs through secondary transporters such 
as channels proteins, H+ coupled carrier proteins, and low- and high-affinity 
transporters. Various studies suggest that the heavy and toxic metals are uptaken 
using the essential element transporters in the plants. Some of the illustrations are 
given following: PO4 

3- transporters, aquaglyceroporin facilitates transport for As2+ , 
zinc-iron permease (ZIP) gene homolog proteins for Cd2+ , Zn2+ , and cation Fe2+ . 
Some of the plant species have inherent resistance-associated macrophages proteins 
(Nramps) gene encoding the metal transporter for Fe and also toxic metal Cd. Nickle/ 
cobalt transporter (NiCOT) Ni2+ permease transport Pb and Co. H+-ATPase and 
H+-pyrophosphatase enzymes transport toxic Na+ ions from the cell wall into the 
cytosol. ATPase/H+-pyrophosphatase generates a proton electrochemical gradient 
that facilitates Ni2+ , Cd2+ , and Na+ to cross the plasma membrane. These ions enter 
the vacuoles through cation diffusion facilitators (CDFs) ABC type ATPase and 
Cd2+ /H+ antiporter and Na+ /H+ antiporter and ATPase and pyrophosphatase 
(Fig. 23.2). Shruti and Dubey (2006), Sunkar et al. (2000) reported the uptake and 
regulation of Pb through NtCBP4 and AtCNGC1 protein expression (Fig. 2). 

23.4.2 Phytoremediation in Plants, Mode of Action 

A good phytoremediator must be efficient in metal uptake and translocation to shoots 
(have the ability to accumulate and tolerate high concentration levels of metals and 
show rapid and profuse growth with deep root system) (DalCorso et al. 2019). The 
involvement of components of membrane transporters, ion channels, and aquaporins 
in uptake and sequestration of heavy metals into plant parts has been shown (Manara 
2012). For example, arsenic is a phosphate analogue which is taken up in plants via 
phosphate transporter. In plants arsenic is detoxified by reduction and subsequently 
forming complexes with thiol-reactive peptides such as γ-glutamylcysteine (γ-EC), 
glutathione (GSH), and phytochelatins (Vatamaniuk et al. 2002). Further these thiol 
complexes are routed to vacuoles of root and shoot through involvement of glutathi-
one conjugating pumps (Wang et al. 2002).
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Fig. 23.2 Uptake and translocation of heavy metals and salts in plant species
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23.5 Plants Response to Heavy Metals and Toxic Salt Ions 

Plants have developed four strategies for mitigating heavy metal or organic 
contaminants or elemental toxicity contamination in soil and water. 

1. Metal excluders/or avoidance: Avoidance strategy refers to the ability of plants to 
limit the uptake of heavy metals and restrict their movement into plant tissues 
through root cells (Dalvi and Bhalerao 2013). 

2. Metal indicator plants: Metal indicator plants accumulate metals in their arial 
parts of the plant. The plant tissue reflects the level of metal in the soil. 

3. Accumulator plant (hyperaccumulators): Hyperaccumulators plant species can 
concentrate metals in their above-ground tissues to levels far exceeding those 
present in the soil or in the non-accumulating species growing nearby. It has been 
proposed that a plant containing more than 0.1% of Ni, Co, Cu, Cr or Pb or 1% of 
Zn in its leaves on a dry weight basis is called a hyperaccumulator, irrespective of 
the metal concentration in the soil (Baker and Walker 1990). Hyperaccumulator 
plants utilize different metabolic processes for the mobilization and uptake of 
metal ions from soils, based on the efficiency of metal translocation to the plant 
shoots via the symplast and apoplast (xylem), sequestration of metals within cells 
and tissues, and transformation of accumulated metals into metabolically less 
harmful forms (Kumar et al. 1995). 

4. Halophytes: Halophytes are naturally salt-tolerant plants that complete their life 
cycle under high saline soil such as in mangrove swamps, marshes, seashores, 
and saline arid and semi-arid or semi-deserts where the ionic concentration is 
equal or above 8–10 dS m electrical conductivity (EC) (Aronson 1985, 1989). 
Some authors reported that halophytes complete the life cycle in water with a 
rather high salinity level of about 11.70 g NaCl/L (Flowers and Colmer 2008). 
Halophytes have different salinity-tolerant adaptation mechanisms that include 
osmotic adjustment, reduction of the Na+ influx, ion compartmentalization in 
their vacuoles, and excretion of sodium ions and they have less competition in 
saline environments. 

23.6 Microbe Mediated Physiological and Biochemical 
Mechanism in Phytoremediation 

23.6.1 Role of Soil Microbial Activity for Phytoremediation 

Microorganisms are ubiquitous and are capable to evolve rapidly to the changing 
environmental conditions. When they are continuously exposed to pollutants, they 
become tolerant and exhibit exceptional levels of capability to transform pollutants 
as their source of energy and raw material (Nanda et al. 2019). Microbes coexist with 
plants and their interaction plays a major role in uptake and detoxification of harmful 
heavy metal or elements in the soil which through the process of acidification, 
precipitation, chelation, complexation, and redox reactions include root exudate



acids, synthesis of phytohormones, activation of defense mechanism, solubilization 
of mineral nutrients, secretion of specific enzymes assisted phytoremediation 
(Ma et al. 2016). Root exudates from the phytoremediators solubilize the nutrients 
and minerals from the soil for uptake by the processes like (a) acidification which is 
due to proton (H+ ) release, (b) by forming complexes of metals/minerals with 
organic acids, (c) intracellular binding compounds (e.g., phytochelatins, organic 
acids, and amino acids), (d) redox reactions at the rhizosphere where the electron 
transfer takes place, (e) production of siderophores, phytohormones, biochelators 
(Rajkumar et al. 2012; Pérez-Montaño et al. 2013; Sessitsch et al. 2013). The 
benefial microbes interact via chemotaxis to the roots of the plant for release of 
exudates like organic acids, phytochelatins, amino acids, and enzymes that bring 
about the alteration in the availability, mobility, and uptake of the metals in the soil. 
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The process of acidification causes displacement of heavy metal cations adsorbed 
on soil particles by the action of hydrogen ions exuded from the plant roots. The root 
exudates help in mobility of element by lowering the rhizosphere pH (Sheoran et al. 
2011) which enhances bioavailability of elements fixed in the soil (Alford et al. 
2010; Kim et al. 2010), Table 23.2. Also, protonation by soil microbes acidifies their 
environment by exporting protons to replace heavy metal cations at sorption sites 
(Rajkumar et al. 2012). Chelation is a process by which organic compounds released 
from both plants and microorganisms chelate/scavenge metal ions from sorption 
sites and heavy metal-bearing soils. Chelating compounds are generally known as 
metal-binding compounds, organic acid anions, siderophores, biosurfactants, and 
metallophores (Sessitsch et al. 2013) and involved in various processes including 
nutrient acquisition, mineral weathering, heavy metal detoxification, and mobiliza-
tion/solubilization in soil (Rajkumar et al. 2012). Precipitation is a process where 
certain rhizosphere associated microorganisms have the ability to stimulate the 
enzymatically catalyzed precipitation of radionuclides (e.g., U, Tc) and toxic metals 
(e.g., Cr, Se) by microbial reduction processes, which is one of the important 
mechanisms for phytoremediation (Payne and DiChristina 2006), Table 23.2. The 
alkalinizing effect which is induced by AMF and certain bacteria leads to release of 
OH-, can result in an active nitrate uptake by microbes and a reduction in metal 
phytoavailability in the rhizosphere by secreting glomalin (Giasson et al. 2008). 
These bacteria act as metal sinks to reduce the mobile and available metal cations in 
soil, thereby creating a more suitable environment for plants. Another important 
biochemical mechanism in the process of phytoremediation is transformation of 
metal contaminants where microbes execute a biogeochemical redox process, which 
leads to microbial oxidation of heavy metals, such as As, Cr, Hg, Fe, Mn, and Se 
reducing their phytotoxicity levels (Majumder et al. 2013; Kashefi and Lovley 
2000), Table 23.2. One or more of these physiological, biochemical, and molecular 
changes helps in achieving the phytoremediation by plants that are mediated through 
the microbes. The strategies used in developing phytoremediation plants are 
(a) Screening of hyperaccumulation plants, (b) plant breeding, (c) development of 
improved hyperaccumulation plants using advance genetic tools and techniques.
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23.7 Mitigating Strategies to Heavy Metal Contamination 

23.7.1 Phytohormone Assisted Mitigating Strategy 

Number of studies have demonstrated that these phytohormones favorably affect the 
amount of heavy metal (HM) accumulation and enhance plant development and HM 
tolerance. Ji et al. (2015) reported that exogenous application of 10,100 and 
1000 mgL of gibberellic acid 3 (GA3) can significantly increase the biomass and 
phytoremediation efficiency of Solanum nigrum. Exogenous application of 10 and 
100 mM IAA in nutritional solutions reduces the negative effect of Trigonella 
foenumgraecum of Cd by preventing Cd absorption and controlling the ascorbate 
glutathione cycle (Bashri and Prasad 2016). 

23.7.2 Nanoparticle-Assisted Mitigating Strategy 

Use of nanoparticle (NP) is novel technology for efficient removal of heavy metals 
(Zhu et al. 2019). These particles boost the capacity of phytoremediation through a 
variety of mechanism, such as: (a) contact with HMs through adsorption/redox 
processes, (b) promotion of plant growth, or (c) facilitation of HMs 
phytoremediation (Song et al. 2019). The result of the chemical interaction 
demonstrated that plants use nanoparticles to stabilize heavy metals by electrostatic 
adsorption. Rhizospheric bacteria and fungi can promote plant development through 
NPs. Numerous studies have shown the beneficial effects of nanoparticles in 
phytoremediation. In this regard, Khan and Bano (2016) observed that the inclusion 
of Ag nanoparticles (AgNPs) with plant growth promoting rhizobacteria regulated 
the growth and phytoextraction potential of maize plants (PGPR). Cd contaminated 
soil was treated with nano-titanium dioxide (nano-TiO) particles to enhance the 
potential of soybean plants to remove Cd (Glycine max) (Singh and Lee 2016). 

23.7.3 Nutrients and Beneficial Elements Mitigating Strategy 

Nitrogen, sulfur, and silicon are among the essential elements for plant growth and 
development. Nitrogen can reduce the toxicity of trace elements by the mechanism 
of increasing the chlorophyll contents and enhancing the photosynthetic activity, 
anti-oxidative enzymes, and production of N-containing metabolites such as amino 
acids and derivatives, GSH, and PCs (Sharma and Dietz 2006; Sarwar et al. 2010; 
Singh et al. 2016). Sulfur reduces trace element toxicity by encouraging the manu-
facture of S-containing metabolites like GSH and PCs, increasing the activity of the 
AsA-GSH cycle, and controlling ethylene signaling, among other things (Sarwar 
et al. 2010; Singh et al. 2016). An adequate supply of sulfur allows increased Cd 
translocation from the roots to the stems in Panicum maximum (Rabêlo et al. 2018b). 
Sulfur enhances dGSH and PCs synthesis, AsA-GSH cycle enzyme activities are 
crucial in grasses. These enzymes help in increased Cd phytoextraction efficiency



(Rabêlo et al. 2017a, b, 2018a). In general, the trace element toxicity alleviation 
mechanism includes the regulation of trace element uptake and root-to-shoot trans-
location, modulation of the cation binding capacity of the cell walls, increase of 
enzymatic (e.g., SOD, APX, and DHAR) and non-enzymatic (e.g., AsA and GSH) 
antioxidants, and the complexation or co-precipitation of trace element ions with Si 
in the cytoplasm, followed by sequestration of the trace elements in the vacuoles 
(Pilon-Smits et al. 2009). This is especially significant for monocots with substantial, 
Si accumulations (10–15%) (Hodson et al. 2005). In P. maximum, adding Si reduced 
the amount of Cu that moved from roots to the shoots, reducing Cu toxicity in the 
leaves and increased biomass production (Vieira Filho and Monteiro 2020). 
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23.7.4 Plant and Microorganism Interactions Mitigating Strategy 

The plant growth promoting bacteria (PGPB) are beneficial group of bacteria that 
develop symbiotic relationship with plants and promote various plant growth pro-
motion (PGP) activities in adverse conditions (Hashem et al. 2019). These PGPB 
may act as free-living or rhizosphere bacteria that form specific symbiotic 
relationships with roots, endophytic bacteria that can colonize plant interior tissues 
like Rhizobia spp. and cyanobacteria (Glick 2012). During this association with the 
plants, the PGPR are also involved in alleviating the toxicity of heavy metal present 
in soil through various mechanism, viz. metal biosorption, bioaccumulation, redox 
reaction, mobilization, precipitation, transformation, and translocation activities 
(Ma et al. 2016; Wang et al. 2022). PGPB increase the tolerance level of plants 
against metal stress by improving detoxification rates of plants, enzymes secreted by 
plant roots, and modifying soil pH (Guo et al. 2020). In addition to this, certain 
metal-resistant PGPB alter metal mobility and bioavailability and consequently plant 
usage rate by releasing chelating agents, acidification, and redox changes (Verma 
and Kuila 2019). Bacteria may also enhance nutrient uptake, increasing plant growth 
and defense by diminish heavy metals intake and their toxic effects (Chaudhary and 
Khan 2022). Therefore, use of PGPB strains having the capacity of heavy metal 
resistant can be a suitable candidate for phytoremediation of heavy metals to 
minimize the adverse effect on production and productivity. Chen et al. (2017) 
reported that during Zn and Cd stress, Pseudomonas fluorescens induced the growth 
promotion, chlorophyll content, and enzyme activity of Sedum alfredii by producing 
IAA, and improve plant Cd absorption by regulating the expression and transport 
genes of Cd. 

The microbial-induced carbonate precipitation (MICP) is a viable bioremediation 
approach for metal immobilization where carbonates can bind to the metals (e.g., 
Pb2+ and Cu2+ ). These metal elements change from soluble forms to insoluble forms, 
thus reducing their toxicity (Tamayo-Figueroa et al. 2019). The MICP caused by 
Bacillus pasteurii (ATCC 11859) maintained the microbial growth while reducing 
the available Pb content in the soil, resulting in a decrease in Pb extraction and 
available Pb content by 76.34% and 41.65%, respectively (Chen et al. 2021). It has 
been reported that a group of metal-resistant PGPB, such as Pseudomonas,



Arthrobacter, Acinetobacter sp., Agrobacterium, Bacillus, Azoarcus, Azospirillum, 
Azotobacter, Burkholderia, Klebsiella, Alcaligenes, Serratia, Rhizobium, and 
Enterobacter species have great potential to promote the growth of various plants 
in the metal-contaminated environments (Enebe and Babalola 2018; Ke et al. 2021; 
Ma et al. 2020). The level of removal of heavy metal by the PGPB is mentioned in 
Table 23.3. 
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23.8 Improving Phytoremediation Ability in Plants 

Traditional breeding (plant hybridization) or genetic engineering (creation of trans-
genic plants) are employed to either improve growth rate and biomass of 
hyperaccumulator or introduce hyperaccumulation traits to fast growth, high bio-
mass plants (DalCorso et al. 2019). 

23.9 Traditional Plant Breeding Mitigating Strategy 

Phytoremediation efficient plant species tolerant to toxic chemicals can be selected 
from contaminated habitats (Laxman et al. 2015) followed by hybridization and 
progeny selection (Dushenkov et al. 2002). Brewer et al. (1999) used electrofusion 
to fuse protoplasts isolated from the Zn hyperaccumulator T. caerulescens and 
Brassica napus. The selected hybrids (somatic hybrid) showed enhanced 
hyperaccumulation capability and tolerance derived from T. caerulescens and higher 
biomass production derived from B. napus. The hybrid derivatives showed the 
ability to accumulate high levels of Zn and Cd. The somaclonal variation in 
C. dactylon enhanced the tolerance and accumulation of Pb. The occurrence of 
somaclonal variation via somatic embryogenesis and organogenesis of C. dactylon 
cultures was as high as 33% (Taghizadeh et al. 2015; Nehnevajova et al. 2007) used 
chemical mutagen ethyl methanesulfonate (EMS) to treat sunflowers and obtained 
sunflower “giant mutant,” which exhibited significantly enhanced heavy metal 
extraction ability with 7.5 times accumulation for Cd, 9.2 times for Zn, and 8.2 
times for Pb compared to control plants. 

23.10 Biotechnological Mitigating Strategy 

Despite successful efforts in development of phytoremediation efficient plants 
through traditional breeding and genetic approaches, the evolution of molecular 
biology, genetic engineering, and availability of genome sequence of different 
plant species have paved the way for development of transgenic and genome edited 
plant species. Transgenic technology can be exploited to develop heavy metal 
tolerant and phytoremediation efficient plants through transfer of genes controlling 
metal uptake, transport, accumulation, and detoxification (Fasani et al. 2018). The 
best example for this approach is improvement of Eastern cottonwood trees (Populus



deltoides Bartr. ex Marsh.) for decontamination of Hg2+ contaminated soil (Lyyra 
et al. 2007). Agarwal and Rani (2022) have published a comprehensive review of 
transgenic plants developed for enhancing the phytoremediation potential. Czako 
et al. (2005) assessed the transfer of gene encoding enzymes for the breaking down 
of organomercurials [organomercurial lyase (MerB, EC 4.99.1.2)] and the reduction 
of Hg2+ to HgO [mercuric reductase (MerA) (EC 1.16.1.1)] into the S. alterniflora. 
Song et al. (2019) showed that the expression of ZIP and detoxification related genes 
increase the effect of supplementary ABA on Zn in Vitis vinifera. 
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23.11 Gene Editing Mitigating Strategy 

The other recent development in the form of genome editing through CRISPR-Cas9 
technology has proven to be a promising approach in developing heavy metal 
tolerant plant species. CRISPR-Cas9 technology might prove handy in tweaking 
the expression of genes coding for these pumps and transporters to promote 
enhanced uptake and sequestration into vacuoles (Guo et al. 2008). Few of the 
reports demonstrating use of CRISPR-Cas9 in enhancing phytoremediation potential 
of crop plants have become available. Tang et al. (2017) showed in that knockout for 
the metal transporter gene OsNRAMP5 led to low Cd accumulation in shoots, roots, 
and in grains of rice grown on Cd contaminated soil. There are other reports listing 
the successful application of CRISPR-Cas9 mediated gene editing in enhancing 
phytoremediation potential of plants (Miglani 2017; Rai et al. 2021). 

23.12 Conclusion 

Phytoremediation is a low cost and sustainable technology to decontaminate soils 
polluted with heavy metal and toxic elements. Few crop plants and grasses are 
identified as potential remediators. Their utility in phytoremediation can be 
enhanced through various approaches like genetic engineering, gene editing, nano-
technology, and nano-biotechnology with the use phytohormones. However, much 
elaborative studies employing physiological and molecular approaches are required 
to better understand the processes involved in the uptake, transport, accumulation, 
localization, and detoxification of toxic and trace elements. Several types of crop 
plants and grass have been investigated, but only a limited number of transporters of 
As, Cd, Cu, and Zn, Na+ and Cl- have been identified in few species of crops and 
grasses. The phytoremediation is an emerging technology for reclamation of toxic 
elements in the soil; however, information on how plants uptake and assimilate 
heavy metals or volatiles from air into the plant system through leaf and areal plant 
parts is limited. Hence, understanding the role of each trace element transporters, 
genomics, and proteomics in crop plants and grasses is essential to optimize the 
phytoremediation of trace elements.
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Abstract 

Agriculture production and productivity are prone to abiotic and biotic stresses. 
Biotic stresses comprise insect–pest incidences, while abiotic stresses come from 
environmental factors that include drought, floods (both due to irregular pattern of 
rainfall), temperature extremes (heat, cold chilling/frost), chemical stress (excess 
of soluble salts, low pH/acid), nutritional deficiencies and imbalances, physical 
factors (susceptibility to erosion, steep slopes, surface crusting and sealing, low 
water-holding capacity, impeded drainage, low structural stability, root-
restricting layer, high swell/shrink potential) (Minhas et al. 2017 Abiotic stress 
management for resilient agriculture. Springer, Berlin). These factors coupled 
with inherent productivity potential of cultivated/selected varieties define the crop 
productivity in an ecosystem. The intensity and impact of any stress amplify 
under limited natural resources availability. Indian agriculture being rainfed is 
subjected to extremities of rainfall pattern. Drought is the recurring phenomenon 
in rainfed areas although from past few years’ floods have also become more 
frequent owing to changing climatic conditions. The impact of drought is not just 
confined to agriculture production, as it severely affects livestock also and brings 
in misery in the affected areas with people struggling to survive and threatening 
national food and nutritional security. To mitigate drought stress, initiatives have 
to be taken at microlevel and management includes agronomic (in situ water 
conservation, integrated farming system, crop diversification, contingency plan, 
watershed management, mulching, etc.), engineering (grading, bunding, terrac-
ing, land capability classification, runoff management, etc.), and physiological 
interventions (role of plant growth regulators, enzymatic activities, use of
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reflectants/protectants, developing drought tolerance, and mitigating mechanisms 
in plants, etc.).
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24.1 Introduction 

World’s population is increasing at a faster pace, while the land under cultivation is 
shrinking due to demand from other sectors. This is posing a major threat to 
environmental sustainability and food security (Yazdani et al. 2007). Shrinking 
resources creates additional pressure on the limited available resources and leads 
to overexploitation of natural resources especially water along with excessive use of 
fertilizers and pesticides which has deteriorated the soil quality further (Bhat et al. 
2009). Abido and Zsombik (2018) had observed that 25% of the world’s agricultural 
lands are now affected by water stress and by 2025, half of the world’s population 
will be living in water-stressed areas (WHO report). 

Agriculture is an input driven enterprise and water is the most critical input for 
successful crop production. Any deviation from normal can offset the expected 
output. Owing to the burgeoning population and scarcity of natural resources, the 
stress on already limited water resources in India is increasing every year 
(Table 24.1). Per capita availability of water in India has reduced from 1816 m3 to 
1140 m3 with simultaneous population rise from 1029 to 1640 million in 50 years 
(pib.gov.in). 

Along with it, water demand for different sectors has increased from 813 to 1447 
billion cubic meters in 40 years (Basin Planning Directorate, CWC 2019) 
(Table 24.2). It is inferred from the data discussed that water demand exceeds 
water availability and gap is increasing with each year. To minimize the gap, 
sector-wise water distribution and consumption have to be regulated and critical 
measures are needed to be taken. Agriculture sector has the major share in water 
demand and consumption among all sectors, so agronomic interventions involving 
less water for irrigation with high productivity have to be promoted at large scale. 

Crop productivity is determined by the crops genetic potential and its interaction 
with the environment which can be modified with best agronomic practices. In a 
meeting at Stanford University, a group of experts—including crop scientists from

Table 24.1 Average annual per capita availability of water in India 

Year Population (million) Per capita water availability (m3 /year) 

2001 1029 1816 

2011 1210 1545 

2025 1394 1340 

2050 1640 1140 

Source: pib.gov.in (2015)

https://pib.gov.in
https://pib.gov.in


Table 24.2 Estimated
water demand in India for
different sectors

Sector

seed companies—concluded as part of their recommendations that “particularly for 
managing moisture stress in rainfed systems, agronomy may well offer even greater 
potential benefits than improved crop varieties” (Lobell 2009). Different crops/ 
varieties have different genetic potential depending upon their adaption abilities. 
Stresses in plants lead to crop failures and crops adapt different defense mechanisms 
to cope up with the stress imposed on it. Biotic stresses like insect-pest attack can be 
managed through integrated approach and timely intervention can help in reducing 
yield loss to a great extent. Abiotic stresses like low or high water stress, temperature 
stress, salt stress, etc. are difficult to predict and manage as these are generally 
weather driven with limited scope of modification, thus leading to major yield losses. 
Although plants have their own adaptive mechanism against any adverse environ-
ment condition the degree of tolerance and adaptability to abiotic stresses varies 
among different crops and within crop, different varieties. Crop physiology 
undergoes significant changes throughout its life cycle as plants grow from seed to 
its vegetative phase and ultimately culminating into reproductive phase to complete 
its life cycle. But under stress, the physiological changes within the plants vary 
depending upon the degree of stress imposed on plants and plant’s ability to 
withstand that stress. Water and temperature stress are the two major abiotic 
constraints that occur frequently and in tandem with each other in Indian conditions. 
The response time to deal with these stresses is very limited and chances of crop 
failure become high. It requires mid-season corrections through agronomic manage-
ment but the abrupt physiological changes within plants lead to losses and damage to 
plant growth. Low water stress or drought inhibits crop growth and restricts its life 
cycle.
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Water demand (billion cubic meters) 

2010 2025 2050 

Irrigation 688 910 1072 

Industry 12 23 63 

Energy 5 15 130 

Drinking water 56 73 102 

Others 52 72 80 

Total 813 1093 1447 

Source: Basin Planning Directorate, CWC (2019) 

Drought Irrigation or water is an important critical input in agricultural production. 
Any deviation from normal can offset the expected output. Drought in acute terms 
can be explained as shortage of available water to crops during major portion of 
cropping season which may be due to substantial deviation of rainfall from normal or 
uneven and untimely temporal/spatial distribution pattern leading to severely 
impaired crop production (DA&FW 2016). It can be further classified into meteoro-
logical, agricultural, hydrological, and socioeconomic drought depending upon the 
impact on ground and surface water resources, cropping pattern and choices 
adopted, agro-climatic features, socioeconomic vulnerability of local population. It



is considered as the major factor which can limit the agricultural production to a 
large extent and the major drought years have also coincided with substantial 
production decline and increased commodity prices. Drought can manifest itself 
into three major impacts on agriculture: 

494 A. Bali et al.

1. Impact on farm production and farmer: Drought induced stress are directly related 
with reduced farm production and increased farmer distress. However in low 
production years, higher commodity prices can slightly offset this impact. 

2. Market level impact: Agricultural output is known to drive market prices. Any 
reduction is going to increase the retail prices of agricultural commodities. This 
impacts the sectors which depend upon agriculture inputs the most. For example, 
reduced maize production can spiral upwards the price of feed used in poultry 
which can further eat away the buying power of purchasers. 

3. Ecological impact: Reduced production during drought years put extra burden on 
environment through disturbed food chain and other cascading effects like soil 
erosion, dust bowls, reduced acreage, and reduced biodiversity. 

24.2 Concept of Drought 

In arid regions, drought is a common phenomenon and the terms, arid and drought, 
are sometimes used interchangeably. Arid climate is a permanent feature in an area, 
while drought is a temporary event. Drought is related to the timing (i.e., principal 
season of occurrence, delays in the start of the rainy season, occurrence of rains in 
relation to crop growth stages) and the effectiveness (i.e., rainfall intensity, number 
of rainfall events) of the rains. It should not be viewed as a physical or natural event 
only as its impact is multifaceted. It can bring economic, social, and environmental 
hardship, which increases vulnerability of societies limiting their capacity to over-
come its stress and impacts cultural, health, and welfare of the affected area. So in 
order to plan strategies for drought management it is better to understand its concept 
and its manifestation. In conceptual terms, drought can be simplified as a period of 
deficient precipitation, resulting in extensive damage to crop growth and develop-
ment leading to loss of crop yield. In operational definition, drought can be 
categorized on the basis of its effect on different sectors or its relevance to users 
and on the basis of the degree of severity or period of its incidence:
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Classification of Drought 

On the basis of its effect on different 
sectors 

On the basis of degree of severity or 
period of its incidence 

1. Metrological drought 

4. Socio economic drought 

3. Hydrological drought 

2. Agricultural drought 

1. Permanent drought 

4. Invisible drought 

3. Contingent drought 

2. Seasonal drought 

Classification of drought on the basis of its effect on different sectors or its 
relevance to users: 

1. Meteorological drought: Meteorological drought is commonly based on precipi-
tation amount and time. Its significant departure from normal average over a 
certain period of time leads to meteorological drought and is region-specific. 

2. Agricultural drought: Agricultural drought is more concerned with the impact of 
drought on crop production. It is said to occur when there is not enough soil 
moisture to meet a crop water requirement at a particular time. This leads to 
significant physiological changes and negatively impacts crop productivity of that 
area. Impact of agricultural drought can be modified to some extent through 
agronomic management options. 

3. Hydrological drought: Hydrological drought refers to deficiencies in surface and 
subsurface water supplies. This drought can directly be measured as stream/river 
flow and as lake, reservoir, and groundwater levels. Because there is a time lag 
between the time of rain falling and its appearance in streams, rivers, lakes, and 
reservoirs, hydrological measurements are not the earliest indicators of drought. 
Engineering measures are more suited to modify hydrological drought. 

4. Socioeconomic drought: Socioeconomic drought occurs when physical water 
shortage starts to affect people, individually and collectively. Most socioeco-
nomic definitions of drought associate it with the supply and demand. Socioeco-
nomic drought occurs when the demand exceeds the supply as a result of a 
weather-related shortfall in water supply. 

Classification of drought on the basis of the degree of severity or period of its 
incidence and its impact on agriculture: 

1. Permanent drought: It refers to recurrent and continuous phenomenon of limited 
water availability or drought conditions owing to arid agroecological conditions. 
These areas are categorized as deserts which have sparse vegetation cover but its 
vegetation is well adapted to limited moisture conditions. Agriculture
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opportunities are limited under these situations and need major land configuration 
modification to increase area under cultivation. 

2. Seasonal drought: The areas where precipitation offers some scope for crop 
cultivation and where annual rainfall is defined and period of dryness is already 
known. Mono cropping can be adopted in these areas. Moisture conservation 
through agronomic modification like planting date, choice of crop and variety 
offers major scope to cope with drought stress and in achieving better germination 
and good crop stand. 

3. Contingent drought: Sudden and unexpected deviation in precipitation amount 
and time leads to contingent drought where normally intensive agriculture is 
practiced. Sub-humid to humid climate comes under this category with ample 
rainfall to support at least two crops in an year. Measures like residue retention or 
mulching, removal of older leaves, use of nanoparticles, soil absorbents, 
antitranspirants offer opportunities for reduced evaporative and transpiration 
losses leading to better adaptation during contingent drought. 

4. Invisible drought: Drought which occurs in humid climate is known as invisible 
drought. It occurs when evapotranspiration losses are higher than soil moisture 
supplying capacity even though there is ample rainfall in that area. Higher 
temperature, salt content in soil may the reason for invisible drought. This leads 
to changes in crop physiology and decline in crop yields. 

24.3 Effect of Drought on Plants 

1. Impact on plant germination and growth: Drought brings in abrupt changes in 
physiology and bio-chemical behavior of the plants like photosynthesis, nutrient 
metabolism, translocation, and absorption (Hussain et al. 2018). Under water 
stress conditions, water required for seed imbibition is limited (Molina et al. 
2018) which affects several metabolic processes (Farooq et al. 2009; Fahad et al. 
2017) like synthesis of hydrolytic enzymes. These enzymes are important for 
hydrolysis of reserve food into simple available form for embryo uptake (Ali and 
Elozeiri 2017) and hence germination. Therefore drought during initial growth 
stages is known to drastically impact germination of crops. For plant growth and 
development, cell expands in size due to turgor pressure which is generated by 
water absorption, but under limited moisture availability, plants tend to maintain 
its turgidity by reducing cell size (Weijde et al. 2017) which leads to poor growth, 
reduced photosynthesis, and crop yield (Christophe et al. 2011). 

2. Effect on photosynthesis and water absorption: Plant physiology is determined 
by enzymatic activities being influenced by abiotic factors especially temperature 
and water stress (Fahad et al. 2017). Plant-water relation is affected by tempera-
ture, water availability that directly influences leaf water potential, canopy tem-
perature, and transpiration and respiration activities. Trabelsi et al. (2019) 
reported decreased leaf water potential and relative water content under water 
stress conditions which reduces the activities of photosynthetic pigments (Fathi 
and Tari 2016). Due to high temperature or reduced availability of moisture,
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plants tend to close their stomata to minimize transpiration losses. But this 
abnormal closure of stomata hampers photosynthesis (Shareef et al. 2018) 
which affects biomass partitioning and yield under drought conditions. 

3. Impact on nutrient uptake and yield: Plants absorb nutrients through 
transpirational pull and drought stress in plants reduces plant nutrient uptake by 
reducing nutrient diffusion and mass flow in the soil (Silva et al. 2011). Under 
water deficit, root activity gets reduced and it slows down ion diffusion and 
finally nutrient uptake by the plants through roots (Christophe et al. 2011). Yield 
of a crop is the assimilate of its partitioning into reproductive form in cereals 
(Pandey et al. 2017). Mid-season moisture stress brings abrupt physiological 
changes in the plants by accelerating its phenology (Marjani et al. 2016). High 
temperature at grain ripening phase hastens leaf senescence, reduces grain filling 
duration, and increases grain filling rate (Bali and Pannu 2017). The yield 
obtained under such conditions has shrinked grains with less individual grain 
weight and size. So, drought brings a drastic change in phenology and physiology 
of the crops. 

Drought Management Strategies Drought poses a significant threat to our social 
and economic life by reducing crop productivity. Its impact spans over many sectors 
of the economy as water is integral part for our survival and it is an important 
component to produce goods and provide services. So, drought management 
strategies are to be formulated with a contingency plan for real-time implementation 
and important interventions in this regard are:

• Tolerant or adaptive varieties
• Short-duration crops
• Land preparation and tillage
• Irrigation management
• ET loss management through different methods
• Rainwater management 

The process of formulating the implementation strategies in drought management 
involves preparedness and real-time contingency measures in the fields. Prepared-
ness involves anticipation of timing of drought occurrence which can be gauged 
from observing past events/meteorological data or from utilizing the local indige-
nous knowledge. In areas with limited access to early weather warning system and 
lack of formal education, indigenous knowledge comes in handy in preparing to 
cope better with abiotic stresses. In a study conducted by Muyambo et al. (2017), 
several early signs of imminent drought have been documented which help farmers 
in coping better to drought related stress by adopting suitable agronomic manage-
ment practices. Along with it land and soil management options like broad bed 
furrows, compartmental bunding, slope within the fields, trenches etc. also offer 
advantages in drought years (Table 24.3).



Table24.4 Recommended
cropping pattern depending
upon precipitation
availability
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Table 24.3 Indigenous knowledge to mitigate drought risk 

Species Behavior Description in relation to drought or rain 

Snakes Movement of snakes in one direction Drought expected 

Bees When bees fly in a certain direction Drought expected 

Frogs Noise by frogs in afternoon Drought expected 

Horse Horse jumping playfully Precipitation expected 

Butterflies Butterflies flying together Drought with a good farming season 

Source: Muyambo et al. (2017) 

Annual rainfall (mm) Cropping pattern to be adopted 

350–625 Single crop in kharif 

650–750 Intercropping 

780–900 Sequential cropping 

900 and above Sequential cropping 

Real-time contingency measures include mulching, water conservation 
techniques, antitranspirants’ spray, etc. to avoid ET losses and to conserve moisture 
for critical stage in crops (Srinivasarao et al. 2013). 

24.4 Various Agronomic Interventions for Managing Drought 
Stress/Risk for Sustainable Production Are 

1. Selection of appropriate cropping system, drought resistant crops and cultivars: 
In arid climates, drought preparedness is the only way to survive and sustain. 
Selection of drought tolerant crops and varieties are important pre-requisites for 
sustainable crop production in drought-prone areas (Singh et al. 2014). Short 
duration and less water requiring crops are to be encouraged. Moreover, crops 
with waxy leaves, awns, narrow leaf structures, etc. should be preferred as they 
tend to save moisture loss from the plants. Selection of crops like pearl millet, 
gram, mustard, cotton, sunflower etc. should be encouraged in drought-prone 
areas to achieve good crop production. Depending upon the amount of rainfall in 
area, cropping pattern and varieties are to be selected (Tables 24.4, 24.5, 
and 24.6). 

2. Tillage modification to manage drought stress: Tillage is mechanical manipula-
tion of soil to prepare land for cultivation of crops. Number of tillage operation, 
timing, and depth plays an important role from the viewpoint of water conser-
vation. Conventional tillage which is also known as intensive tillage includes 
multiple tillage operations to incorporate residue into the soil and preparing fine 
seed bed for fast and better seed establishment, fertilizer incorporation, and per 
emergence herbicide application. Conversely, conservation tillage or minimum



tillage involves minimum disturbance to soil and retention of residues on the soil
surface. The selection of tillage operation and residue management option has
profound effect on movement of water (runoff/infiltration/retention/evapora-
tion). In drought stress management, water conservation is the key; therefore,
selection of appropriate tillage operation is very crucial to mitigate drought
damage. Retention of crop residues on the topsoil surface can improve water
infiltration rate due to surface roughness which further decreases the surface
runoff and erosion chances (Moore ). It has been observed that zero tillage
combined with residue retention has potential to trap 70% more water as
compared to conventional tillage, which is very crucial in water limited
conditions observed during drought (Al-Kaisi ). This observation is also
reflected in adoption of no till by farmers during drought years where extreme
dry conditions favor increased adoption rate of no tillage by farmers whereas
wet conditions (floods) do not reflect change in tillage adoption pattern (Ding

2020

2015
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Table 24.5 Efficient crops in drought-prone areas 

Location Traditional crop Yield (kg ha-1 ) Efficient crops Yield (kg ha-1 ) 

Bellary Cotton 200 Sorghum 2670 

Varanasi Wheat 860 Chickpea 2850 

Ranchi Upland rice 2880 Corn 3360 

Indore Green gram, wheat 1180, 1120 Soybean, safflower 3330, 2420 

Agra Wheat 1030 Rapeseed-mustard 2040 

Hissar Wheat 320 Sativa 1610 

Udaipur Corn 1800 Sorghum 2900 

Rewa Soybean 400 Soybean 1200 

Adapted from DA&FW (2016) 

Table 24.6 Drought tolerant cultivars released in India 

Crop Drought tolerant cultivars 

Rice Anjali, Vandana, Sahabhagi Dhan, DRR Dhan 42 (IR64 Drt 1), Satyabhama, Birsa 
Vikas Dhan 203, DRR Dhan 43, Rajendra Bhagwati, Birsa Vikas Dhan 
111, JaldiDhan 6 

Maize HM 4, Pusa Hybrid Makka 1, DHM 121, Pusa Hybrid Makka 5, Buland 

Wheat HI 1531, PBW 527, HI 8627, NIAW 1415, K 8962, HD 2888, PBW 644, HD 2987, 
WH 1080, HD 3043, PBW 396, K 9465, MP 3288, HPW 349, HD 4672 

Pearl 
millet 

HHB-226, HHB 67 improved, Dhanshakti, GHB 757, GHB 719, Pusa Composite 
443, HHB 234, Mandor Bajra Composite 2, RHB-177 

Sorghum CSH 19 R, CSV 18, CSH 15R 

Chickpea Vijay, RSG 14, Vikas, ICCV 10, RSG 888, Pusa 362, Vijay 

Barley RD 2660, K603 

Groundnut TAG-24, Ajaya, ICGV 91114, Girnar 1, Kadiri 6 

Sugarcane Co 86032, Co 98014 (Karan-1), Co 0238, Co 0403, Co 0239, Co 0118, Co 06927 

Soybean JS 95-60, NRC 7 

Cotton Veena, Raj DH 7, HD 324, CICR-1,Surabhi, Pratap Kapi, Suraj, AK 235 

Source: PIB (2015)
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No till 

Conservation tillage (including no-till) 

0  605040302010 

Percent of corn fields in 2016 

Non DT DT 

62.4 

40.8 

28 

53.1 

Fig. 24.1 Share of US drought tolerant (DT) and non-DT fields that used conservation tillage and 
no-tillage in 2016. Source: USDA (2016) 

et al. 2009). No till or conservation tillage also compliment where other drought 
management options are adopted, for example, farmers in USA who planted 
drought tolerant (DT) maize mostly adopted conservation tillage or no tillage at 
their farms (Fig. 24.1). Reduced evaporation losses coupled with better water 
retention may be the reasons for adoption of conservation tillage which 
improves the chances of survival and better productivity of drought tolerant 
maize. 

3. Improved irrigation efficiency to manage drought: India is a dynamic country 
with many agroecological zones falling into its geography. The increasing pop-
ulation depending on limited natural resources put great pressure on its ecology. 
Rainfall plays a critical role in Indian agriculture. It is a gamble of monsoon and 
a good amount of rainfall which ensures high groundwater recharge with proper 
management. Both surface water and groundwater are used for irrigating the 
fields. In rainfed areas, it is very important to utilize the water very efficiently. In 
drought-prone areas, irrigation with utmost precision and high efficiency system 
is the priority. The efficiency of canal system is less than 40%, while ground-
water irrigation efficiency is approximately 50%. Still there is huge water loss 
that needs to be tapped in drought-prone areas. Hence, high water efficiency 
systems are to be understood and implemented. Strategies should be made to 
bring every single drop of water to the plants directly without getting wasted 
midway. Micro-irrigations systems have very high potential in improving the 
water efficiency to more than 90% and can provide the critical irrigation to crop 
in drought scenario. Micro-irrigation system has immense scope for water 
conservation and attaining higher crop productivity. Crop water requirement 
can be fulfilled by just providing adequate moisture to the roots. Conversely, 
excess water applied to the soil works as an early shock to the crop plants due to 
anoxia and subsequently, when water subsides, then roots are able to absorb the
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moisture through capillaries and provide it to whole plant. Through micro-
irrigation system, that initial shock to the plants can be avoided and rather 
drop wise irrigation ensures direct absorption by crop roots. This helps in 
improving water use efficiency and thus helps in attaining optimum crop 
productivity (Ashoka et al. 2015) in water limited environments. Extreme 
climate events like drought, floods, cyclones, heat waves, frost, etc. have a 
direct impact on agriculture followed by adverse impact on human and animal 
lives. Loss in crop productivity hampers our food security which has larger 
impact on the society and economy. With extremities in temperature and rainfall 
pattern in India, it is very important to implement strategies with extensive 
planning which give a wider scope of adaption to the farmers. 

4. Increase in soil organic matter: A large amount of scientific evidence shows that 
organic matter is the most important trait in making soils more resistant to 
drought and able to cope better with less and more erratic rainfall (Bot and 
Benites 2005; Lal 2008; Pan et al. 2009; Riley et al. 2008). To minimize the 
impact of drought, soil needs to capture the rainwater that falls on it, store as 
much of that water as possible for future plant use, and allow for plant roots to 
penetrate and proliferate. Problems with or constraints on one or several of these 
conditions cause soil moisture to be one of the main limiting factors for crop 
growth. The capacity of soil to retain and release water depends on a broad range 
of factors such as soil texture, soil depth, soil architecture (physical structure 
including pores), organic matter content, and biological activity. However, 
appropriate soil management can improve this capacity. Practices that increase 
soil moisture content can be categorized into three groups: (1) those that increase 
water infiltration; (2) those that manage soil evaporation; and (3) those that 
increase soil moisture storage capacities. All three are related to soil organic 
matter. And this organic matter can be efficiently increased through crop residue 
mulching. Let us look how crop residue mulching can perform all these three 
practices. The crop residue amount increasing on the soil surface reduces the 
evaporation rate (Gill and Jalota 1996; Prihar et al. 1996). Consequently, the 
application of crop residue is the best practice to add organic amendment in soil 
and cover it surface. For obtaining sustainable development, crop residue 
properly manages to simultaneously increase soil organic carbon, soil nutrients, 
water availability and productivity requirement as well as livestock fodder. The 
availability of plant water content was significantly lower in conventional tillage 
as compared to zero tillage under rice wheat cropping system as reported by 
Bhattacharyya et al. (2006, 2008). Increased levels of organic matter and 
associated soil fauna lead to greater pore space with the immediate result that 
water infiltrates more readily and can be held in the soil (Roth 1985). The 
improved pore space is a consequence of the bioturbating activities of 
earthworms and other macro-organisms and channels left in the soil by decayed 
plant roots. Organic matter contributes to the stability of soil aggregates and 
pores through the bonding or adhesion properties of organic materials, such as 
bacterial waste products, organic gels, fungal hyphae, and worm secretions and 
casts. Moreover, organic matter intimately mixed with mineral soil materials has
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a considerable influence in increasing moisture holding capacity. Especially in 
the topsoil, where the organic matter content is greater, more water can be 
stored. Hudson (1994) showed that for each 1-percent increase in soil organic 
matter, the available water-holding capacity in the soil increased by 3.7%. Soil 
water is held by adhesive and cohesive forces within the soil and an increase in 
pore space will lead to an increase in water-holding capacity of the soil. As a 
consequence, less irrigation water is needed to irrigate the same crop. In general, 
a 1% increase in SOM content increased AWHC, on average, up to 1.5% times 
its weight, depending on soil texture and clay mineralogy. These values were 
consistent with the theoretical calculations that showed that the potential AWHC 
increase (on a volumetric basis) from a unit increase in SOM (% weight) is about 
1.5–1.7% for the 0–8% SOM range. This equates to 10,800 L of water for each 
additional 1% increase in SOM (up to 8% SOM) for a layer thickness of 15 cm 
covering 0.4 ha area (an acre furrow slice). 

5. Residue retension/mulching: Evapotranspiration losses are major water losses 
from crop lands (Morison et al. 2008). So, under drought, it becomes very 
important to minimize the losses so that all the water should be diverted to 
crop plants. Land without plantation is exposed to high radiation and thus 
evaporation losses are high in such areas while if temperature is high and 
relative humidity is low then transpiration losses from the plants will be high. 
To avoid evaporation losses, mulching is very important mitigation strategy. It 
improves water regulation in the plant system, reduces runoff, reduces weed 
infestation, and regulates the soil temperature (Waraich et al. 2011; Kazemia and 
Safaria 2018). Soil cover protects the soil against the impact of raindrops, 
prevents the loss of water from the soil through evaporation, and also protects 
the soil from the heating effect of the sun. Soil temperature influences the 
absorption of water and nutrients by plants, seed germination and root develop-
ment, as well as soil microbial activity and crusting and hardening of the soil. 
Mulching with crop residues or cover crops regulates soil temperature. The soil 
cover reflects a large part of solar energy back into the atmosphere and thus 
reduces the temperature of the soil surface. This results in a lower maximum soil 
temperature in mulched compared with unmulched soil. 

6. Biodiversity: Under present and future scenarios of a changing climate, farmers’ 
reliance on crop diversity is particularly important in drought-prone areas where 
irrigation is not available. Diversity allows the agroecosystem to remain pro-
ductive over a wider range of conditions, conferring potential resistance to 
drought (Naeem et al. 1994). In the dry-hot habitats of the Middle East, some 
wild wheat cultivars have an extraordinary capacity to survive drought and make 
highly efficient use of water, performing especially well under fluctuating 
climates (Peleg et al. 2009). Researching the diversity and drought coping traits 
of wild cultivars provides scientists with new tools to breed crops better adapted 
to less rainfall. In Italy, a high level of genetic diversity within wheat fields on 
nonirrigated farms reduces the risk of crop failure during dry conditions. In a 
modeling scenario, where rainfall declines by 20%, the wheat yield would fall 
sharply, but when diversity is increased by 2% not only is this decline reversed,
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above average yields can also be achieved (Di Falco and Chavas 2006, 2008). In 
semi-arid Ethiopia, growing a mix of maize cultivars in the same field acts like 
an insurance against dry years. Fields with mixed maize cultivars yielded about 
30% more than pure stands under normal rainfall years but outperformed with 
60% more yield than monocultures in dry years (Tilahun 1995). Crop genetic 
diversity is the richness of different genes within a crop species. This term 
includes diversity that can be found among the different varieties of the same 
crop plant (such as the thousands of traditional rice varieties in India), as well as 
the genetic variation found within a single crop field (potentially very high 
within a traditional variety, very low in a genetically engineered or hybrid rice 
field). Cropping diversity at the farm level is the equivalent to the natural species 
richness within a prairie, for example. Richness arises from planting different 
crops at the same time (intercropping a legume with maize, for example), or 
from having trees and hedges on the farm (agroforestry). Farm-level cropping 
diversity can also include diversity created over time, such as with the use of 
crop rotations that ensure the same crop is not grown constantly in the same 
field. Farm diversity at the regional level is the richness at landscape level, 
arising from diversified farms within a region. It is high when farmers in a region 
grow different crops in small farms as opposed to large farms growing the same 
cash crop (for example, large soya monocultures in Argentina). 

7. On-farm rainwater harvesting (RWH) pond: There are numerous research works 
which show that drought/water scarcity is very harmful for crop production. But 
nowadays climate change has worsen the situation even in the areas where water 
scarcity was not so much. Climate change has significantly affected the liveli-
hood and income of farmers across the globe (IPCC 2014). Rainwater 
harvesting (RWH) in ponds can be a promising way to include resilience in 
the system against water scarcity and climate change. RWH in this context can 
be described as a method of inducing, collecting, storing, and conserving local 
surface runoff for agriculture production (Ibraimo 2007). This harvested water 
can be easily used without significant treatment (Nolan and Lartigue 2017). 
Farm pond technology has the potential to increase availability of water for 
supplemental irrigation, increase in cropped area and productivity leading to 
increase in net returns from crops (Rao et al. 2017). Nearly 25–30% of crop 
productivity may enhance through farm pond intervention as harvested rainwa-
ter available for providing one or two protective irrigations to crops at critical 
growth stages during dry spells and droughts (Dupdal et al. 2020). Rainwater 
buffer tank significantly reduces the runoff peak flow hence had the capacity to 
protect against the adverse effects of flood such as damage to properties and loss 
of life (Qin et al. 2019).
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Nanoweapons to Fight with Salt 
and Drought Stress 25 
Prinka Goyal and Norah Johal 

Abstract 

Plants face various abiotic and biotic stresses throughout their life cycle which 
adversely affect plant growth development and ultimately yield. Drought, salin-
ity, and heat stress are most prevalent abiotic stresses, threatening the global food 
security. Plants fight with these stresses by altering their physiological, molecular, 
and biochemical pathways but stress sensitive plants are unable to cope with 
stresses. In this regard, exploration of some novel strategies and their exploitation 
are need of the hour to mitigate stress and improve yield. Nanoparticles emerged 
as magic bullets for agriculturists, farmers, and scientists to improve plant 
performance under stress conditions. Several studies have depicted the use of 
nanoparticles in mitigation of abiotic stresses to enhance crop productivity. The 
size of these particles ranges from 1 to 100 nm, and are available in the form of 
plant growth promoters, herbicides, pesticides as well as fertilizers. Several 
reports showed that application of inorganic and/or organic nanoparticles confer 
tolerance in plants against stresses. These particles enhance plants tolerance by 
modulating their physiological, biochemical and molecular routes as well as their 
gene expression. Nanoparticles minimize oxidative stress by enhancing the 
radical scavenging potential and antioxidant enzymatic and non-enzymatic 
activities of plants. These particles crosstalk with various plant hormones to 
make plants thrive under stress. Thus, supplementation of nanoparticles emerged 
as novel strategy to improve plant tolerance. 
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25.1 Introduction 

Plants encounter with various abiotic (natural or anthropogenic stress) and biotic 
stresses throughout their course of life. Among abiotic stresses, temperature stress 
(heat and cold stress), water stress (drought stress and flooding), and salt stress are 
major threats for sustainable crop production (Fig. 25.1) (Zhang et al. 2020). These 
stresses modulate plants at morphological, physiological, anatomical, biochemical, 
and molecular level temporarily or permanently which hamper plant growth and 
development and ultimately reduce crop yield. Plants exposed to salt stress experi-
ence osmotic stress (water deficit) during initial stage of stress followed by 
hyperionic stress (high concentration of ions Na+ and Cl- in cytosol) as well as 
oxidative stress (production of reactive oxygen species) at later stage of salt stress. 
The adverse effect of osmotic stress (physiologically dry soil) due to salinity on 
plants is similar to drought stress (physical dry soil). Oxidative stress occurs due to 
production of reactive oxygen species (superoxide radicals (O2˙

-), singlet oxygen 
(1 O2), hydrogen peroxide (H2O2), hydroxyl radical (OH˙

-), hydroperoxyl radical 
(HO2˙), alkoxy radical (RO˙), peroxyl radicals (ROO˙), and excited carbonyl (RO)) 
which leads to disruption of cell membrane and ultimately cell death (Hasanuzzaman 
et al. 2013). Ionic stress leads to accumulation of sodium ions (Na+ ) in cytosol, 
which disturbs ion homeostasis by disturbing uptake of potassium (K+ ) and calcium 
ions (Ca+ ) which are essential macroelements for plant growth and development. It 
also leads to premature leaf fall and affects crop yield. Drought stress (low moisture 
content in soil) causes drastic loss in crop yield in arid regions. It negatively affects 
plant growth and development, one of them is reduction in leaf expansion (decrease 
in photosynthetic area) due to decrease in water content of leaf. Other effects include 
production of reactive oxygen species, decrease in leaf area, and in severe conditions 
wilting and ultimately plant death. Plants either fight with these stresses or avoid it to 
nullify the negative effects of stresses on themselves. The plants which fight with 
stresses are called stress tolerant plants, and the ability of plants to fight with stresses 
is known as their tolerance. The plants having low tolerance for stresses are known

Fig. 25.1 Major stresses 
faced by plants during its life 
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as stress sensitive plants. The plants which avoid stresses are called escapers. 
Halophytes have in-built mechanisms to fight with salt stress (tolerance mechanism). 
These are called salt stress tolerant plants. Ephemeral plants complete their life cycle 
before the onset of dry period (avoidance mechanism). These are known as drought 
escapers.
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Fig. 25.2 Approaches in mitigation of drought and salt stress 

The various strategies are sought and adopted to cope with stresses or to improve 
plant tolerance against stresses (Fig. 25.2). One of them is tailoring of stress tolerant 
genotypes with high grain yield followed by their screening under natural stress 
conditions in fields. The development of tolerant varieties is time consuming and 
labour-intensive with limited success. The screening of these genotypes for their 
tolerance against stress is extra burden for scientists and researchers. The degree of 
tolerance varies among different genotypes. So alternative approaches are sought, 
and applied for mitigation of these stresses, and maximize yield potential of crops. 
The most prevalent approach is upgradation of plant tolerance mechanism against 
stresses by exogenous application of plant growth regulators, osmoprotectants, 
biofertilizers, inorganic and organic compounds as well as nanoparticles. The 
utilization of nanotechnology in agriculture to cope with stress as well as for 
sustainable crop production drew attention of scientists, researchers, agriculturists, 
and farmers (Heidarabadi 2022). 

25.2 What Are Nanoparticles? 

The term nanotechnology was first earned by scientist Norio Taniguichi, a professor 
at Tokyo University of Science, in 1974, and this technology came into limelight 
during twentieth century (Khan and Rizvi 2014) and attained prominent position in 
field of science, engineering, medical, agriculture, and industries in the twenty-first 
century. The nanomaterials (NMs) are proved as Kohinoor gems in the field of 
agriculture. These are used in the form of plant growth promoters or stimulants, 
pesticides, herbicides, fertilizers, pesticides carriers, and plant growth regulators. 
Plant growth stimulants nanoparticles are employed for alleviation of negative 
effects of stress by modulation of their tolerance mechanisms at physiological, 
biochemical as well as at molecular level. The dimensions of NMs range from 
1 nm to 100 nm with large surface-to-volume ratio, and these are available in one



dimension (surface films), two dimensions (strands and films), and three dimensions 
(nanoparticles (NPs)). On the basis of mode of synthesis, the NPs are of three types: 
natural, incidental, and synthetic (engineered). The synthetic NPs are synthesized 
either from bulk chemicals (top-down approach) or from atoms or ions (bottom-up 
approach) by physical, chemical, and biological methods (using microorganisms and 
plants (green factories)). The NPs prepared using plant extracts are called green 
nanoparticles, and this is cost-effective and eco-friendly approach for synthesis of 
NPs. The synthesis of nanoparticles using pant extract is called green synthesis or 
phytosynthesis (not confused with photosynthesis), e.g. synthesis of selenium NPs 
using stem extract of Leucas lavandulifolia (Kirupagaran et al. 2016). On the basis 
of their nature, NPs are of two types: (a) inorganic NPs and (b) organic NPs. 
a) Inorganic NPs are further divided into two groups: 
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1. Metallic and metallic oxides NPs (Au NPs, Ag NPs, CuO, ZnO, Fe2O3) 
2. Metalloid and metalloid oxides NPs (SiO2 NPs) 

b) Carbon nanoparticles (quantum dots, carbon nanotubes, Fullerenol NPs (C6O 
(OH)24)) are involved in the category of organic NPs (Taran et al. 2017). 

25.3 Inorganic Nanoparticles 

25.3.1 Silver NPs (Ag NPs) 

Hojjat (2016) observed positive effect of AgNPs in lentils exposed to drought stress. 
The application of Ag NPs enhanced germination rate, germination percentage, root 
length, root fresh, and dry biomass of lentils under drought stress. 

25.3.2 Gold NPs (Au NPs) 

The gold nanoparticles are included in the category of metal nanoparticles. The 
potential role of Au NPs in inducing tolerance against salinity was observed in wheat 
by Wahid et al. (2022). These NPs minimized oxidative stress by modulating 
activities of antioxidant enzymes. The improvement in plant growth attributes 
under saline conditions with application of Au NPs was also reported (Wahid 
et al. 2022). 

25.3.3 Zinc Oxide NPs (ZnO NPs) 

Zinc is included in the category of essential microelement. In tomato, the role of 
these NPs to cope with salt stress was observed by Faizan et al. (2021). The tomato 
seedlings were subjected to salt stress (150 mM), and foliar application of ZnO NPs 
at concentration of 10, 50, and 100 mg/L was given at 25 DAS (days after sowing).



The application improved tomato plant growth in terms of shoot length, root length 
as well as fresh and dry biomass and leaf area under salt stress. The physiological 
attributes (photosynthesis rate, chlorophyll content, and carotenoid content) as well 
as biochemical parameters (antioxidant enzymes and protein content) also improved 
with foliar spray of them. Semida et al. (2021) also studied the role of ZnO NPs in 
stress (water deficit) tolerance in eggplant. The foliar application of NPs alleviated 
the negative effects of drought stress by improving plant growth, membrane stabil-
ity, photosynthetic rate, water productivity as well as yield. Application of 50 and 
100 ppm ZnO NPs improved fruit yield by 12.2% and 22.6%, respectively of plants 
exposed to water stress, in comparison with plants grown in fully irrigated soil. 
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25.3.4 Copper Oxide NPs (CuO NPs) 

Copper is one of the microelements in plants. CuO NPs are included in the category 
of inorganic metal oxide nanoparticles. These NPs amplified drought tolerance in 
maize when 12-day old seedlings were treated with it. The grain yield reduced 
significantly under water deficit conditions but application of CuO NPs increased 
grain yield as well as seed number. It ameliorated the negative effects of water 
deficient stress on maize yield by enhancing chlorophyll and carotenoid content, 
which directly increased the photosynthesis rate and grain yield. Significant increase 
in level of antioxidant enzymes under drought stress with application of CuONPs 
was also reported. These enzymes fight with reactive oxygen species and minimize 
the effects of drought stress on plants (Van Nguyen et al. 2022). 

25.3.5 Titanium Oxide NPs (TiO2 NPs) 

Titanium oxide is one of the inorganic nanoparticles. Various studies reported the 
application of TiO2 NPs in mitigation of salt and drought stress by improving their 
growth, and enhanced yield. Dawood et al. (2019) fertigated the water deficit soil 
with these NPs and assessed the performance of four wheat cultivars (Sohag 
3, Benisuif 5, Sakha 93, and Sed 12). Under control conditions (water deficit soil), 
wheat growth in terms of leaf traits is negatively affected. TiO2 NPs promoted 
photosynthetic rate, improved leaf health, increased leaf chlorophyll content, LAI 
(leaf area index) as well as leaf growth (thicker and heavier leaves) and decreased 
leaf aging. 

In other study, the positive effect of foliar application of these NPs under water 
deficit condition was reported in Dragon head (Dracocephalum moldavica L.) 
(Mohammadi et al. 2016). Water deficit conditions damage cell membrane and 
lead to oxidative stress. TiO2 NPs application at different concentrations (10 and 
40 ppm) ameliorated effect of water stress by increasing proline content and reduc-
ing hydrogen peroxide and MDA content (MDA content is indicator of degree of 
membrane damage). The stabilization of membrane was also reported by 
Sompornpailin and Chayaprasert (2020)  in  Nicotiana tabacum. The increase in



level of enzymatic and nonenzymatic antioxidants in Vicia faba was reported (Khan 
et al. 2020). Shariatzadeh Bami et al. (2021) reported that application of these NPs at 
different concentration 10, 20, and 30 ppm modulated molecular pathway in Arte-
misia absinthium L. (a herb), grown under salt stress conditions. The degree of 
expression of two genes ADS and DBR2 (key gene in biosynthesis pathway of 
artemisinin) was noted under salt stress with application of NPs. The expression of 
ADS gene recorded maximum in plants, sprayed with 30 ppm NPs followed by 
20 and 10 ppm with salinity stress 50 ppm. While expression of DBR gene showed 
reverse trend. The maximum expression was observed in plants grown under control 
conditions (no application of NPs) followed by plants with NPs application. The 
alternation in biochemical pathways for salt stress tolerance with NPs was reported 
in Artemisia absinthium L. With application of TiO2 NPs, a significant increase in 
antioxidant enzymes catalase, peroxidase, superoxide dismutase, polyphenol oxi-
dase, and guaiacol as well as protein concentration was reported as compared to 
control. These enzymes engulf reactive oxygen species synthesized during later 
phase of salt stress (Shariatzadeh Bami et al. 2021). 
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25.3.6 Iron Oxide NPs (Fe2O3 NPs) 

Iron is one of the micronutrients in plants. It acts as cofactors for various enzymes. It 
exists in two forms: Fe2+ and Fe3+ form. The maghemite (yttrium doping-stabilized 
γ-Fe2O3NPs) are used as fertilizers and improve plant growth and development, but 
their role in drought stress tolerance using maghemite as nanozyme was studied by 
Palmqvist et al. (2017) in rapeseed. The increase in catalase activity (decrease in 
H2O2 content) as well as membrane stability (decrease in lipid peroxidation) with 
application of NPs contributed for stress tolerance in these plants. The role of Fe2O3 

NPs as nanozyme against salt stress tolerance by improving their growth parameters 
as well as modulating their gene activity in Eucalyptus tereticornis was studied by 
Singh et al. (2022). 

25.3.7 Cerium Oxide NPs (Ce2O3 NPs) 

Cerium oxide NPs act as weapon to fight with stress. The application of these NPs in 
soil at 500 mg/kg soil, equipped the roots of Brassica napus with large apoplastic 
barriers which led to reduction in transport of Na+ ions in shoot as well as their 
accumulation. This provided physiological tolerance to plants against salt stress 
(Rossi et al. 2017).
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25.4 Organic Nanoparticles 

25.4.1 Chitosan Nanoparticles (CSNPs) 

Chitosan polysaccharide is deacetylated form of chitin, hydrophilic in nature. The 
use of chitosan NPs in soil, in hydroponics and through foliar spray equipped the 
plants with protective mechanisms against stress. In periwinkle (Catharanthus 
roseus), 1 g/L chitosan NPs improvised plant tolerance against drought stress 
(50% FC) (Ali et al. 2021). The drought mediated oxidative stress was also 
minimized by increasing the activities of enzymes catalase and ascorbate peroxidase. 
Membrane disruption during salt stress and drought stress leads to leakage of ion. 
This leakage is indication of membrane stability. The malondialdehyde (MDA) 
content also indicates membrane stability. In chitosan NPs treated plants, MDA 
content decreased which is indication of membrane integrity under stress. 

Hassan et al. (2021) exposed the same plant to salt stress (NaCl 150 mM), and 
applied 1% CSNPs as foliar spray. The application of NPs helped the plants to cope 
with salt stress by modulating their antioxidant enzyme activities (catalase, glutathi-
one reductase, and ascorbate peroxidase) as well as gene expression of MAPK3 
(mitogen-activated protein kinases), GS (geissoschizine synthase), and ORCA3 
(octadecanoid-derivative responsive AP2-domain). These genes are related to bio-
synthesis of alkaloids which improve plant tolerance against stress. 

25.4.2 Nanoparticles in Alleviation of Salt and Drought Stress 

NPs are used as weapons to fight with stress, and these nullify or minimize the 
deteriorative effects of stresses on plants. These are employed either in soil or 
through foliar spray. From soil, these particles enter inside the plants through root 
and from leaves these enter through stomata. 

In the plants, NPs alter their morphological, physiological, and biochemical as 
well as molecular states positively and negatively. Most of the studies reported 
positive modulation in their tolerance mechanisms against drought and salt stress 
and improved plant growth and development and ultimately production (Ali et al. 
2021; Zulfiqar and Ashraf 2021). 

25.4.3 Nanoparticles in Alleviation of Salt Stress 

The protective role of ZnO NPs in tomato against salt stress was reported by 
Hosseinpour et al. (2020). In other study, salt stress negatively affected growth 
parameters (plant height, number of leaves, fresh and dry biomass of root and 
shoot) of Moringa peregrina but application of Hoagland solution containing ZnO 
and Fe3O4 NPs improved growth attributes as well as biochemical parameters of 
plants under normal and saline conditions (Soliman et al. 2015). Various reports on 
the exogenous application of NPs to mitigate salt stress are depicted in Table 25.1.
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Table 25.1 List of nanoparticles used in amelioration of salt stress in plants 

Dose of nanoparticles 
Sr. Type of used and mode of 

application 
Level of 

1 Ag NPs Wheat 300 ppm, foliar 
application 

100 mM 
NaCl 

Wahid 
et al. 
(2022) 

2 ZnO NPs Rice 50 mg/L with 
hydroponic 
technique 

60, 80, and 
100 mM 
NaCl 

Singh et al. 
(2022) 

3 Si NPs Tomato 0.5, 1, 2, and 3 mM, 
seed treatment 

150 and 
200 mM 
NaCl 

Almutairi 
(2016) 

Fe2O3 and ZnO 
NPs (alone and in 
combination) 

Wheat 2 g/L, foliar spray 0, 75, and 
150 mM 
NaCl 

Fathi et al. 
(2017) 

5 Cu NPs absorbed 
on 1 g of Cs-PVA 
hydrogel 

Tomato 10 mg application of 
hydrogel (having Cu 
NPs) in soil 

100 mM 
NaCl 

Hernández-
Hernández 
et al. 
(2018) 

6 Chitosan NPs Bean 0.1%, 0.2%, and 
0.3% dissolved in 
0.1% HCl, seed 
treatment 

0, 50, 100, 
and 
150 mM 
NaCl 

Zayed et al. 
(2017) 

7 Poly(acrylic acid) 
coated cerium 
oxide 
nanoparticles 
(PNC) and 
DiI-PNC 

Cotton 0.9 mM, foliar 
delivery 

200 mM 
NaCl 

Liu et al. 
(2021) 

8 TiO2 NPs Moldavian 
balm 

0, 50, 100, and 
200 mg/L with 
hydroponic 
technique 

0, 50, and 
100 mM 
NaCl 

Gohari 
et al. 
(2020) 

K2SO4 NPs Alfa alfa 1/10, 1/8, and 1/4 of 
the full K rate in 
Hoagland solution 
with hydroponic 
technique 

0 and 6 dS 
m-1 using 
CaCl2 
2H2O: 
NaCl (2:1) 

El-
Sharkawy 
et al. 
(2017) 

10 Se-NPs Wheat 50, 75, and 
100 mg/L, seed 
treatment 

50, 
100, and 
150 mM 
NaCl 

Ghazi et al. 
(2022) 

11 TiO2 NPs Maize 40,60, and 80 ppm, 
seed treatment 

200 mM 
NaCl 

Shah et al. 
(2021) 

12 TiO2 NPs Artemisia 
absinthium 
L. 

0, 10, 20, 30 mg/L, 
foliar spray 

0, 50, 100, 
and 
150 mM 
NaCl 

Bami et al. 
(2022)
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Table 25.1 (continued)

Sr. Type of 
Dose of nanoparticles 
used and mode of 
application 

Level of 

13 ZnO NPs Okra 10 mg/L, foliar 
application 

0, 10, 25, 
50, 75, and 
100% sea 
water 

Alabdallah 
and Hasan 
(2021) 

14 Se-NPs and ZnO 
NPs 

Rapeseed 150 μmol/L and 
100 mg/L seed 
priming 

150 mM 
NaCl 

El-Badri 
et al. 
(2021) 

15 Ag NPs Wheat 1 mg/L, seed priming 25 and 
100 mM 
NaCl 

Abou-Zeid 
and Ismail 
(2018) 

25.4.4 Nanoparticles in Alleviation of Drought Stress 

Yang et al. (2017), Borišev et al. (2016), and Mohammadi et al. (2016) also reported 
the protective role of CuO and ZnO NPs in Triticum aestivum, Fullerenol 
nanoparticles in Beta vulgaris L., and TiO2 NPs in Dracocephalum moldavica 
L. against drought stress. In wheat, ZnO and CuO NPs interacted with 
microorganisms in rhizosphere and improved plant growth and development under 
drought stress. Various reports on the exogenous application of NPs to mitigate 
drought stress are depicted in Table 25.2.
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Table 25.2 List of nanoparticles used in amelioration of drought stress in plants 

Dose of 
Type of 
nanoparticles 

nanoparticles 
used and mode 
of application 

1 Fe NPs Wheat 25, 50, and 
100 mg/kg, soil 
application 

Drought stress 
(DC, 35% of 
soil water 
holding 
capacity) 

Adrees et al. 
(2020) 

2 Ag NPs and 
Cu NPs 

Wheat 10, 20, and 
30 mg/L of Ag 
NPs and 3, 5, 
and 7 mg/L of 
Cu NPs, 
hydroponic 

Osmotic stress 
of -6, -8, and
-10 bars using 
PEG-6000 
(polyethylene 
glycol) 

Ahmed et al. 
(2021) 

3 Ag NPs Eggplant 0.1, 0.2, 0.5 
μmol, foliar 
application 

80% Field 
Capacity 
(FC) as control, 
50% FC, 35% 
FC, and 20% 
FC after the 
plant 
establishment 

Alabdallah and 
Hasan (2021) 

4 Chitosan NPs Barley 30, 60, and 
90 ppm, soil 
and foliar 
application 

Withholding of 
irrigation for 
15 days after 
pollination to 
maturity (late 
season stress) 

Behboudi et al. 
(2018) 

5 CeO2 NPs 
(nanoceria) 

Sorghum 10 mg/L, foliar 
spray 

Control: Plants 
maintained at 
100% pot 
capacity 
moisture and 
drought stress: 
withholding 
water for 
21 days 

Djanaguiraman 
et al. (2018) 

6 Chitosan 
nanoparticles 

Salvia 
abrotanoides 

30, 60, and 
90 ppm, foliar 
application 

30% FC (severe 
DS), 50% FC 
(medium DS), 
and 100% FC 
(well-watered, 
No DS) 

Dawood et al. 
(2019) 

7 Se NPs Wheat 10, 20, 30, and 
40 mg/L, foliar 
application 

35% FC 
(DS) and 100% 
FC (control) 

Ikram et al. 
(2020)
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Table 25.2 (continued)

Type of 
nanoparticles 

Dose of 
nanoparticles 
used and mode 
of application 

8 Fe, ZnO, Cu 
and Co NPs 

Soyabean 50 mg/L of Fe, 
ZnO and Cu 
NPs, 0.05 mg/L 
of Co NPs, seed 
treatment 

65–70% soil 
moisture 
content (SMC, 
control) and 
30–40% 
SMC (DS) 

Linh et al. 
(2020) 

9 ZnO NPs Rice 5, 10, 15, 
25, and 50 ppm, 
seed priming 

Water holding 
capacity (WHC, 
control) at 70% 
and WHC at 
35% 

Waqas Mazhar 
et al. (2022) 

10 Yttrium 
doping-
stabilized 
γ-Fe2O3 NPs 

Rapeseed 0.5, 0.8, 1, or 
2 mg/ml, soil 
application 

– Palmqvist et al. 
(2017) 

11 ZnO NPs Sunflower 100 ppm, foliar 
spray (three 
times during 
life cycle) 

Irrigation at 
3, 6, and 9 days 
of intervals 

Al-Dhalimi and 
Al-Ajeel (2020) 

12 ZnO NPs Wheat 0.5 and 1.0 
mg/L, foliar 
spray 

35%, 60%, and 
85% FC 

Sadati et al. 
(2022) 

13 Fe3O4 NPs 
(magnetite) 

Setaria 
italica 

5, 10, 15, 
20, 50, 90, and 
120 mg/L, seed 
treatment 

Using 10% 
PEG 

Sreelakshmi 
et al. (2021) 

14 Zn and Cu 
NPs 

Wheat Seed treatment 70% total 
moisture 
capacity (TMC, 
control), 30% 
TMC 

Taran et al. 
(2017) 

15 SiO2-NPs and 
Se-NPs alone 
and in 
combinations 

Strawberry Se-NPs 
(25 mg/L), 
SiO2-NPs 
(125 mg/L), and 
Se/SiO2-NPs 
(50 and 
100 mg/L) 
foliar spray 
(three times 
during life 
cycle) 

100% FC 
(control), 60% 
FC (moderate 
stress) and 25% 
FC (severe 
stress) 

Zahedi et al. 
(2020)
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Abstract 

Due to climate change scenario, the world’s natural resources are depleting at a 
considerably faster rate than they are being replenished, and the agriculture sector 
is no exception to this trend. In such diverse environmental circumstances, it is 
critical to identify the possible solution to overcome technological problems such 
as the yield barrier, resource efficiency, and the creation of ecologically accept-
able technologies. Nowadays, nutrient use efficiency is one of the most pressing 
and difficult scientific challenges for evaluating crop production systems, which 
can be highly influenced by various factors such as fertilizer management and soil 
and plant–water relationships. Nanotechnology has made it possible to use 
nanoscale or nano-structured materials as fertilizer carriers or controlled release 
carriers in the development of "smart fertilizers" that cut environmental protection 
expenditures. Nanofertilizers are well-known for their huge surface areas and 
nanoscale size, both of which contribute to their high potential for reducing plant 
abiotic stress. Photosynthetic rate, nutrient absorption efficiency, phytohormone
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regulation, and plant defense system are some of the morphological, biochemical, 
and physiological markers that it helps with. Various studies show that 
nanofertilizers reduce oxidative stress, enhance proline, chlorophyll, and relative 
water content and so increase plant stress tolerance to salt toxicity. Antioxidant 
enzymes including catalase, peroxidase, and superoxide dismutase have also been 
found to benefit from nanoparticles. So, keeping in mind the importance of 
nanotechnology, the present chapter deals with the role of nanofertilizers in 
alleviating the stress induced changes in plants.
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26.1 Introduction 

Indian agriculture is highly dependent on environment conditions so alteration in 
weather and global changes directly influences the crop productivity. Although 
technology advancement is improving the status of the agriculture but still it is 
unable to achieve the sustainable agriculture scenarios. Our global food demand is 
anticipated to climb by approximately 70% in 2050 as a result of increase in 
population (Verma et al. 2022). According to previous data analysis it was predicted 
that world population is continuously growing with 1.24% per year and estimated to 
reach 8.5 billion in 2030. So to feed such large population agriculture output should 
be increased by 70% (Alexandratos and Bruinsma 2012). More stress will be on 
agriculture so more chemical fertilizers are used to fulfill the necessities. Such 
excessive use of chemical adversely affects soil health, nutrient imbalance which 
consequently reduced productivity instead of increasing. A recent emerging tech-
nology known as nanotechnology has the potential to transform agriculture, health, 
medicine, environment challenge, and defense system. The term “nanotechnology” 
was first coined by Norio Taniguichi, a professor at Tokyo University of Science, in 
1974 (Khan and Rizvi 2014). Its widespread application in agriculture has been 
anticipated for twentieth century. There are several uses for nanomaterials in medi-
cal, environmental science, agriculture, and food processing as a result of recent 
advances in their manufacturing. Agriculture has always profited from these 
developments throughout history. Its beneficial impact furnishes a sustainable use 
of resources which makes future perspective for next green revolution. Additionally, 
since agriculture encounters various and novel difficulties, such as decreased crop 
yield brought on by biotic and abiotic pressures, such as nutrient insufficiency and 
environmental pollution, the development of nanotechnology has provided exciting 
opportunities for precision agriculture. 

The promising solution offered by nanotechnology is considerate to the 
tremendously increasing population’s feed necessity. Nanotechnology is associated 
with target specific delivery of nanofertilizers that might help in minimizing the 
nutrient losses along with reducing environmental pollution that could resulted into



higher yield. Under current scenario, Nanotechnology will meets the demands of 
efficient fertilizers use for food production. In India, Former President, late Dr. APJ 
Abdul Kalam also emphasized nanotechnology in agriculture by saying “We have to 
launch vertical missions under an umbrella organization with the public-private 
investment in at least 10 nanotechnology products in water, energy, agriculture, 
healthcare, space, defense sectors.” Nanofertilizers are well known for controlled 
release of nutrients. Nanofertilizers are used in smaller quantities as compared to 
bulky chemical fertilizers that would reduce the nutrient run-off and environmental 
pollution. So intervention of this smarter technology or nanotechnology is the prime 
request for present problems with added advantages. Still now there is lack of 
practice for risk assessment and risk management of agriculture nanoproducts with 
a permissible dose (time × concentration) which is major reason for delayed com-
mercial development of these products. 
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Nanomaterials in agriculture aim in particular to reduce the amount of sprayed 
chemical products by smart delivery of active ingredients, minimize nutrient losses 
in fertilization, and increase yields through optimized water and nutrient manage-
ment. Nanotechnology derived devices are also being explored in the field of plant 
breeding and genetic transformation. Additionally, agriculture could be a source of 
bio-nano composites with enhanced physical mechanical properties based on tradi-
tionally harvested materials for bio-industrial purposes. Agricultural institutions are 
not well versed in concepts and potential of nanobiotechnology to integrate them in 
crop production programs. Large companies are investigating the potential that 
nanotech solutions offer in the agricultural field. However, multinationals do not 
demonstrate a sufficiently high economic interest. Further, nanobiotechnology 
requires a multidisciplinary research approach. According to definition 
nanofertilizers are nanomaterials which are either micro- or macronutrients or acting 
as carriers/additives for nutrients, encapsulated nutrients inside the nanomaterials 
(Kah et al. 2018; DeRosa et al. 2010). Nanotechnology was precisily described by 
European Union (EU) as a key enabling technology which is “any intentiolly 
produced materials that has one or more dimensions of the order of 100 nm or less 
or that is composed of discrete functional parts, either internally or at the surface, 
many of which have one or more dimensions of the order of 100 nm or less, 
including structures, agglomerates or aggregates, which may have a size above the 
order of 100nm but retain properties that are characteristic of the Nanoscale” 
(EU 2011). The superiority of nanomaterial containing nutrients is that such fertilizer 
responds to various biochemical or physical stimuli such as ethylene production in 
roots and acidification of rhizosphere (in response to P/K deficiency in soil) (DeRosa 
et al. 2010). Nanofertilizers are efficient source of balanced crop nutrition with 
lowest dose as comparative to chemical fertilizers. Such fertilizers with lower dose 
and higher availability are the prerequisite for sustainable agriculture development 
(Shang et al. 2019). Nano-fertilizers are macro and micronutrient encapsulated by 
nanomaterial which further coated with thin protective polymeric films or derived 
from nano-emulsions/nanoparticles. Such formulation is more potent than conven-
tional fertilizer that is associated with various adverse pollutions. Such formulation 
has higher surface tension, target specific delivery, moderate release, and required in



References

(continued)

524 S. Devi et al.

Table 26.1 Enlisted various nanomaterials used for stress mitigation 

Nanofertilizers/ Plant Abiotic Impact on yield and other 
nanoparticles species stress attributes 

Silica NPs Cucumber Salinity 
and 
drought 

Increased photosynthetic 
activity, antioxidant 
enzymes and biomass 

Alsaeedi et al. 
(2019) 

Selenium NPs Wheat Drought Increased plant growth 
and development 

Ikram et al. (2020) 

Iron oxide NPs Wheat Salinity 
and heavy 
metal 

Enhances photosynthetic 
rate and restricts 
cadmium uptake 

Manzoor et al. 
(2021) 

Cerium oxide 
NPs 

Cotton Salinity Promotes plant growth 
through balanced 
cytosolic K+ /Na+ 

Liu et al. (2021) 

Silver NPs Summer 
savory 

Salinity Enhance s plant growth 
and germination 

Nejatzadeh (2021) 

Zinc oxide NPs Safflower Salinity Improves plant 
germination, growth, and 
development 

Yasmin et al. (2021) 

Silicon NPs Sweet 
orange 

Salinity Oxidative stress tolerance 
improved 

Mahmoud et al. 
(2022) 

Gold NPs Wheat Salinity Improves plant defense Wahid et al. (2022) 

Calcium NPs Barley Heavy 
metal 

Increased photosynthetic 
efficiency and 
antioxidant enzymes 

Nazir et al. (2022) 

Iron oxide NPs Rice Cadmium 
and 
drought 
stress 

Increased biomass, 
antioxidant enzymes, and 
photosynthesis efficiency 

Ahmed et al. (2021) 

Nano-se, nano-
Si NPs 

Barley Abiotic 
stress 

Activates defense 
mechanism through 
antioxidant activity 

Shalaby et al. (2021) 

CeO2, N,  P, K,  
Zn, Fe 
nanofertilizers 

Cabbage Control Increases nutrient use 
efficiency and plant 
growth 

Abdulhameed et al. 
(2021) 

Nano-B, nano-
si, nano-Zn 

Wheat Drought Increased protein 
percentage in wheat 
grain, minimizes drought 
damage 

Ahanger et al. 
(2021) 

Nanoscale 
zero-valent 
iron 

Rice No-stress Priming rice with nZVI 
(10–80 mg L-1 ) 
enhances yield; promoted 
the distribution of 
nutrients in grains and 
their contents 

Guha et al. (2021) 

NPK 
nanofertilizers 

Potato Control NPK nanofertilizers 
significantly improved 
potato yield and its 
parameters compared to 
NPK chemical fertilizers 

Abd El-Azeim et al. 
(2020)
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lesser quantity comparative to chemical one, e.g. nutrient-augmented zeolites 
(Malekian et al. 2011; Perrin et al. 1998; Zwingmann et al. 2011) (Table 26.1).
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Table 26.1 (continued)

Nanofertilizers/ 
nanoparticles 

Plant 
species 

Abiotic 
stress 

Impact on yield and other 
attributes 

Nano-Cu NPs Maize 
(Zea 
mays) 

Drought NPs regulated protective 
mechanism of maize 

Van Nguyen et al. 
(2022) 

Glycine nano-
Si NPs 

Feverfew Drought Mitigator of the adverse 
effects of drought 

Esmaili et al. (2020) 

Nano-Si Sugar 
beet 

Water 
stress 

Protects plants by 
enhancing GB, 
antioxidants, and 
flavonols 

Namjoyan et al. 
(2020) 

Nano-Fe and
-Zn 

Rosemary Salinity Increased total phenolic 
and total flavonoid 
contents; growth and salt 
tolerance 

Hassanpouraghdam 
et al. (2020) 

ZnO NPs Maize Drought Promoted the synthesis of 
melatonin and activated 
enzymatic antioxidants, 
which alleviated damage 
in chloroplast due to 
drought 

Sun et al. (2020) 

SiO2 

nanoparticle + 
Zn 

Maize Nutrients 
stress 

Increases grain yield of 
maize by 37% and 
increases thelinoleic acid, 
compared to control 

Asadpour et al. 
(2020) 

Nanoparticles are designed in such a way that didn’t interfere with the residing 
molecule but increases the activity of some enzymes and photosynthetic efficiency 
e.g. TiO2-NPs (Titanium dioxide), carbon nanotubes (CNTs). These particles pro-
moted seed germination and plant growth. Titanium dioxide nanoparticles induced 
active oxygen like superoxide and hydroxide anions which initiate capsule penetra-
tion of seed, increase seed stress resistance which further facilitates intake of water 
and oxygen for fast germination of seed. Carbon nanotubes also penetrate seed and 
promotes seed germination (Khodakovskaya et al. 2009, 2013). 

Various materials are used for formulation of nanofertilizers like clay minerals, 
hydroxyapatite, chitosan, polyacrylic acid, and zeolite. Such formulation is very 
effective for soil and foliar application. These materials with large surface area and 
strong binding with urea facilitate the slow release of bound fertilizers up to 60 days 
as compared to conventional fertilizers (Kottegoda et al. 2011). Both biotic and 
abiotic stress tremendously affect the crop productivity. The major abiotic stresses 
are heat stress, cold stress, salinity, drought, chemical or heavy metals accumulations 
and flooding, whereas virus, fungi, and bacteria are the key biotic stresses. The 
biomagnifications of heavy metals are increasing in agricultural soils as a result of 
widespread chemical fertilizer use, air settling, sewage waste, and quick industrial



expansion. Toxic HMs have consistently impacted crop yield in recent decades 
(Ahmed et al. 2021a; Chen et al. 2022). The determinate effect of heavy metals 
inhibits plant growth by interfering with the intake of nutrients, antioxidant enzymes, 
photosynthetic machinery, and by raising reactive oxygen species. Other stress like 
soil salinity negatively affects at a physiological level, which disturbs ionic and 
water homeostasis (Abdel Latef et al. 2018). Additionally, heat stress results in the 
production of ROS, stomata opening, leaf size, leaf water potential, root growth, and 
seed number, size, and tolerance, which can impede flowering and fruiting and 
diminish crop yield (Xu et al. 2021). The approaches such as conventional breeding, 
marker-assisted breeding, and transgenic crop engineering are moderate, tedious 
methods but new approaches nano-based application have recently emerged as a 
promising tool to control impacts on stress imposed plant. Therefore, the main goal 
is to facilitate plants’ rapid adaptability to environmental challenges without 
endangering already-vulnerable ecosystems (Vermeulen et al. 2012). 
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Impact of stress 

Biotic stress Abiotic stress 

Fig. 26.1 General effects of biotic and abiotic stresses on plants 

Plants either adapt itself to stress but some artificial antistressors such as nitric 
acids, rhizobia, pyraclostrobin, plant growth promoting rhizobacteria (PGPR), mel-
atonin, strigolactones, phytohormones, and nutrients such as selenium and silicon 
are used to mitigate the stress in plants. This task necessitates a multifaceted 
approach, including the activation of the plant’s enzymatic system, hormonal con-
trol, stress gene expression, toxic metal absorption regulation, and avoiding water 
deficiency stress or flash floods by reducing the plant’s life cycle. Researchers have 
undertaken a variety of attempts to create technology and methods that will lead to 
sustainable agricultural systems while minimizing negative effects on the environ-
ment (Dubey and Mailapalli 2016; Pretty 2008). Nowadays stress mitigation is the 
major thematic area for the research in agriculture sector. Potential advancement of 
technology combined with agriculture necessitates the stress adaptation of plant. 
Recently stress tolerance in plant due to effect of nanomaterials is the keen interest 
among researchers targeting toward agriculture sustainability. Heat, salinity, cold



drought, flooding/submersion (anoxia), chemical toxicities, and excessive light are 
all major abiotic factors that influence plants (Fig. 26.1). In such diverse environ-
mental circumstances, it is critical to identify a study topic to overcome technologi-
cal problems such as the yield barrier, resource efficiency, and the creation of 
ecologically acceptable technologies (Bhardwaj et al. 2019). 
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Fig. 26.2 Detailed effect of nanofertilizers on plant physiological and biochemical process 

Nanotechnology which deals with the production of nanomaterial having nano-
meter diameter is recently on boom due to its wider application. When compared to 
their bulk counterparts, these nano-sized entities or materials display exceptional 
qualities in terms of reactivity and other physico-chemical properties. They serve as 
the transitional state between individual atoms or molecules. Such particles possess 
distinct property with high utility (Bhardwaj et al. 2019). Nanoparticles are widely 
used in every sector like medical, agriculture, defense, and education. The 
characteristics of nanoparticles (NPs) are attributable to their large surface area to 
volume ratio, which improves both their chemical and physical responses. Thus, a 
smaller amount of a nanomaterial can perform the same or even better than its bulk 
version. The characteristics of nanoparticles (NPs) are due to their high surface area 
to volume ratio, which boosts their chemical reactivity as well as physical responses. 
This implies that a smaller amount of nanomaterials can perform the same or even 
higher activity than their bulk forms (Zulfiqar et al. 2018). Unlike conventional 
fertilizers, which require heavy application, nanofertilizers can be used sparingly to 
attain the desired production target. Various studies showed toxicity symptoms 
despite of several advantages of nanofertilizers, various nanotoxicity and geno-
toxicity observed with some formulation (Khalifa and Hasaneen 2018). 
Nanofertilizers wider utility and stability dominate its effect in plants under stress 
condition. Nanomaterials are small in size as compared with bulky ions (100–1000 
times lager) and have unique properties that assists lower run-off, less leaching, slow



nutrient release for long time availability to crops. As roughly illustrated in Fig. 26.2 
nanotechnology has been applied to agriculture to increase crop production with 
quality enrichment by upgrading farming systems. 
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26.2 Stress Tolerance with Nanofertilizers 

Recently, nanotechnology has emerged as an attractive area of study with potential 
applications in the agricultural science, including mitigating the impacts of climate 
change, increasing nutrient utilization efficiency and abiotic stress management. 
Nanofertilizers showed a great ability to mitigate the abiotic and biotic stresses on 
cultivated plant through various mechanisms. Nanofertilizers improve physiologi-
cal, biochemical, and morphological pathway and also enhance plant defense sys-
tem. The enhancement of several biochemical activities in stressed plants (e.g., by 
increasing the contents of the proline, chlorophyll, and relative water); the regulation 
of the salt toxicity; a reduction in the accumulation of malondialdehyde and H2O2; 
and the maintenance of the ionic equilibrium, depending on the type of stress. 
Nanofertilizers helps in mitigating the stress induced effects such as reduced gener-
ation of ROS, increased antioxidative enzyme activities (CAT, POX, SOD) reduce 
oxidative stress (H2O2 and MDA), activating specific genes, enhance photosynthetic 
pigments, promote water and nutrients uptake, regulation of plant hormones, 
decreased plasma membrane damage and chlorophyll degradation. Various 
researches intimate the mechanisms of nanofertilizers on crop productivity under 
stress condition, nanofertilizers helps in reduction of oxidative stress, which leads to 
an increase in plant stress tolerance, the enhancement of several biochemical 
activities in stressed plants (e.g., by increasing the contents of proline, chlorophyll, 
and relative water) the regulation of salt toxicity; a reduction in the accumulation of 
malondialdehyde and H2O2. Guha et al. (2021) discussed briefly the following 
aspects of nanofertilizers: (1) foliar and soil treatments offer the proper nutrients 
for increasing plant growth, (2) they are low-cost and sustainable sources of plant 
nutrients, (3) they have a high fertilization efficiency, and (4) they play a major role 
in pollution prevention. Nanofertilizers also help to clean up water contamination 
and could be considered new fertilizer alternatives. Instead of abiotic, biotic stress 
influenced the crop production. Farmers use excessive pesticides which are not 
ecologically suitable. Recent research on nanomaterials also proved that 
nanomaterials could successfully reduce the risk of disease due to biotic factor. 
Like AgNPs nanoparticles are synthesized using cotton plants and possess 
antibacterial activity against bacterial pathogens of Malvaceae and Brassicaceae 
family of crops (Vanti et al. 2019). Despite of its advantages, researchers also studied 
the risk associated with nanofertilizers and found that nanotoxicity to soil, water, air 
and its reactivity to human body through inhalation, ingestion and surface contact. 
Compared to conventional fertilizers nanofertilizers have many distinguished 
attributes such as nutrient uptake efficiency, controlled release modes, effective 
duration of the nutrients release, and a reduced loss rate of in the production of 
higher crop yields of high quality.
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26.3 Role of Nanofertilizers to Combat the Abiotic Stress 

About 23% of the world’s cultivated lands experience severe salinity stress, which 
severely affects crop yield (Onaga and Kerstin 2016). Due to their large surface areas 
and nanoscale size, nanofertilizers have a remarkable power to reduce the abiotic/ 
biotic stressors on plants through a variety of ways. Nanofertilizers can enhance the 
morphological, biochemical, and physiological indicators of cultivated plants such 
as efficiency of photosynthetic activity, nutrient uptake, the regulation of 
phytohormones, and the improvement of the plant defense system. Due to its higher 
surface area and reactivity, nanofertilizers help in mitigating the affects of stresses by 
providing proper nutrition at proper time. Nanofertilizers have the capacity to 
decrease the effect of oxidative stress, increased biochemical activity (increase the 
content of proline, chlorophyll), relative water content, regulated salt toxicity, 
decrease in the accumulation of melondialdehyde, hydrogen peroxide and mainte-
nance of ionic equilibrium in plant under stress conditions (Fig. 26.3). So use of 
nanofertilizers for stress resistance has been gaining immense attention in today’s 
scenario. Conversely, it has been documented that the use of nano-SiO2 enhances 
seed germination, increases plant fresh weight, dry weight, and chlorophyll content 
with proline accumulation in tomato and squash plants under NaCl stress (Siddiqui 
and Al-Whaibi 2014). Similarly, Torabian et al. (2017) showed that foliar applica-
tion of iron sulfate (FeSO4) nanoparticles increased the tolerance of sunflower 
cultivars to salinity stress. They found that applying nano FeSO4 increased leaf 
area, shoot dry weight, sub-stomatal CO2 concentration (Ci), chlorophyll content,
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Fig. 26.3 Mechanism of action of nanofertilizers in plants



maximum photochemical efficiency of photosystem II (Fv/Fm), and iron 
(Fe) content, but also significantly lowered sodium (Na) content in leaves. Stresses 
hastens the photosynthesis in plants, an important metabolic process due to 
alterations in activities of PS II, Rubisco and ATP synthase (Adisa et al. 2019). 
Rajput et al. (2021) noted that SiO2 nanoparticles enhanced the activity of carbonic 
anhydrase, photosynthetic and water use efficiency of pumpkin plants. 
Nanofertilizers has potential to accelerate plant growth and productivity which 
facilitate to be useful tools in agricultural practices, particularly in drought-prone 
or even flash flood-prone areas where the early maturity of crops is a crucial 
component for sustainable crop production. Additionally, the detoxification or 
remediation of dangerous pollutants such heavy metals has been demonstrated to 
be successful with the use of nanoparticles. For instance, Wang et al. (2014) 
demonstrate that the foliar application of nano-Si at a dosage of 2.5 mM consider-
ably increases the ability of rice plants to withstand Cd stress by controlling Cd 
accumulation. The same group demonstrated in a different investigation that nano-Si 
is similarly efficient when combined with Cd against Pb, Cu, and Zn. It suggests that 
using nano-Si fertilizers may be better than using conventional fertilizers at 
preventing the build-up of heavy metals. Abiotic stress is primarily characterized 
by the production of reactive oxygen species (ROS) by cell organelles. When plants 
are exposed to oxidative stress from their surroundings, they have the enzymatic 
tools to handle it. However, if the defense system fails, plants will experience the 
consequences. Stress is reduced by nanomaterials, as demonstrated by their ability to 
activate particular genes, collect osmolytes, and provide free nutrients and amino 
acids. As plant faces abiotic stress major process of plant metabolism is affected like 
photosynthesis and gas change. Various researches focused on impact of nano-
fertilizer on photosynthetic leaf gas exchange capacity to study major preventive 
effect of nanofertilizers against abiotic stress. The physiological and biochemical 
indicators of agricultural plants significantly improved with the usage of 
nanofertilizers. Studies showed that nanomaterials enhanced the antioxidant, accu-
mulation of free proline, amino acids and activity of superoxide dismutase, catalase, 
peroxidase, nitrate reductase, and glutathione reductase these increase physiological 
parameters and eventually improve plant tolerance to harsh conditions (Shalaby et al. 
2021).
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It is critical to evaluate how NFs build up and move from the soil to plants. Since 
NFs/NPs prefer to enter through xylem uploading and can also be provided exoge-
nously via phloem loading, this information may aid in determining the best methods 
and approaches for plants (Pitambara et al. 2019). Various factors affect the efficacy, 
uptake and distributions of nanofertilizers such in plants as particle size, concentra-
tion, shape etc. Plant cell walls serve as a platform for ion exchange and are 
negatively charged, which may help cationic NPs penetrate more readily than 
anionic NPs. As a result, negatively charged NPs have better internalization and 
translocation rates, increasing their transport efficiency (Zhu et al. 2012). In this 
case, positively charged CeO NPs strongly adsorbed onto the negatively charged 
root surfaces, whereas negatively charged CeO2 NPs showed limited root accumu-
lation but improved shoot internalization, mostly by overcoming electrostatic



resistance (Liu et al. 2019). Nanomaterials can be used wisely to boost crop output 
without endangering the environment. Due to their high efficacy and environmen-
tally friendly makeup, research on the application of nanocomposites in the field of 
plant protection has significantly increased in recent years (Gomathi et al. 2019). 
Microarray analysis revealed that a number of genes were up-regulated or down-
regulated by the application of AgNPs in Arabidopsis (Banerjee and Kole 2016). 
Such nanomaterial-induced responses directly contribute to plant stress defense. 
However, depending on the plant species, stage of growth, and type of nanomaterials 
utilized, different plants respond differently to nanofertilizers (Abdel-Aziz et al. 
2016). Before the technology reaches the farm gate, more research is required to 
determine the signaling cascades and the genes activated by particular nanomaterials 
in various plant species 
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26.4 Future Perspectives 

Still practices are going on to make nanotechnology more advantageous for agricul-
ture sector. However concrete contributions are still uncertain (Parisi et al. 2015). 
Several factors are considered before commercial application of nanotechnology like 
nanofertilizers, nanopesticides etc. in agriculture. Precise use of nanofertilizers will 
counterbalance the high initial production investment. Currently, lots of nanotech-
nology based products are available in the market for which public perception is 
positive and demand for more future sensitive application. Such responses facilitate 
the promising application nanotechnology for improvement agriculture and generate 
benefits to human being. Massive agriculture waste (wheat straw and soy hulls) 
deposition is a big problem but incorporation of nanotechnology to use this waste as 
a source of bionanocomposites will be speculative solution. 

26.5 Conclusion 

Till now, nanotechnology is widely explored in the field of medicines, plant breed-
ing, genetic transformation so to make more safe and beneficial different regulations 
and regulatory bodies are involved in its safety assessment. Wide use of nanotech-
nology is also concerned with phytotoxicity, bioaccumulation, and bioavailability of 
nanoparticle in plant. It is estimated that some health and environmental hazards may 
emerge from use of nanotechnology in agriculture. The introduction of engineered 
nanomaterials and their applications in the context of sustainable agriculture have 
fundamentally altered the world’s agricultural landscape by their novelty, rapid 
expansion, and size in order to satisfy projected increases in global food consump-
tion. The preservation of the environment from contamination is a key objective for 
commerce in sustainable agriculture, and nanomaterials guarantee improved input 
management and conservation. With lowered farming hazards, the potential 
of nanomaterials inspires a new green revolution. However, there are still a lot of 
unknowns regarding the ecotoxicity, acceptable limit, and absorption capacity of



various nanomaterials. To understand the behavior and outcome of changed agricul-
ture inputs and their interactions with bio-macromolecules found in biological 
systems, more research is urgently needed. The introduction of engineered 
nanomaterials and their applications in the context of sustainable agriculture have 
fundamentally altered the world’s agricultural landscape by their novelty, rapid 
expansion, and size in order to satisfy projected increases in global food consump-
tion. The preservation of the environment from contamination is a key objective for 
commerce in sustainable agriculture, and nanomaterials guarantee improved input 
management and conservation. With lowered farming hazards, the potential 
of nanomaterials inspires a new green revolution. However, there are still a lot of 
unknowns regarding the ecotoxicity, acceptable limit, and absorption capacity of 
various nanomaterials. To understand the behavior and outcome of changed agricul-
ture inputs and their interactions with bio-macromolecules found in biological 
systems, more research is urgently needed. Remarkable progess has been made in 
the field of nanotechnology based product, but due to lack of legislative framework 
and health hazards delayed their commercialization. Proper nano-based material size 
should be addressed with up to date about global acceptance and rejection of 
agricultural nanoproducts. Precautionary guidelines related to formulation, applica-
tion, and storage should be mentioned properly. The proper testing, validation, and 
certification of nonmaterial and nanoproducts in agriculture are also necessary for 
commercialization of technology. 
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Abstract 

Salts are the primary source of salinity in soil and water. Around one billion ha of 
global land area is affected by different kinds and concentrations of salt and 
associated threats. Soil salinity influences the performance of plants and 
determines their establishment and distribution. Salinity is regarded as one of 
the major limiting factors to crop production in arid and semiarid regions. 
Secondary salinization of irrigated drylands is often caused by either over irriga-
tion causing rise in groundwater level and/or use of saline groundwater without 
adequate drainage. Cut-soiler constructed residue filled preferential shallow sub-
surface drainage (PSSD) can be a possible solution to prevent salt accumulation 
and facilitate salt removal by providing preferential outflow of the salt laden water 
from soil profiles. The cut-soiler PSSD is easy to construct without involvement 
of heavy machinery and cost. It is easy to adopt and can be applied on small scale 
at individual farm. This chapter describes the challenges of soil salinity for 
agricultural production. It also covers the use of cut-soiler constructed PSSD 
for salinity management, placement of amendments at desired subsurface depth 
for subsurface sodicity management, and role of cut-soiler in residue manage-
ment. The information provided is based on research and feasibility trials on this 
technique in India under ICAR-CSSRI-JIRCAS project and elsewhere. Cut-soiler 
PSSD has shown effectiveness in reducing ~50% soil salinity during initial 
3 years of its construction. Subsurface placement of gypsum + rice straw residue 
at 40 cm depth also tended to reduce soil sodicity (in terms of ESP) up to 24%,
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15%, and 6% at lateral distance of 0.30, 0.60, and 1.25 m, respectively. The 
resultant improvement in pearl millet and mustards yields under reduced soil 
salinity was ~23.5% and 31%, respectively. Similarly reduction in subsurface 
sodicity increased rice and wheat up to 15% and 16%, respectively. The yield 
enhancement in these crops is mainly due to improved plant water relations and 
physiological functioning under cut-soiler assisted salinity/sodicity management. 
These results suggest that cut-soiler constructed PSSD is a potential technique for 
the sustainable agricultural production under both saline and sodic salt stress 
environments. Further pilot scale studies are needed on its feasibility, cost-
effectiveness, and adoptability by farming community to make it a viable option 
for the management of salty lands.
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27.1 Introduction 

Currently, the food security of the world is severely challenged by ever-increasing 
population, deterioration in land and water resources, and climate vagaries. Salt-
affected soils (SAS) occur in more than 100 countries of the world and the total 
global salt-affected soils area extends over 835 million ha, comprising sodic 
(438 million ha) and saline (397 million ha) soils, respectively (FAO/ UNESCO 
Soil Map of the World; FAO 2008). Additionally, approximately 76 million ha area 
is affected by human-induced salinization and sodification (Hossain 2019; Wicke 
et al. 2011) (Fig. 27.1). 
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Fig. 27.2 Total salt-affected soil in India 

At present, India has 6.73 million ha SAS area distributed in 16 states, of which 
2.95 million ha are saline (Mandal et al. 2010). Moreover, another 16.2 M ha are 
likely to be salt-affected by 2050 (CSSRI 2015) in the predicted climate change 
scenario. Groundwater surveys indicate that poor quality waters being utilized for 
irrigation in different states are 32–84% of the total groundwater development 
(Minhas and Gupta 1992). Many more areas with good quality aquifers are 
endangered with contamination as a consequence of excessive withdrawals of 
groundwater (Fig. 27.2). 

Soil salinization is a major environmental issue leading to acceleration of land 
degradation processes such as loss of biodiversity, hydrological resources, nutrient 
recycling that restrict valuable ecosystem services (Montanarella et al. 2018). It 
limits the agricultural and biomass production (Li et al. 2014) and at high levels 
poses a conspicuous threat to sustainable agricultural development. SAS are an 
important ecological entity in the landscape of any arid and semiarid region. 
Countries that reside in arid and semiarid regions do suffer from the build-up of 
salt balance that suppresses crop growth, nutrition, and subsequently in productivity 
failure, which result in lower food production and consequently insecurity for food 
and livelihood. Increased irrigation supply and its poor management lead to 
overirrigation and rise in groundwater. The rising groundwater in irrigated areas 
without proper drainage and use of saline groundwater for irrigation (Raheja et al. 
2019) cause salt accumulation in dryland regions and thus bring more areas under 
salinization. As such indiscriminate use of poor quality waters in the absence of 
proper soil-water-crop management practices poses grave risks to soil health and 
environment. Development of salinity, sodicity, acidity, waterlogging, and toxicity 
problems in soils not only deteriorates the quality and quantity of produce and limits 
the choice of cultivable crops, many times the effects manifest so severe that lands 
eventually go out of cultivation. Yield losses are particularly detrimental at a local 
scale because SAS are not uniformly distributed and threaten the continued existence 
of agriculture in some regions and countries (Eynard et al. 2005). According to an 
estimate, the losses due to salt induced land degradation are about US $27.3 billion 
per year.
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The management of dryland salinity requires drainage and leaching of salts below 
root zone to bring them under crop production. Leaching is being implemented as a 
measure to remove the salt, and because of that, we can observe the increased 
effluent water in its volume and the salt concentration in the drainage channel. The 
existing salinity management options using drainage are also insufficient and not 
able to catch up the pace of ever-increasing salinization. 

Besides salinity, 3.78 million ha sodic soils in India require a different set of 
management strategies. Sodic soils have large amounts of soluble bicarbonate and 
carbonate of sodium and very high exchangeable sodium percentage with high pH 
(9.5–10.5) and ESP (as high as 80–95%). These become much dispersed and very 
impermeable to both water and air. Soil and water quality beckon major concerns of 
some sodic soil tracts mainly because of fine textured subsurface soil, high residual 
sodium carbonate (RSC), and high SAR (sodium adsorption ratio) water which 
restrict the natural drainage and a rationale to development of surface and subsurface 
sodicity. Amelioration of these soils needs a source of calcium (Ca2+ ) that can 
replace the excess exchangeable sodium (Na+ ). In addition to supplying readily 
available Ca2+ and SO4 

2- ions, gypsum is an excellent soil amendment, used as a 
soil conditioner to improve physical and chemical properties by promoting better 
aggregation, increasing water infiltration and movement through the profile conse-
quently reclaim sodic soils and supply Ca and S for plant nutrition (Qadir et al. 
2001). In addition to mitigation of salt stress, cut-soiler operation can help to manage 
the surplus amount out of estimated 84 and 141 Mt year-1 crop residues available in 
India. Of the 82 Mt of surplus crop residues nearly 70 Mts (44.5 Mt rice straw and 
24.5 Mt wheat straw) are burned annually (Singh and Sidhu 2014). The working 
mechanism of the cut-soiler machine can place the amendment and straw both at 
desired depth and thus serve the purpose to reclaim subsurface sodicity and leaching 
out the excessive salts through in situ semi-natural lateral drainage system. There-
fore, research and development for standardization of the supplemental/alternative 
techniques like construction of residue/residue + gypsum filled cut-soiler drainage 
are required for sustainable management of SAS. 

27.2 Processes of Salinization 

The USSL (1954) characterization of SAS in three categories, with slight 
modifications later by Soil Science Society of America (1987), is the most accepted 
classification. Likewise, poor quality water has also been characterized based on its 
suitability for irrigation purpose. Saline soils refer to soils that contain excess of 
neutral soluble salts to impair their productivity. The dominant soluble salts are 
chloride and sulfate of sodium along with appreciable quantities of chlorides and 
sulfates of calcium and magnesium. Sodic or alkali soils are influenced by domi-
nance of exchangeable sodium. Sodic soils contain sodium salts capable of alkaline 
hydrolysis, mainly CO3 

2- and HCO3
- of Na+ . These soils are also termed as ‘alkali’ 

soils. While the saline-alkali soils contain both excess of soluble salts and exchange-
able sodium. For the management point of view, the SAS are broadly categorized



into saline and sodic. The characteristics, dominant ions, effects, and management of 
salt-affected soils are shown in Fig. 27.3. 
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Fig. 27.3 Characteristics, dominant ions, effects, and management of salt-affected soils 

27.3 On Farm Management of SAS and Role of Cut-Soiler 

The term reclamation of saline soils refers to the methods used to remove soluble 
salts from the root zone. To improve crop growth in saline soils the excess salts must 
be removed from the root zone. Leaching is the most effective procedure for 
removing salts from the root zone. In surface water stagnation and saline water 
irrigated saline soil areas proper land shaping and provision of drainage are needed 
to solve the problems. The cut-soiler PSSD is a residue filled shallow subsurface 
drainage that helps in salt removal and to manage the seasonal surface waterlogging 
to good extent. Whereas for the reclamation of sodic soil, amendment materials like 
gypsum is required that directly supply Ca+ for the replacement of exchangeable 
Na+ . Despite of reclamation of vast sodic areas in India, the reclamation process is 
confined to the surface layer only. It is because of involvement of huge investment 
and manpower or machinery to place the amendments into deeper soil layers. 
Cut-soiler machine can place the amendment along with residue/straw at 
40–60 cm depth and thus serves the purpose to reclaim subsurface sodicity up to 
desired depth. Further, cut-soiler PSSD construction using the surface scattered 
residue as a filling material tends to improve soil hydraulic properties. For construc-
tion of these drains the cut-soiler has been found suitable to manage a large quantity 
of residue and a potential option for in situ residue management. The detailed 
description of cut-soiler, its specifications, mode of operation, and advisory 
guidelines are provided in the subsequent sections.
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Fig. 27.4 Potential scope of cut-soiler for the management of SAS 

27.4 Cut-Soiler 

Cut-soiler is a tractor operated machine that uses soil surface scattered materials like 
straw, residue, or remaining stems for construction of PSSD channels while running 
on the field. It could be useful to manage the twin problems of surface water 
stagnation and salinity. At the same time, it is a very helpful machine for subsurface 
sodicity and residue management. 

Cut-soiler has been developed jointly by National Agriculture and Food Research 
Organization (NARO) and Hokkai Koki Corporation, Japan (patented in 2017). It 
was introduced in India under Japan International Research Centre for Agricultural 
Sciences (JIRCAS)-ICAR-Central Soil Salinity Research Institute (ICAR-CSSRI) 
collaborative research project. Cut-soiler constructed PSSD has been successfully 
applied in the multipurpose paddy fields of Japan for discharging saline water 
(Okuda et al. 2020). Previous studies (Chiba et al. 2012; Kaneko et al. 2002) also 
reported the desalinization effect of cut-soiler for bringing problematic salt-affected 
soils under sustainable crop production (Fig. 27.4). 

27.4.1 Cut-Soiler Specifications 

The specifications and tractor power requirements of cut-soiler are given below 
(Fig. 27.5): 

27.4.2 Cut-Soiler 

27.4.2.1 Specifications
• Dimensions (L × W × H ): 2.0 m × 1.5 m × 1.65 m.
• Weight: 800 kg.
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Fig. 27.5 Cut-soiler machine 

27.4.2.2 Recommendations
• Tractor capacity range: 60–120 HP.
• Operating speed: 2–3 km/h.
• Straw material treatment: maximum 10 cm length.
• Construction depth: 40–60 cm.
• Machine maker company: Hokkai Koki Corporation. 

27.4.3 Operation Mode 

Cut-soiler machine cuts the soil and opens V-shape furrow by cutting and lifting the 
soil, followed by simultaneous placing of the surface scattered straw and residue at 
bottom with overlaying the lifted soil (Fig. 27.6). Such cut-soiler construction lines 
serve as drainage channels and help to manage surface waterlogging and soil 
salinity. In subsurface drainage, pipes are laid at 1.5 m depth to drain out excess 
water from the fields, while the cut-soiler machine makes drains at 40–60 cm depth. 
Crop residue is filled in the drains and that helps to drain out water. 

27.4.4 Advantages of Cut-Soiler Based Shallow Subsurface Drainage 
Technology 

1. Cut-soiler is a tractor mounted machine and its operation is cost-effective and 
easy to adopt by individual farmer. 

2. It uses surface lying residue and straw as a filling material, thus likely to help in 
surface residue management and reducing residue burning problem. 

3. Construction line being shallow, it helps in reducing drainage effluent volume. 
4. It can also help in managing subsurface sodicity. 
5. Putting residue at bottom of cut-soiler opening will help in carbon sequestration 

and improvement in soil health.
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Fig. 27.6 Method of cut-soiler operation for shallow subsurface preferential drainage construction 

27.4.5 Advisory 

1. The tractor running should be straight in the direction of natural slope, so as to 
maintain the proper interval and to improve water flow. 

2. To maintain the stable uniform depth of cut-soiler construction lines, the field 
should be laser levelled followed by operation with slow speed along with 
constant rotation of PTO (power take-off). 

3. The filling material, such as crop residues, should be preferably uniform in size 
(8–10 cm) and spread on the ground. Otherwise, it may choke and hamper the 
uniformity of cut-soiler operation and also reduce tractor pulling ability. 

4. Life of cut-soiler construction line depends on the quality of straw/residues used. 
However, life of channels, prepared using rice straw residue, remains effective for 
~3 years. The farmers themselves can check by digging through soil in the 
cut-soiler line. 

5. The mulcher is used to cut the rice straw in finer length up to 10 cm and gypsum 
with agricultural grade having ≥70% purity per cent is broadcasted on the basis of 
50% GR (gypsum requirement) in the field. 

6. The depth of cut-soiler wheel should be adjusted before running in the field 
depending upon subsurface sodic layer. 

7. The maximum spacing between two consecutive cut-soiler drainage lines should 
be ≤2.5 m for better results. 

8. All the cut-soiler lateral drains should be connected with main drain line to lay off 
drained water from field.
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27.5 Soil Salinity Management 

To quantify the salt removal effect of cut-soiler and its subsequent effect on crop 
growth and physiology, the experiments were laid out in semicontrolled lysimeters 
under ICAR-JIRCAS collaborative project. The cut-soiler operation simulated 
drains were constructed by filling with rice residue at 60 cm below the surface. 
The pearl millet and mustard were taken as test crops for 2 subsequent years 
(2019–2020 and 2020–2021) to study the effect of cut-soiler PSSD on growth and 
physiology of both crops. The PSSD were connected to an outlet provided at the 
same depth (60 cm) in the lysimeter set up for this purpose. 

The cut-soiler assisted PSSD helped to reduce soil salinity during 3 years as 
compared to the initial values. The overall salinity reduction from the construction of 
simulated cut-soiler drain from July 2018 to October 2020 was 59.92% (Neha et al. 
2022a). Figure 27.7 shows the reduction in soil salinity in cut-soiler (PSSD) treated 
plots, during 2019 and 2020. There was a 23.28% and 41.46% reduction in soil 
salinity under cut-soiler PSSD in April 2019 and April 2020, respectively. A similar 
reduction in soil salinity in cut-soiler treated plots was also recorded during October 
in both years. The lower soil salinity observed in residue filled simulated cut-soiler 
PSSD plots throughout the experimental period shows the positive effect of prefer-
ential outflow of water and salts through cut-soiler PSSD (Neha et al. 2022a). The 
enhanced outflow of water in the cut-soiler plots also resulted in lower soil moisture 
(%) in these plots. The lower soil moisture content (%) in cut-soiler treatments 
implies the higher outflow of water through the cut-soiler preferential drains that 
resulted in larger removal of salts by the PSSD system. The temporal decrease in soil 
salinity was due to continuous removal of salts by cut-soiler PSSD. 

The total salt removal through cut-soiler PSSD was estimated by Neha et al. 
(2022b) (Table 27.1). The total volume of drained water and thus amount of salt 
removal were directly related to the total water input available for leaching mainly 
through rainfall as the same amount of irrigation water applied in all studied 
durations. The amount of salt removal was also related to the salinity of drained

Mar-19 Oct-19 Mar-20 Oct-20 
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e (
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m

-1
) 

Cut-soiler C 
WCS 

Fig. 27.7 The changes in soil salinity (ECe, dS m-1 ) under cut-soiler



Period (mm) (mm) (mm) (dS m-1)

–
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water along with water input. The water and salt drainage were consistently higher 
during the rainy seasons. Maximum water (188.4 mm) and salt (1.7 kg) were drained 
out from June 2018 to October 2018 followed by May 2020 to October 2020 
(137.5 mm; 0.77 kg) when maximum rainfall received. Low water and salt drainage 
during May 2019 to October 2019 were mainly due to lesser rainfall in that year. 
However, there was very low (November 2019 to April 2020) or no drainage in 
winter season.
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Table 27.1 Soil water and salt balance components at different times 

Drain Salt 
Rainfall Irrigation Evaporation water 

(mm) 
Drain ECa removed 

(kg/lysa ) 

June 2018 to 
October 2018 

984.7 3 × 50 524.1 188.4 
(753 L) 

3.50 1.7 

November 2018 
to April 2019 

79.6 3 × 50 491.9 – –  

May 2019 to 
October 2019 

400.3 3 × 50 984.8 42.7 
(170 L) 

2.93 0.32 

November 2019 
to April 2020 

322.3 3 × 50 444.4 14.6 
(58.4 L) 

3.14 0.12 

May 2020 to 
October 2020 

995.3 3 × 50 873.0 137.5 
(550 L) 

2.16 0.77 

November 2020 
to April 2021 

113.0 3 × 50 542.1 – –  

Source: Neha et al. (2022b) 
a It is calculated individually for each duration 

The reduction in soil salinity by executing preferential drainage was also reported 
earlier (Technical Manual. Okuda et al. 2017) with the cut-drains being created 
under optimum moisture in saline fields in Uzbekistan. Here the vertical voids were 
created by the blade of the drain-drilling machine. Such drainage by cut-drains was 
found effective in reducing soil salinity up to 44% near to cut-drains in comparison 
to control after 1 year of leaching salts in salt-affected regions of Uzbekistan (Okuda 
et al. 2020). In this study the constructed cut-drain provided supplemental drain 
when used as a connection to the main drain and facilitated the leaching effect. They 
found the higher reduction in soil salinity under cut-drain and near to the drainpipe 
(Fig. 27.8). 

The average soil salinity (ECe)  of  0–100 cm soil layer before and after leaching is 
shown in Fig. 27.8. Percentage reductions of soil salinity after leaching and the 
relative soil salinity of the control field, cut-drain field, and near the drainpipe were 
75%, 73%, and 56%, respectively.



27 Cut-Soiler Constructed Drainage: A Prospective Technique for. . . 547

Fig. 27.8 Rate of soil salinity 
change (0–100 cm) 
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27.6 Yield Improvements 

Increased yield effect of cut-soiler PSSD was the result of consistent reduction in soil 
salinity along with higher leaching of salts that created better soil conditions, 
especially in cut-soiler operated plots. Improved drainage conditions of cut-soiler 
plots that led to lower soil salinity also contributed toward increased crop yields. The 
cut-soiler operation treatment increased pearl millet grain yield (~23.54%) in com-
parison to without cut-soiler plots (Neha et al. 2022a). The increase in mustard seed 
yield under cut-soiler PSSD was ~31% (2.80 t ha-1 ) yield in comparison to without 
the cut-soiler, i.e. (2.13 t ha-1 ), Fig. 27.9 (Neha et al. 2022b). 

Okuda et al. (2018) reported 20% increase in cotton yield (Fig. 27.10) after 1 year 
of construction of preferential drainage by cut-drains in salt-affected fields of 
Uzbekistan. They concluded that shallow subsurface drainage was effective in 
reducing soil salinity and accordingly improving crop yields. 

27.7 Crop Physiological Responses of Cut-Soiler Drainage 
Under Salt Stress 

27.7.1 Plant Water Relations 

Relative water content (RWC), water potential, osmotic potential, and turgor poten-
tial are the important plant water relations parameters used for quantifying the water 
status and stress level in plants. Neha et al. (2022a) studied these traits in pearl millet 
and showed significant decline under increased level of salinity stress (Table 27.2) in  
without cut-soiler plots. Relatively higher rhizosphere salinity under without 
cut-soiler (control) resulted in decreasing the soil solution water potential and thus 
reduction of water uptake by plant roots and ultimately caused decrease in relative 
water content (RWC), water potential, osmotic potential, and turgor potential 
(Nandwal et al. 2007). 

The physiological traits also showed decreasing trend under salinity stress 
(Table 27.2) as usually observed under different abiotic stresses. Cut-soiler enhanced 
the photosynthetic rate, transpiration rate, and chlorophyll fluorescence by 9.35%, 
7.14%, and 7.57%, respectively, in comparison to without cut-soiler in pearl millet 
crop (Table 27.2), Neha et al. (2022a). 

All plant water relations parameters were also maintained higher under cut-soiler 
PSSD in mustard crop at both vegetative and reproductive stages (Neha et al. 
2022b). RWC under cut-soiler was recorded higher at vegetative (91.26%) and 
reproductive (82.75%) than without cut-soiler (81.48; 74.17%) (Table 27.3). The 
cut-soiler caused 28.72% and 22.44% improvement in water potential; 15.15% and 
18.69% in osmotic potential at vegetative and reproductive stages. Turgor potential 
under cut-soiler was recorded higher at vegetative (0.430 MPa) stage only.
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Fig. 27.11 Reduction (%) in soil subsurface (40 cm depth) ESP at different lateral distance 
intervals from cut-soiler construction line 

Table 27.4 Changes in subsurface (40 cm below surface) sodicity (ESP%) at variable lateral 
distance from cut-soiler drain and increase in grain yield (t ha-1 ) of wheat (2019–2020) and rice 
(2020) 

Cut-soiler 
spacing 

Grain yield (t ha-1 ) Soil ESP (%) distance cut-soiler line 

Wheat 
(2019–2020) 

Rice 
(2020) 

1/8 middle of 
quarter 

1/4 middle of 
half 

1/ 
2 Middle 

Control 4.08 2.08 24.4 23.8 24.2 

2.5 4.83 2.45 18.6 20.7 23.4 

5 4.52 2.24 20.3 21.9 24.1 

10 4.12 2.12 22.8 23.6 23.9 

CD (0.05) 0.58 0.38 

Source: Yadav et al. (2022) 

27.8 Subsurface Sodicity Reclamation and Residue 
Management Using Cut-Soiler 

Yadav et al. (2022) placed the gypsum (50% GR) along with rice residue at 40 cm 
below the surface in a field experiment using cut-soiler. Gypsum, rice residue, and 
gypsum + rice residue were applied in subsurface at 2.5, 5.0, and 10.0 m of lateral 
spacing. Subsurface sodicity (in terms of ESP) was reduced by up to 23.77, 14.92, 
and 5.95 per cent at lateral distance of 0.30, 0.60, and 1.25 m, respectively, by the 
placement of gypsum + rice straw residue at 40 cm depth (Fig. 27.11). 

Rice and wheat yields increased by 15% and 16% in 2.5 m spacing and 6% and 
10.7% in 5.0 m spacing, respectively, over control (Table 27.4). The results showed 
that closer spacing (2.5 m or less) appears to be more promising for subsurface 
sodicity management.
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Another column study shows that the application of amendment and rice straw 
residue has positive effect in mitigating the salt stress in rice crop. The subsurface 
placement of residue and gypsum along with the surface application of gypsum 
(50% GR) increased the RWC (relative water content), photosynthetic rate, transpi-
ration rate, and stomatal conductance in rice plants over control. In addition to these 
traits, subsurface placement of residue and gypsum also reduced membrane injury, 
Na+ K+ levels, and lowered water potential and osmotic potential in rice. Therefore, 
the cut-soiler assisted subsurface placement of these amendments found promising 
in reclamation of subsurface sodicity and increase rice yields in sodic soils. 

27.9 Conclusion 

The cut-soiler PSSD can reduce up to 50–60% soil salinity during 3 years of its 
construction in different soils. Cut-soiler PSSD resulted in a higher outflow of free 
water and salts with drainage. Subsurface placement of gypsum and rice residue by 
cut-soiler operation was found effective in reducing subsurface sodicity (ESP %) and 
also helped in in situ management of the rice residue and thus avoid residue burning. 
The cut-soiler PSSD could be an effective technique for management of soil salinity, 
subsurface sodicity, and crop residues. The reduction in soil salinity and subsurface 
sodicity provided congenial soil conditions for crop production. The improvement in 
pearl millet and mustard yield by managing dryland soil salinity and increased rice 
wheat yields by penetrating the sodicity reclamation process deeper in subsurface 
layers was evident from their positive effect on plant water relations and physiologi-
cal parameters of these crops. 

Therefore, cut-soiler constructed PSSD has proved to be a potential technique for 
the sustainable agricultural production under both saline and sodic salt stress 
environments. The yield enhancement in the agricultural crops is mainly due to 
improved soil physic-chemical properties and consequently plant water relations and 
physiological functioning of these crops. Further studies are needed on its feasibility, 
cost-effectiveness, and adoptability by farming community to make it a viable option 
for the management of salty lands and saline water use for irrigation. A more precise 
understanding of water and salt dynamics and economic viability of cut-soiler PSSD 
in the management of root zone salinity and crop residues will be a step towards 
achieving land degradation neutrality and food and livelihood security for farmers of 
salt-affected areas. 
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Abstract 

Worldwide, the twin problem of waterlogging and salinity is upsurging with each 
passing day and increasing at an alarming rate in irrigation command areas, 
affecting agricultural productivity in 1/3rd total irrigated area. This is now a big 
concern if not addressed on scientific lines and will accelerate at a greater pace in 
the future at the behest of climate change. These soils are classified into water-
logged (0.0–2.0 m), sensitive/critical (2.0–3.0 m), protected (3.0–5.0 m) and safe 
(>5.0 m) classes, helping in devising the management strategies. The solution 
lies in drainage improvement. The limitations of the available conventional 
engineering approaches gave a call for effective, affordable, socially acceptable 
and environmental friendly alternatives. With this backdrop, the only viable 
option is bio-drainage to use waterlogged saline soils for productive functions. 
It can be used as a corrective and/or preventive measure by intercepting soil water 
before it arrives at the water table. The trees with inbuilt capability of salt 
tolerance with phreatophytic nature are suitable to plant in waterlogged saline 
landscapes. Such tolerant plants adapted three basic mechanisms of salt exclu-
sion, excreting and accumulation realized through the strategies of ion 
compartmentalisation, osmotic adaptation, osmolyte production, succulence, 
selective uptake and transport of ions for establishment, growth, production and 
soil reclamation. Trees are grouped into very promising and promising classes 
based on their overall performance rating and fast, medium and slow bio-drainers 
on evapotranspirative potential. Eucalyptus emerged as a potential biodrainage
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tree which gave the best biodrainage models in addressing the problem of inland 
ecosystem. Block models are best to recede the water table than boundary models 
in severely affected areas. However, boundary plantation model was preferred by 
the farmers in moderately and less affected areas in Haryana state. Six years in 
1 × 1 m spacing (twin row strip plantation) on farm acre line was the 
recommended Eucalyptus based biodrainage model for achieving higher water 
table drawdown, biomass, carbon sequestration and crop yield. Willow clone 
(J799) is comparable to Eucalyptus in bio-drained capability and would be useful 
in managing waterlogged saline soils in semi-arid regions. Although the 
biodrainage technology is known from the last decade of the twentieth century 
still lot to do in addressing some of the bottlenecks with this technology. The 
impediments are decrease in tree transpiration rate with the advancing age, trees 
could not survive if the soil salinity goes beyond 12 dS/m, allelopathy of trees, 
social acceptability, etc. To address the impediments, the broad future research 
domains would be on the trees adaptation and reclamation aspects are tree water 
use, salt uptake and tolerance and sustainability. Biodrainage is an emerging 
technology for managing waterlogged saline soils and its feasibility needs more 
scientific backup. At present state of knowledge, biodrainage should be combined 
with conventional drainage options as an integrated approach for economic and 
ecological solutions of the waterlogged saline landscapes.
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28.1 Introduction 

India is bestowed with a wide range of climatic and physiographic conditions. The 
incessant increase in global population and decrease in average landholding results 
in soil degradation with each passing day is now a big challenge. In the Indian 
context, in the 1960s, Green Revolution not only helped in achieving self-sufficiency 
but made it a food surplus country. The practices done during that time included 
excessive use of fertilizers, groundwater irrigation, expansion of canal irrigation, 
growing of high yielding varieties and mechanization, etc. but now resulted in 
numerous problems of high cultivation costs, decreased productivity, loss of soil 
fertility and above all degradation of natural resources. It has been seen that the 
problem of salinity coupled with waterlogging is common across the globe. Glob-
ally, one billion hectares of arid and semi-arid area is salt affected and out of which 
1/3rd irrigated area is waterlogged in nature. In India, about 6.73 m ha area is salt 
affected out of which 3.77 m ha is sodic and 2.96 m ha is saline in nature. Problem is 
more intense as the underlain aquifer is of poor quality (saline and RSC water) in salt 
affected soils. Worldwide, as per estimate, 255 m ha area experiences the risk of 
waterlogging which accounted for one-third of total irrigated area. Out of which



60 m ha is waterlogged and 20 m ha is salt affected (Heuperman et al. 2002). Annual 
loss of irrigated land at the behest of secondary salinization with waterlogging is at 
the rate of 1.50 m ha. The introduction of a canal network with poor drainage options 
and faulty irrigation management practices are the reasons for secondary salinization 
and associated waterlogging in inland regions of the country. This is now a big 
concern especially in semi-arid regions of northwestern part of India which if not 
addressed on scientific lines will accelerate at a greater pace in the future. Hence 
there is a need to drain excess water and salts to make such areas suitable for 
cultivation. Conventional engineering based approaches like subsurface drainage 
(SSD) (vertical, horizontal and mole) are in practice but their adoption is regulated 
by high capital, operational and maintenance cost and above all environmental 
concerns. The limitations and shortcomings of conventional engineering approaches 
call for alternatives to keep agricultural practices sustainable over time. We need 
alternative techniques which are effective, affordable, socially acceptable and envi-
ronmental friendly. The only one option which could fulfil all the characteristics is 
the biodrainage technique. 
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Bioremediation is an environment friendly and cost-effective approach that can 
tackle the twin problem of waterlogging and salinity. Trees are usually referred as 
perennial plants with certain distinct characteristics, viz. having a stem, well defined 
crown, supporting branches with well-developed root structure. It plays a significant 
role in regulating soil and surrounding environment. Owing to their prolonged 
existence, trees are often entrusted upon to address numerous climatic adversities 
with existing biotic and abiotic stresses. Trees can easily adapt to dynamic 
environments with ease and also provide other related products either economical 
and/or ecological significance. With the increase in the extent of area under 
waterlogging and salinity worldwide, trees are now seen to be a promising way to 
address this problem. Adaptations of trees to such conditions are quite interesting 
with reclamation of such harsh landscapes especially salt affected lands for their 
productive utilization. 

Excessive salt in soils can lead to affect almost every stage of growth in any plant 
(Dmuchowski et al. 2022). Furthermore, the salt when absorbed by the plants 
directly affects the cells and distorts them. Excessive salt disturbs the osmotic 
potential and reduces water absorption. Waterlogging is a drainage problem notice-
able when the soil pores in the root zone of plants are saturated and the insufficient 
air circulation renders the soil barren and not suitable for agriculture. It is due to 
combined factors, viz. geographical location, climatic factors and anthropological 
causes. The twin situation of waterlogging and salinity is most common and 
threatening in areas where drainage is the problem and the soil stability is disturbed. 
It is high time now to look into this twin hazard and find out possible and viable 
solutions. 

The severity of waterlogging is said to be less if the water table remains below 
3 m for a substantial period of time during a year. This problem alleviates further and 
is classified into moderately affected when the water table in any area is found to be 
less than 1.5 m and critical when the groundwater is present up to the depths of 
0–30 cm with surface ponding where the water table comes above the surface.



Similarly, presence of excess salts in soils hence lifting the osmotic pressure and 
inhibiting the plant water uptake results in soil salinity (Singh and Lal 2018). 
Waterlogging and salinity problem is prominent in all types of lands whether they 
are irrigated or non-irrigated. Researchers have directed toward drainage technology 
as a remedy for waterlogging and salinity problems yet being costly, labor intensive, 
and polluting (dumping of effluent), is now lacking interest. Searching for economi-
cally and ecologically viable alternatives is the need of the hour. Such alternative is 
biodrainage which involves extracting water through evapotranspiration done by fast 
growing and deep-rooted plants (Dash et al. 2005). It can be adapted by planting 
vegetation comprising tree species that have a phreatophytic nature. It will result in 
lowering of water table, moderation of soils and surrounding climate, cycling of 
minerals and nutrition helps in removal of salt ions. This chapter is in central stage of 
providing the basic concept of biodrainage through adaptive tree and reclamation 
mechanisms, challenges and new paths in biodrainage research with reflections of 
successful models from Haryana state vis-a-vis Eucalyptus as model tree in 
biodrainage measures. 
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28.2 Trees Adaptive Mechanism in Salt Laden Landscapes 

Salinity is often related to barren lands with white crusted surface devoid of vegeta-
tion, patchy trees growing stunted and slender. Excessive salt has an inverted 
relation with plant mechanisms and productivity. Halophytes are trees or plants 
which are capable to survive in harsh salt-affected soils either by adapting or 
modifying certain parts or by adapting mechanisms to cope up or exclude salts. 
Halophytes or salt-tolerant plants have a stunning range of abating salt stress and can 
be grown all over the world be it in the dry lands or the salty gusts and tides of sea or 
ocean. Salt stress in trees results in reduced osmotic potential of plants (Liu et al. 
2020) eventually causing its death commonly termed as physiological drought. 
Further, the excessive quantities of Na+ and Cl- ions in the form of ionic poisoning 
(Luo et al. 2017) usually disrupt the cell organelles due to secondary oxidative stress 
(Qi et al. 2018) and eventually hamper the tree growth and development. Similarly, 
increased concentration of these ions inside the plants due to excessive uptakes 
eventually hampers the nutrient balance inside the plants. Signal perception, integra-
tion and processing are the basic steps adopted by any tree in the form of number of 
traits which control cell functions and development in salt stressed environment. 
Looking into this aspect, the exploration of salt tolerance among trees is now gaining 
importance worldwide and is nowadays a hot topic for research in the forestry sector. 

It can be inferred from the literature available that the salt tolerance mechanism in 
any plant can be achieved by adapting to more than one of the strategies either 
simultaneously or separately (Hanin et al. 2016). Further, the salt tolerance mecha-
nism in any plant falls into two categories, namely avoidance and tolerance where, 
avoidance is the ability to avoid salt ions uptake and tolerance refers to the situation 
when compartmentation of the salt ions is absorbed inside the plant body (Greenway



and Munns 1980). Plants can adapt salt tolerance by employing the three basic 
mechanisms: 
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1. Salt avoidance or ion selectivity. 
2. Salt accumulation or ion accumulation. 
3. Osmotic adjustments. 

Besides these three basic mechanisms, the plants imply different adaptive 
strategies, viz. ion compartmentalisation, osmotic adaptation, osmolyte production, 
succulence, selective uptake and transport of ions (Koyro et al. 2011). Salinity is 
nowadays one of the leading problems in any ecosystem worldwide. It is known that 
some plants have the ability to grow under harsh saline conditions by adapting to soil 
salinity through (a) osmotic tolerance, (b) salt exclusion and (c) salt accumulation 
(Munns and Tester 2008). In a study pertaining to Date Palm, it was observed that it 
adapted to the salt accumulation mechanism by accumulating excessive sodium ions 
in its leaves (Alrasbi et al. 2010). 

In spite of many studies elucidating the salt tolerance mechanism in trees, further 
focussed and high-end studies are needed to identify the pin-pointed traits, helpful in 
enabling the survival and growth of trees in salt affected landscapes. Mechanisms of 
salinity tolerance in trees are thought to be complex because of interlinking of 
various on-going growth and physiological processes in the plant system. 

28.3 Ion Selectivity 

It is the adaptive strategy implied by salt-tolerant plants to discriminate chemically 
similar ions by restricting their uptake. The organelles responsible for this discrimi-
nation are present throughout the plant membranes (Bliss et al. 1984; Kuiper 1968). 
Several species of mangroves are able to even store these ions in special organelles 
called sweat glands (Jacoby 1964). According to Munns and Tester (2008), the 
sodium:potassium ratio is the key determinant of salt tolerance in plants. The plants 
have moderated such that they selectively avoid absorbing the toxic sodium ion. The 
plasma membrane helps in transporting the excess sodium in and out of the cell in 
order to maintain the sodium:potassium ratio in the plants. Here, when the salt stress 
is sensed by the plant, the sensors signalling takes place where the Na+ /H+ anti-
porter is stimulated, Ca2+ pathways also get activated and the plant membrane 
functions are so arranged that excessive sodium is neglected selectively. 

The ion avoidance works mainly on the role played by the SOS (salt overly 
sensitive) stress signalling pathways as described by Gupta and Huang (2014) and 
presented in Fig. 28.1. The SOS pathway consists of three proteins, namely SOS1, 
SOS2 and SOS3 as evident from the illustration in the figure. The main work is 
performed by the SOS1 protein which encodes the plasma membrane that consists of 
the NA+ /H+ anti-porter. Upon signalling, it further helps in regulating the sodium ion 
efflux at cell levels. The SOS2 and SOS3 protein are complimentary to this and are 
activated when salt stress is sensed.



560 R. Banyal et al.

Fig. 28.1 Ion selectivity model adapted by plants to tolerate excessive sodium ion. (Source: Gupta 
and Huang 2014) 

28.4 Ion Accumulation 

It is the capability of plant species to store salt in the plants either in glands or 
excreting it through leaves. This mechanism is adapted by very few and special 
group of plants which develop specific and specialized structures like salt glands. 
The main function of such glands is to accumulate excessive salt. These structures 
are further classified into two types that are those which secrete excess salt on leaf 
surface and the other those that accumulate salts into vacuoles (Dassanayake and 
Larkin 2017). 

28.5 Osmotic Adjustments 

It is the capability of the plant to maintain the osmoregulation in such a way that the 
turgor potential is maintained. When excessive salt ions are present in the soils the 
resultant water potential in the soil reduces and the plant experiences difficulty in 
absorbing soil solution. This leads to the drying and dehydration of cells to maintain 
the osmotic potential. Several small molecular compounds, viz. glycine, betaine, 
proline, etc. are responsible to these compounds which get accumulated in large 
quantity. Hence, the potential in the plant cell starts increasing and leads to increase 
absorption and retention of water by the cells (Zhang et al. 2020; Tang et al. 2015; 
Luo et al. 2017; Flowers et al. 1977) (Fig. 28.2). 

Over time, the plants have adapted to survive and grow well in saline and 
waterlogged habitats. Though, the performance of the plants might get affected 
based on the site properties and prevailing conditions. Halophytes are group of 
plants which have higher level of tolerance to salts by adapting to several physio-
logical and biochemical traits like osmoregulation, ion-compartmentalization, 
homeostasis, etc. (Lombardi et al. 2022). Hence, halophytes are suggested and 
found suitable to be grown in such harsh landscapes affected by the twin problems



of waterlogging and salinity. Halophytes are generally adopted as one of the 
undermentioned adaptive mechanisms (Lombardi et al. 2022; Walter 1961) for 
survival and establishment in salt affected landscapes. Halophytes have the capabil-
ity to absorb ions on selective basis, regulate ion accumulation and eliminate the 
toxicity of Na+ ions from the cytosol (Han et al. 2014). The basic mechanism of tree 
tolerance to salt stress is based on three adopted mechanisms (a) salt exclusion, 
(b) salt excretion and (c) salt accumulation for which a pictorial is given in Fig. 28.3 
(Banyal et al. 2017). 

28 Tree Adaptive and Reclamation Mechanisms in Managing Waterlogged. . . 561

Salt excreting pore 
Cuticle 

Collecting cell 

Fig. 28.2 Salt glands in plants showing salt accumulation as salt tolerance mechanism. (Source: 
Hasanuzzaman et al. 2014) 

Fig. 28.3 Tree adaptive mechanisms in salt laden ecologies. (Source: Banyal et al. 2017)
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28.6 Salt Exclusion Tolerance Mechanism 

The plants adopted this type of adaptive mechanism are sometimes referred as 
pseudo-halophytes. They protect their shoots by inhibiting salts entering to cell 
system through roots with the help of certain membranes and ionic recycling. 
Mangroves are an example to adopt this kind of adaptive mechanism for their 
survival and growth. Salt level is maintained by secreting more ions to outside 
through salt glands on stem and leaves of the trees (Basyuni et al. 2019). 

28.7 Salt Excreting Mechanism 

These plants are capable of releasing the excess salts through specialized modified 
structures named as salt glands. This adaptive mechanism helps in order to avoid 
distortion of cells. The plants under this adaptive mechanism are Limonium spp., 
Tamarix spp., Acacia ampliceps (salt wattle plant), etc. 

28.8 Salt Accumulating Mechanism 

Plants accumulate excessive salts inside their body vacuoles in such a way that it 
does not hamper the physiological functioning and growth of the plants. Salvadora 
persica, Suaeda nudiflora, etc. are plants capable of adopting salt accumulation 
mechanism to survive in such harsh landscapes. 

28.9 Genesis, Extent and Problems of Waterlogged Saline Soils 

Globally more than 1/3rd of the irrigated land is affected by waterlogging and soil 
salinity (Heuperman et al. 2002). Almost every developing country in this world is 
either affected or on the verge of getting affected by the twin problem of waterlogging 
and salinity especially in the arid and semi-arid climatic regions. In India, this problem 
is most prevalent and is a resultant of combined factors, viz. topography, climate and 
anthropological factors. The problem has its genesis due to distortion of the naturally 
present equilibrium between the groundwater recharge and discharge (Datta et al. 
2000). Further, the main contributing factors to this problem are the faulty farm 
operations coupled with the availability of poor quality of groundwater. The twin 
problem of waterlogging and salinity can be asserted to both natural and artificial 
origins. With time weathering of the parent rock adding to the natural salinity. The 
other factors namely poor geology, floods and erratic climatic conditions adds fuel to 
the problem. However, anthropological factors like excessive use of fertilizers and 
chemicals in poorly drained soils add up to salt accumulation in soils which further 
seep down with water, distorted physical properties of soil lead to water accumulation 
with time and the salts further are crusted on surface with evaporation (Dikeogu et al. 
2021). Any soil is said to be waterlogged and saline when the groundwater table 
reaches and remains up to the crop zone for a prolonged period of a year (Michael and



Ojha 2006). This situation when occurring in arid and semi-arid areas is accompanied 
by salinity, hence rendering such soils incapable of cultivation and barren with time. 
The solution to the problem lies in lowering the groundwater table and leaching away 
excess salts below the root zone. It is here where the conceptualization of biodrainage 
comes as a saviour. 
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Waterlogging may be defined as stagnation of water on the land surface or where 
the water table rises to an extent that soil pores in the crop root zone become 
saturated. This creates the condition low in oxygen and high in carbon dioxide 
level (Settler et al. 2009). Waterlogging condition arises when soil remains saturated 
with water for a significant period of time (a few weeks to months). It occurs due to 
poor management of water and obstruction of natural drainage systems by the 
disorganized embankment construction (disrupting the balance of inflow and out-
flow of water), excessive rainfall, drainage congestion and blocking of natural 
drainage, dense haphazard embankments, over-irrigation cyclones, flooding, river 
basin encroachment through siltation and finally human activities. 

In India, the area under waterlogging is 6.00 m ha out of which 3.40 and 
2.60 m ha are under subsurface and surface ponding, respectively. It is covering 
1.80% of the total geographical area of the country. However, waterlogged saline 
soils occupy 3.00 m ha area in total of which >2.00 and 1.00 m ha in arid/semi-arid 
northwestern states and coastal and vertisols regions of the country, respectively. 
Further, as per Masilamani et al. (2020) area affected by waterlogging in the country 
is about 4.50 m ha among which about 48% is in canal command areas whereas the 
remaining 51% area lies outside the canal command areas. Another study estimated 
that the area severely affected by both waterlogging and salinity in India is about 
5.50 m ha (Singh 2018). In India, the worst affected states due to waterlogging in the 
country are Andhra Pradesh (0.33 m ha), Gujarat (0.48 m ha), Haryana (0.62 m ha), 
Bihar (0.11 m ha), Punjab (1.09 m ha), UP (0.81 m ha) and West Bengal (1.85 m ha). 
Similarly, about 6.73 m ha area is salt affected area. The area which is affected by 
twin problem of waterlogging and salinity is either found separate or coexisting. 

The causes of waterlogging and salinity are illustrated as below: 

28.10 Rise in Groundwater Table 

In areas of good amount of rainfall, the soil pores are then filled with water until the 
soil becomes fully saturated. Now, as time passes, the infiltration capacity of such 
soils decreases due to saturation of soil with water which results in accumulation of 
excess water. Seepage of water in ground leads to alleviation of groundwater table 
resulting in waterlogging and salinity. 

28.11 Inadequate Drainage 

The groundwater begins to rise with continuous irrigation because of accretion 
through leakage, seepage and deep infiltration. This is common cause of 
waterlogging and salinity in areas where topography is low lying than the adjacent



areas impounding the condition of water stagnation without natural flow of water 
resulting in poor drainage. The rate of infiltration to the runoff in such low lying 
areas is low. Drainage of excess water is affected due to elevated surface relief and it 
gets accumulated leading to waterlogging coupled with soil salinization due to 
evaporation. The fate of most irrigation projects in India leads to secondary saliniza-
tion (Bowonder et al. 1986; Gupta et al. 2019). The farmers used plenty of water 
initially with the inception of irrigation project and the salts and water move upward 
with the help of capillary action, once the water table rose to 1–2 m from the surface. 
The water present in the upper surface gets transpired and evaporated, while the salts 
remain in the root zone resulting in soil salinization (Plate 28.1). 
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Plate 28.1 Twin problem of waterlogging and salinity 

28.12 Seepage and Leakage 

Unlined irrigation canals are the reasons for water seepage to the adjacent low lying 
areas especially in irrigation commands. The percolated water from the banks of the 
canals is often seen to be accumulated leading to waterlogging situation in adjoining 
areas. 

28.13 Irrigation 

The quality of irrigation water is nowadays depleting due to use of poor quality 
groundwater (saline and RSC) and surface contamination on a larger front. Irrigation 
with salts (chlorides, sulphates, carbonates and bicarbonates of sodium, magnesium 
and calcium) laden water adds to the salinity. These salts seep downwards and are



later seen affecting the soil quality with continuous practice of use of such poor 
quality water especially in irrigation commands. 
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28.14 Natural Salt Occurrence 

In the areas, where salt rich parent rocks are present, the salts are released continu-
ously with weathering which further gets flushed and leached down to groundwater 
with rainfall and adding to the problem of soil salinity coupled with waterlogging. 
Waterlogging and salinity affected the physical, chemical and biological properties 
of the soils. The first and the most common problem arising due to waterlogging and 
salinity is difficulty in irrigation and related agronomical procedures. It is clear from 
the observation made by Ahmad and Singh (1991) that rise in water table along with 
secondary salinization has affected irrigated agriculture to a larger extent. Further, 
they also raised the concern that none less than 2.00–3.00 lakh ha of irrigated lands is 
added to the degradation annually with the twin problem of waterlogging and 
salinity, worldwide. Another estimate of the rate of addition in the quantum of 
waterlogged and saline lands globally is about 1.50 m ha that too in the irrigation 
commands (Brundtland and Khalid 1987). 

28.15 Remedial Measures to Use Waterlogged Saline Lands 

Improvement in drainage of any area has been suggested to be an ideal remedy for 
the problem of waterlogging and salinity (Ministry of Water Resources 1991). The 
most serious common factors for twin situation are drainage inadequacies, seepage 
from water channels, excess water availability, poor maintenance and negligence of 
drainage systems. In addition to these factors, change in cropping patterns, poor farm 
management, faulty irrigation and water management are also contributing to the 
expansion of waterlogged saline areas. The management of such landscapes involves 
draining of excess water through surface drainage, subsurface drainage and 
biodrainage (Fig. 28.4). 

Drainage 

Sub-surface drainage 

Horizontal drainage 

Vertical drainage Surface drainage 

Bio-drainage 

Fig. 28.4 Schematic presentation of waterlogged saline soils management



Tree species

566 R. Banyal et al.

Table 28.1 Suitable tree species for saline and waterlogged situations 

Performance 
ratings 

Very promising Acacia nilotica, Eucalyptus tereticornis, Eucalyptus camaldulensis, Prosopis 
juliflora, Pithecellobium dulce, Tamarix articulata, Tamarix troupi, Tamarix 
ericoides, Salix spp., Acacia mangium, Acacia auriculiformis, Bamboo 
arundinacea, Acacia ampliceps 

Promising Azadirachta indica, Casuarina glauca, Dalbergia sissoo, Feronia limonia, 
Tecomella undulata, Terminalia arjuna, Syzygium cumini, Hardwickia 
binata, Populus spp., Pongamia spp., Bauhinia variegata, Cassia glauca, 
Cassia fistula 

The site does not remain ideal for vegetation growth. The plants tolerant to 
salinity with inbuilt phreatophytes virtue are capable of growing in waterlogged 
saline lands. It is where phreatophytes (a group of plants which are capable of 
adapting excess water availability) come to rescue. Though these plants do not 
belong to any specific plant family but they are characterized based on their common 
characteristics of utilizing a large amount of water (Fletcher and Elmendorf 1955). 
These plants are highly recommended for such landscapes where high transpiring 
plants can aid to lower the water table and also provide several economic and 
ecological benefits. While advocating for biodrainage, care is taken while selecting 
suitable plant species based on agro-climatic conditions, topography, quality of 
groundwater, etc. 

Plants belonging to phreatophyte group are divided into very promising and 
promising trees like Tamarix gallica, Eucalyptus spp., Bamboo spp., Acacia 
ampliceps, Salix spp., Prosopis spp., Syzygium cumini, etc. and detailed list is 
given in Table 28.1.0. As per Ellis and VanDjik (2009) block plantation with 
densities of 500 or 600 trees per ha and 1000–1200 trees per ha are suitable for 
carrying out biodrainage works in canal command areas. Similar models can be 
suggested for other areas based on physical conditions and social acceptability in the 
area. Eucalyptus spp. is found to be the most successful common tree adapted in 
such areas for better utilization of waterlogged saline landscapes (Banyal et al. 
2019). The other favoured tree species are Tamarix, Prosopis and Acacias (Tomar 
and Minhas 1998). Accordingly, Heuperman et al. (2002) have suggested that 
shifting plantations can also be adapted to manage waterlogging and salinity 
situation. 

28.16 Biodrainage Concept 

Biodrainage can be used either as a corrective measure by lowering water tables or as 
a preventative measure by intercepting soil water before it arrives at the water table 
(Kapoor and Denecke 2001). Although the term biodrainage is relatively new, 
Indian farmers are using vegetation to dry out soil profiles for a long time. The 
first documented use of the term biodrainage is credited to Gafni (1994). Before that



date, the term bio-pumping was used to describe the application of trees to control 
water table (Heuperman 1992). However in India, the biodrainage research is 
attributed to start at Central Soil Salinity Research Institute, Karnal, Haryana as a 
Lysimeter experiment (a microcosm experiment) in the 1990s and the term 
biodrainage was first time documented by Chhabra and Thakur (1998). 
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Biodrainage may be defined as. 

Pumping of excess soil water into the atmosphere by deep-rooted plants using their 
bio-energy. 

It is analogous to energy-operated water pumps and is proven technology to arrest 
salinity build-up in canal commands with growing of suitable tree species. The trees 
absorb water from the capillary fringe located above the groundwater table. The 
absorbed water is translocated to different parts of plant and finally more than 98% of 
the absorbed water is transpired into the atmosphere mainly through the stomata 
(Akram et al. 2008). This combined process of absorption (by roots), translocation 
(through xylem) and transpiration (through leaf stomata) of excess groundwater into 
the atmosphere by the deep-rooted vegetation describes biodrainage (Fig. 28.5) 
(Dagar 2014). Phreatophytes use the water from the saturated part of the soil profile. 
Tree roots intercept seepage and leakage when planted along the canal banks. The 
application of biodrainage is not only restricted to irrigated areas but also extended to 
rainfed areas where water and salt balances get disturbed by land use changes. 

Transpiration 

Absorption 

Biodrainage 

Translocation Transpiration Biodrainage 

Translocation 

Absorption 

Fig. 28.5 Biodrainage concept
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28.17 Possible Biodrainage Scenario 

Biodrainage can be imperative in two land use context, viz. irrigated and dry land/ 
rainfed systems. Under irrigated system, recharge control, groundwater flow inter-
ception and discharge enhancement are the points of consideration. However, in 
unirrigated system water table control, channel seepage and biodrainage-cum-con-
ventional drainage systems are the possible scenarios. It is reported that if the water 
table depth is less than 3 m from the surface, then it has deleterious effect on the 
crops. The norms for classifying the waterlogged soils in general and waterlogged 
saline soils in particular proposed by different Indian states and Working Group of 
Ministry of Water Resources, Govt. of India are given in Table 28.2. 

The varying norms for defining waterlogged soils are adopted across the Indian 
states. In Uttar Pradesh, the soils having water table up to 3 m, in Punjab up to 2.0 m, 
in Haryana up to 3.0 m, in Karnataka and Himachal Pradesh up to 2.0 m and in 
Maharashtra up to 1.2 m are termed as waterlogged soils. However, the severity of 
the problem accentuated further classification of waterlogged soils into fully, worst, 
bad, critical, alarming, moderately critical, etc. adopted in Indian states. The classi-
fication of waterlogged soils was also put forward by the Working Group of Ministry

Table 28.2 Norms and criteria for classification of waterlogged and waterlogged saline soils in 
India 

Domain of classification Waterlogged soils class Water table depth (m) 

(a) General criteria adopted by some Indian states 

Uttar Pradesh Worst zone <1.0 

Bad zone 1.0–2.0 

Alarming 2.0–3.0 

Safe zone >3.0 

Punjab Very critical 0.0–1.5 

Critical 1.5–2.0 

Haryana Critical 0.0–1.5 

Moderately critical 1.5–3.0 

Karnataka Waterlogged 0.0–2.0 

Himachal Pradesh Waterlogged 0.0–2.0 

Maharashtra Fully waterlogged Water at the surface 

Waterlogged 0.0–1.2 

(b) Criteria adopted by working group, Ministry of Water Resources, Govt. of India 

Waterlogged <2.0 

Potentially waterlogged 2.0–3.0 

Safe >3.0 

(c) Criteria adopted for waterlogging in saline lands 

Waterlogged 0.0–2.0 

Sensitive/critical 2.0–3.0 

Protected 3.0–5.0 

Safe >5.0 

Source: Sarkar (1997), Banyal et al. (2022)



of Water Resources, Govt. of India in which three categories were identified as 
waterlogged (<2.0 m), potentially waterlogged (2.0–3.0 m) and safe (>3.0 m). 
Separate classification of waterlogged saline soils is in place covering from water-
logged (0.0–2.0 m), sensitive/critical (2.0–3.0 m), protected (3.0–5.0 m) and safe 
(>5.0 m). It has been observed that the water table between 3.0 and 5.0 m in saline 
soils has been kept under protected category envisages that water table up to 5.0 m 
can give deleterious effect on the cropping pattern of the area. So, the protective 
strategies should be followed to keep the water table beyond 3.0–5.0 m to avoid 
colossal damage in future.
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28.18 Significance of Trees in Amelioration and Managing 
Waterlogged Saline Soils 

It is evident from the nature of waterlogged saline soils that normal crop cultivation 
is not possible in such landscapes. Hence, the scientists looked towards complex 
rehabilitation using mechanical measures to help salt leaching and force excessive 
water to drain using subsurface drainage technologies. It is a very good option when 
installed in a large area but somehow requires a lot of expertise, budget and 
furthermore looking towards the recent trends of rising population. Biodrainage 
seems a healthy, cost-effective and safe option to counter this twin problem of 
waterlogging and salinity. Further, utilizing the trees energy to drain out excess 
water from the ground to atmosphere makes it an environmental friendly approach, 
requiring less maintenance and less overall cost of the project. This method proves 
out to be more significant compared to other available conventional methods of 
engineering approach to reclaim such soils. Using trees in managing these soils does 
not produce any effluent or pollutant into environment, besides this the benefit 
received from adapting trees will increase with time as well as the tree provides 
for intermediate yields during the life cycle. Hence, adapting trees to reclaim such 
lands is a productive and preventive method of control. Utilizing trees to reclaim 
such landscapes will yield benefits on the aesthetics ends too. The site where 
plantation works will be carried out for reclamation will modify into green open 
spaces, serving recreational needs. The trees will also act as windbreaks and shelter 
belts hence helping in moderating the cold wave and hot wave prevalent in the area. 

When one computes the ecological benefits from such plantations, trees on such 
harsh landscapes will certainly yield a lot of benefit in form of accumulating higher 
carbon through sequestration, resulting in increased carbon credits. Vegetation will 
also benefit the surroundings by moderation of temperature, alleviating the value of 
the site. The presence of trees will also result in mitigation of greenhouse gases 
which will also aid in fulfilment of the obligations of reducing global warming. 

Trees transpire a lot which helps to maintain the groundwater table, being deep-
rooted they are firm which provides various ecologically and economically outputs. 
They help in regulating the hydrological cycle, carbon cycle, stabilize the soils, 
increase build-up of carbon in soils, leading to amelioration and increase the 
productivity and value of such landscapes. Trees adapt to such habitats commonly
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found in arid and semi-arid climates. Hence, these can certainly provide an upper 
hand in waterlogged saline habitats by returning appropriate benefits. With proper 
and larger root biomass present these plants help in controlling soil erosion, building 
of nutrients in soil, help in evapotranspiration of excess water from ground, provide 
basic needs (food, fuel, fodder, fibre, etc.). Therefore, there is a need to look into the 
possibilities of adapting phreatophytes in reclaiming the waterlogged saline soils 
in the near future. Some of the case studies highlighting the significance of trees in 
using waterlogged saline soils are summarized here as under and presented in 
Table 28.3 including the names of trees, plantation techniques and salient points 
of recommendations. 
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Table 28.3 Biodrainage potential of different salt-tolerant trees and their field models for manag-
ing waterlogged saline soils 

S. no. Tree species Plantation technique Salient points 

1. Eucalyptus tereticornis 
(clonal) (Ram et al. 2008) 

Parallel strip • Groundwater table 
drawdown was 0.91 m 
during span of 3 years 
experimentation.
• There was no increase in 
the net salinity in 
groundwater beneath the 
plantation.
• Sinker root of 4.40 m 
depth was recorded and the 
groundwater table depth 
was found to be 4.70 m 
indicating that the plant 
acquired water from the 
groundwater table through 
capillary fringe. 

2. Eucalyptus tereticornis 
(clonal) (Ram et al. 2008) 

Ridge planting in strips 
along bunds

• The average drawdown 
of water table was 0.85 m 
3 years of eucalyptus 
plantations.
• Average rate of 
transpiration was 438 mm 
annually.
• Sinker roots were found 
up to the depth of 3.35 m 
indicating the tree drawing 
water from groundwater 
table. 

3. Eucalyptus spp., Prosopis 
juliflora, Callistemon 
lanceolatus, Melia 
azedarach, Terminalia 
arjuna and Pongamia 
pinnata (Toky et al. 2011) 

Based on the capability 
of drawdown of water 
table trees are classified 
into (a) Fast bio-drainers: 
Eucalyptus spp. and 
Prosopis spp. (b) Medium 
bio-drainers: Eucalyptus 

(continued)
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Table 28.3 (continued)

S. no. Tree species Plantation technique Salient points 

spp., Melia spp. and 
Callistemon spp. (c) Slow 
bio-drainers: Terminalia 
spp. and Pongamia spp.
• Overall reduction in 
groundwater table was 
20 cm. 

4. Eucalyptus spp. and 
Casuarina spp. 
(Chowdhury et al. 2011) 

Efficiency of Eucalyptus 
was found better than 
Casuarina spp. however, 
both the species are 
suitable for use in 
biodrainage plantations.
• Water table drawdown 
was 15–25 cm. 

5. Eucalyptus camaldulensis, 
Dalbergia sissoo and 
Acacia nilotica (Sharma 
2001) 

Canal side plantation 
along Indira Gandhi 
Nahar Project

• Excess seepage was 
checked through 
biodrainage plantation in 
6 years of time period. 

6. Eucalyptus spp. (Banyal 
et al. 2019) 

Block plantation and 
boundary plantation

• There was appreciable 
effect of Eucalyptus on 
drawdown of groundwater 
table in closer spaced 
block plantations 
compared to boundary 
plantation.
• Eucalyptus plantation 
resulted in improved 
physico-chemical 
properties of soil 
underneath the plantations 
than bare fallow adjoining 
areas. 

7. Eucalyptus camaldulensis, 
Eucalyptus fastigata, 
Eucalyptus rudis and 
Corymbia tessellaris (Bala 
et al. 2014) 

Raised bunds • Planting of these trees 
resulted in improved 
vegetation cover in 
waterlogged saline areas.
•Drawdown in water table.
• Eucalyptus rudis 
emerged best among other 
with respect to the growth, 
biomass and overall 
biodrainage potential. 

8. Prunus armeniaca, 
Populus nigra, Salix nigra, 
Catalpa bignonioides, 
Populus euphratica, 
Elaeagnus angustifolia, 
Tamarix androssowii, 

MPTs plantation • Elaeagnus angustifolia 
(Russian Olive) ranked 
highest showing faster 
growth and higher water 
use.
• Populus spp. and Ulmus 

(continued)



Ulmus pumila, Fraxinus
spp. and Morus alba
(Khamzina et al. )2006
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Table 28.3 (continued)

S. no. Tree species Plantation technique Salient points 

pumila emerged as ideal 
tree spp. in biodrainage 
models. 

9. Eucalyptus tereticornis 
(clonal) (Dagar et al. 2016) 

Block and twin row strip 
(staggered/continuous) 
plantations, spacing 1 × 1, 
1 × 2 and 1 × 3 m

• Water table drawdown 
was 43.0 cm in 1 × 1 m,  
38.5 cm in 1 × 2 m and 
31.5 cm in 1 × 3 m spacing 
in 4 year plantation.
• Rotation of 6 years, 
closer spacing of 1 × 1 m  
under strip plantation of 
Eucalyptus in paired rows 
on farm acre line was the 
optimum for achieving 
higher water table 
drawdown and other 
system benefits. 

28.19 Eucalyptus as Embryonic Biodrainage Tree Spp. in Haryana 
(Banyal et al. 2019) 

In Haryana, out of the total 4.42 m ha of area, more than 0.05 m ha is having shallow 
water table less than 1.50 m deep and is under critical condition. An additional 
0.38 m ha area has water table between 1.50 and 3.00 m, rendering it potentially 
waterlogged and saline land. Nine districts of Haryana state are suffering from 
waterlogging and salinity problem (Tribune 2016). Most of the existing and potential 
waterlogged saline areas occur in arid and semi-arid regions in central inland 
depression basin of the state, encompassing Rohtak, Jhajjar, Bhiwani, Hisar, Sonipat 
districts and some parts of Jind, Fatehabad, Sirsa and Palwal districts. Rohtak is the 
worst hit district in the state with 47.2% of its area falling under ‘potentially 
waterlogged category’ and 9.90% of the area covering under ‘waterlogged and 
saline’ area. This is because of the fact that alarming rise in the water table is causing 
threat to the highly productive agricultural land of the state. About 200 km long axis 
of arable land (mostly underlain by saline groundwater) comprising the districts of 
Jhajjar, Rohtak, Hisar, Fatehabad and Sirsa in Haryana forms an inland basin with no 
natural drainage. Introduction of canal irrigation has resulted in a chain of adverse 
social, agricultural, hydrological and environment changes in southwestern Haryana 
with the inland basin as its epicentre. The Eucalyptus plantations were done by the 
state forest department and farmers on large scale in waterlogged saline areas of 
Haryana. Two types of plantation models, i.e. block and boundary were commonly 
prevalent in the state. In pure blocks of Eucalyptus, the spacing was 1.5 × 3.0 m, 
1.5 × 4.0 m and 1.5 × 6.0 m and growing of intercrops was under wider spacing of



1.5 × 4.0 and 1.5 × 6.0 m in moderately and less affected areas. In boundary model, 
parallel ridges were constructed in the north-south (N-S) direction along the bunds of 
agricultural waterlogged fields and two ridges in the field 66 m apart on kila-lines 
(bunds separating one acre field area; 66 × 60 m). In single row, the spacing was 
1.50 m between plant to plant and 1.5 × 2.0 m and 1.5 × 1.5 m in parallel and 
staggered twin row strip plantations. 
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The Eucalyptus plantations were done in block and boundary plantation models 
successfully and gave significant increase in growth parameters (plant height, 
diameter at breast height-DBH) per cent current annual increment (CAI) in both 
the plantation models across the state. The plantation age on selected sites was 
varying from 2 to 5 years (Fig. 28.6). It is clearly seen from Fig. 28.6 that the major 
chunk of plant height and DBH was allocated to fifth year of plantations followed by 
fourth, third and second year. Plant height showed higher values compared to DBH 
in fifth, fourth and third year. But the trend was reverse during the second year of 
plantation. The increase was consistent from second to fifth year of plantation age. It 
is true for the obtained results as per the existing growth pattern of trees in close 
spacing under block model and with the ageing of plantations. 

The Eucalyptus plantations showed direct impact in drawing down the water table 
in waterlogged soils. The higher drawdown was observed in block model than the 
boundary model. There were significant improvements in soil quality by higher 
values of soil organic carbon, nitrogen, phosphorus coupled with lower soil electrical 
conductivity and pH underneath Eucalyptus plantation compared with bare saline 
waterlogged areas. The presence of organic carbon, nitrogen and phosphorus 
increased with the advancing of plantation age from second to fifth year. 

Fig. 28.6 Growth increment trends of Eucalyptus plantations across the age gradations in water-
logged saline soils in Haryana
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Fig. 28.7 Soil stability 
trends under the influence of 
Eucalyptus plantations 

The soil aggregate stability was analysed through high energy moisture 
characteristics (HEMC) method. The stability ratio increased from 0.65 in agricul-
ture land to 0.87 underneath boundary and finally 0.91 in block plantation models, 
indicating the significant increase in the stability of soil under erosive processes 
(Fig. 28.7). It is recommended from the present investigation on soil stability that 
Eucalyptus trees are the main source for having the stable soil structure to rehabili-
tate the waterlogged saline ecology in better and long-term effective way (Plate 
28.2). 

Social acceptance of Eucalyptus is an issue because of various myths at farmers’ 
level in the state. Therefore, efforts have been made to work out the status of the 
social acceptance of Eucalyptus plantations under biodrainage technology with the 
help of well-structured and pre-tested interview schedule. It has been observed that 
farmers were in deep distress and forced to leave the farming and migrated to nearby 
cities to earn livelihood in severely affected waterlogged saline areas of Fatehabad,

Plate 28.2 Eucalyptus based biodrainage models in waterlogged saline landscapes



Sonipat, Rohtak and Hisar districts. Some farmers were hopeful their lands will be 
improved by planting Eucalyptus. Every farmer has one question to the survey team 
that after how many days, months and years, the land will become cultivable for 
agronomical and other crops. This question is still remained unanswered.
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The provisioning of ecosystem services obtained from Eucalyptus plantations and 
technical knowledge of the plantation was also tested and the responses were 
categorized into moderate (40.3%) followed by low (25.4%), no (20.6%) and high 
(13.7%) group and in high (46.5%) followed by no (31.3%), low (16.8%) and 
moderate (5.61%) categories, respectively. Farmers were having good knowledge 
about the plantation technique in biodrainage. Overall, the provisioning of ecosys-
tem services and farmers knowledge about biodrainage was grouped in moderate 
and high category as per the existing awareness of the respondents. The farmers gave 
mixed response about the social acceptability of Eucalyptus as biodrainage species. 
In areas where the problem was not intense then farmer showed their reluctance for 
Eucalyptus and vice-versa. Farmers also want some other high evapotranspirative 
tree species that may be multipurpose and/or fruit trees. However, it has been found 
to be boon for moderately and severely affected areas of the Haryana state for its 
reclamation and productive outputs. Eucalyptus emerged as potential option which 
needs to be promoted for eco-friendly remediation and in improving the livelihood 
security of waterlogged saline areas of the state. 

28.20 Eucalyptus Based Biodrainage Models (Dagar et al. 2016; 
Ram et al. 2011) 

The first systematic and successful Eucalyptus based biodrainage model was devel-
oped at village Puthi in Hansi block of Hisar district, Haryana. It is known world-
wide as successful plantation model for lowering of water table through Eucalyptus 
plantations. Before the Eucalyptus plantations, the water table was 2–3 ft and 
lowered down to >15 ft in span of 10 years and farmers are now practising wheat-
rice rotation with significant yield with additional tangible and non-tangible benefits 
of plantations.

• Standardized the planting spacing of Eucalyptus as biodrainage plantations 
favouring the drawdown of groundwater table.

• The average transpiration rate of Eucalyptus in block plantation was 40.0 L day-1 

tree-1 compared to 68.0, 71.5 and 73.8 L day-1 tree-1 in 1 × 1, 1 × 2 and 1 × 3 m  
tree spacing in strip plantation under boundary model.

• Total amount of water transpired per annum was 1825 mm in block plantation and 
745, 391, 269 mm in 1 × 1, 1 × 2 and 1 × 3 m tree spacing. Water table was 
lowered by 43.0 cm in 1 × 1 m, 38.5 cm in 1 × 2 m and 31.5 cm in 1 × 3 m spacing 
during the fourth year of plantation than adjacent fields without plantation.

• Benefit–cost ratio of strip plantations at the discounted rate of 12% of first rotation 
(5 years and 4 months) in boundary model was 3:1 against 1.3:1 of agricultural 
crops in Haryana and projected to be many-fold for next 3–4 rotations.
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Plate 28.3 Eucalyptus in parallel strip row boundary plantation model at Puthi, Hisar

• The yield of wheat grains was 3.34 times higher than the yield in the adjacent area 
without biodrainage plantation.

• Block model lowered the g.w.t. effectively with substantial biomass but provides 
economic returns after a gap of 6 years, therefore may not be preferred by the 
farmers.

• Rotation of 6 years in 1 × 1 m spacing (twin row strip plantation) on farm acre line 
was the optimum for achieving higher water table drawdown, biomass, carbon 
sequestration and crop yield from waterlogged saline areas of the state and 
preferred by the farmers (Plate 28.3). 

28.21 Potential of Willow as Biodrainage Tree Spp. in Semi-arid 
Region 

Willow tree is capable of producing high biomass as it utilizes maximum soil water 
for its growth and development. It would be possible alternative to Eucalyptus in 
waterlogged saline areas especially in semi-arid regions. The experiment was done at 
ICAR-CSSRI to find out water bio-drained potential of four (J799, SI-64-017, 
131/25 and PN731) 2 year aged identified clones in closed Lysimeter (microcosm) 
conditions by simulating three scenarios of waterlogging coupled with non-saline 
water in scenario 1.0 (ECiw <1.0 dS/m), low saline water in scenario 2.0 (ECiw 
4 dS/m) and high saline water in scenario 3.0 (ECiw 10 dS/m). Results showed that 
all the three scenarios of waterlogging and salinity had significant effect on growth 
attributes and biodrainage potential of the four Willow clones. The performance of 
clones under scenario-1.0 was better than scenario 2.0 and 3.0 in terms of the growth, 
physiological parameters and water bio-drained. Clone J799 outperformed than the 
other three clones by registering the highest per cent increments in plant height 
(3.87%, 14.5% and 17.6%), collar diameter (6.37%, 14.6% and 17.1%), longest 
branch (10.5%, 17.2% and 22.0%) and crown spread (14.7%, 31.8% and 38.6%) in 
three seasons, respectively. Whereas clone PN731 registered minimum per cent 
increments in growth attributes (Plate 28.4).
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Plate 28.4 Willow clones in lysimeter setup 

Results suggested that the growth increments showed decreasing trend with the 
increase in the salt load. The clone J799 also showed better photosynthetic activity 
and higher transpiration rate in all the simulated scenarios. The total water 
bio-drained on season basis by Willow clones was calculated and presented in 
Fig. 28.8. Clone J799 displayed highest biodrainage potential in terms of water 
bio-drained on season basis (287, 487 and 651 mm) as well as annual basis 
(1425 mm), followed by clone 131/25, SI-64-017 and PN731. The total 
bio-drained water after 1 year was recorded highest in scemario-1.0 (1888 mm)

Fig. 28.8 Water-biodrained potential of Willow clones



and lowest in scenario-3 (561 mm). Overall, clone J799 showed higher amount of 
water bio-drained in terms of biodrainage under twin situation of waterlogging and 
salinity compared to rest of the three clones. Henceforth, willow tree clone J799 
could be viable option for managing the waterlogged saline landscapes for achieving 
the ecological and environmental sustenance (Neha et al. 2022). The amount of 
water bio-drained is comparable to Eucalyptus and it can be visualized that this 
species has the potential to come up in waterlogged saline areas in semi-arid regions.
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28.22 Impediments in Using Trees for Managing Waterlogged 
and Saline Soils 

Biodrainage is economically viable and ecological sound technology globally. 
However, use of trees on waterlogged saline landscapes would certainly go with 
some limitations. However, when one looks into the scenario on long-term basis, 
then it is quite certain that the benefits will overcome the limitations. The prominent 
limitations which one may encounter while reclaiming the waterlogged saline soils 
with trees are enlisted here as under: 

(a) It needs large portion under tree plantations for higher drawdown rate in 
groundwater table and thus not suited to areas where land is scarce and 
expensive. 

(b) Due to prevailing harsh conditions in such landscapes, establishment of trees 
might be nightmare in initial stages. Hence, the early care of the trees in such 
cases is of utmost significance. 

(c) During the initial years, it is evident that the plantation might not be so much 
effective in drawdown of groundwater table. Therefore, little patience is 
required when adapting biodrainage as an option of reclamation. 

(d) When trees are planted in close proximity, then it is somewhat natural occur-
rence of the competition with other companion flora for sunlight, nutrients, 
water requirements, space which ultimately affects the overall growth of the 
planted trees in biodrainage models. 

(e) Similarly, when the trees have attained maturity or rotation age, then their 
efficiency to bio-drain excess water from the ground will also get reduced. 

(f) With increased evapotranspiration, there are high chances of salt accumulation 
in the upper soil profile, depleting the growth and hindering the overall produc-
tivity of the site. 

(g) There is dearth of successful biodrainage models specific to agro-ecological 
regions. Only, limited Eucalyptus based models are available that too for low 
and moderately affected waterlogged saline sites. 

(h) The efficiency of the biodrainage technique in managing waterlogged saline 
soils depends on the groundwater salinity and it is not workable when salinity 
goes beyond 12 dS/m due to salt accumulation underneath tree plantation strips 
(Kapoor and Denecke 2001).
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(i) Some adverse effect of trees in the form of release of toxic chemicals (allelopa-
thy) on companion crops may be agronomical conventional crops. However, 
this point was confronted by Ram et al. (2011) that the allelopathic chemicals 
released by Eucalyptus got neutralized and thus could not affect the crops as 
well as existing soil microflora. 

(j) Willingness and motivation are also among one of the common limitations in 
success of biodrainage especially in small land holding farmers. They are not 
willing to spare larger area for tree plantation. 

28.23 Future Research Domains in Tree Adaptive Mechanisms 
in Biodrainage Technology 

28.23.1 Tree Water Use 

(a) Wide variations are reported in tree water use values. Transpiration rates depend 
on climatic conditions, type and age of tree species, size of plantation, density of 
tree plantations (spacing), soil moisture regime, etc. So, there is need to ponder 
upon to accurate designs and criteria for biodrainage tree plantings as per the 
regional suitability. 

(b) Eucalyptus is mainly used in biodrainage which necessitates to study that it has 
special features in terms of rooting and stomatal conductance besides physical 
and physiological adaptability. Do Eucalyptus and similar transpiring plants 
continue to transpire indefinitely or would there be gradual decrease in effec-
tiveness of the trees in their capacity for consuming water and the response 
mechanism therefore? 

(c) Density of tree plantings for biodrainage should aim at maximum evapotranspi-
ration per unit area. So, still we do not have the exact number of plants 
maintained per unit area for specific drawdown of water table in unit time. 
However, some location specific models are in place which needs further 
validation. 

(d) What other plant species could be considered for use in biodrainage besides 
Eucalyptus? It is still a big question to solve that which other potential tree 
species other than Eucalyptus can be boon for such soils. At ICAR-CSSRI, a 
work on exploring the possibility of Salix spp. has been initiated to find out its 
establishment, growth, physiological, biochemical and evapotranspiration 
potential in controlled environment. There is need of such experimentation to 
diversify the tree kitty suitable for managing these soils. 

(e) It is need of the hour to work on integrated approach of biodrainage with 
conventional engineering and traditional methods of drainage to have longer 
duration functional models for using waterlogged saline soils in productive 
perspectives.
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28.23.2 Salt Uptake and Tolerance 

(a) Research is required on the mineral absorption by trees and salt-tolerant crops 
and the soil salt balance. 

(b) Growth of trees and salt-tolerant crops in relation to increase in salt levels in 
biodrainage systems affecting the evapotranspirative capacity requires detailed 
assessment and should be explicitly related to tree species’ variety. 

(c) Below a bio-drain, viz. trees, salt may accumulate and redistribute in the soil 
profile and also in the groundwater. This process is not well known and needs 
more study. 

28.23.3 Sustainability 

(a) Issue of salt accumulation and the longevity of deep-rooted tree plantings in 
shallow water table conditions continue to be a topic of discussion. A mecha-
nism for salt removal from the root zone of deep-rooted plants is critical for the 
long-term survival of plants growing under these conditions. To overcome this 
problem, a mechanism should be worked out either on conventional drainage or 
natural deep drainage for maintaining the salt balance in the tree growing zone. 

(b) Modelling of salt dynamics under tree plantations is important to provide field 
practitioners with guidelines on establishment and management. Sound data sets 
(soil salinity, soil water content, water table levels, piezometric levels) based on 
proven measurement techniques are important to validate these models and to 
test hypothesis on sustainability. It requires long-term investigation 
programmes. 

(c) Standardized approach is required to allow inter-site comparison. Positive 
environmental benefits of biodrainage systems lack recognition in general and 
should be paid more attention for percolating the information to wide arena of 
audience including planners, designers and project implementers. 

(d) Effectiveness of trees as biodrainage system depends on socio-economic 
conditions. So, collaboration of the local rural farming families is to work out 
which is otherwise adamant to its adoptability because of lack in knowledge on 
biodrainage aspects. 
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Abstract 

Sandalwood (Santalum album L.) is a high-value tree species known for its 
fragrant wood and oil and has been widely used in traditional medicine, 
cosmetics, and religious ceremonies. Over the years, the demand for this species 
is increasing which needs for commercial plantation of this species beyond its 
natural habitat especially in the agroforestry systems. The sandalwood is a root 
hemi-parasite and is unable to absorb the water and most of nutrients (macro- and 
micro-nutrient) required for its growth directly from the soil due to lack of root 
hairs. Thus, a suitable host is required to improve the growth, survival, and yield 
of sandalwood as the transfer nutrients between sandalwood and host also depend 
on the particular host species. Simultaneously, in recent years, the soil salinity is 
increasing at a very fast pace leading to think about the establishment of sandal-
wood plantations in the saline environment. However, it is imperative to have the 
knowledge about tolerance of sandalwood to salinity stress with particular host, 
including its morphological, physiological, and biochemical responses along with 
haustorial anatomy, as sandalwood responds differently toward its hosts at the 
molecular level. Moreover, the transfer of nutrients between sandalwood and host 
also depends on the particular host species. Overall, the potential for sandalwood 
to thrive under salinity stress conditions can offer an opportunity for timber 
growers to diversify their crops and contribute to sustainable land use practices. 
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29.1 Introduction 

Sandalwood belongs to family Santalaceae of genus Santalum, is second most 
expensive wood in the world right after African Blackwood, and is used for the 
industrial manufacture of various products (Viswanath 2014; Rashkow 2014). 
Across the globe, 18 sandalwood species belonging to genus Santalum have been 
reported, and among them, the Indian sandalwood (Santalum album L.) and 
Australian sandalwood (S. spicatum) have been observed to be economically impor-
tant and most prominent species. In India, sandalwood (S. album L.) occupies 
around 9600 km2 area (Gairola et al. 2007), 90% of which occurs in Karnataka 
and Tamil Nadu state (Jeeva et al. 1998), and remaining in the discrete pockets of 
Northern India (Jain et al. 1998; MoEFCC 2012). Indian Sandalwood is considered 
as one of the most valuable species, because it yields a high-quality aromatic oil 
(up to 6%) rich in santalols (up to 90%), obtained from its heartwood, and used in the 
medicinal, perfumery, and aromatic industry (Burdock and Carabin 2008; Baldovini 
et al. 2011). The annual global demand for sandalwood is estimated to be between 
6000 and 7000 metric tonnes. India roughly produces 200 tonnes of sandalwood per 
year, while 400 tonnes is produced in other countries, resulting in a gap of nearly 
5400 tonnes (Viswanath and Chakraborty 2022). At present in India, there is an 
immense potential for cultivating sandalwood at large scale to meet both domestic 
and global demand of its products. 

Sandalwood tree is a root hemi-parasite that depends on host plant to supply 
nutrients and water through haustorial connections, especially during the early stages 
of development, as it absorbs less (<30%) material from the natural environment. 
The term “haustorium” refers to a collection of well-defined structural and physio-
logical links that connect the conductive systems of the xylem, phloem, or both, and 
facilitate parasitic plants by feeding them with water and minerals (Mower et al. 
2004; Aly et al. 2011). S. album is an aggressive hemi-parasite with 70% of 
seedlings able to generate haustoria within 30 days after germination (Nagaveni 
and Srimathi 1985). Species lacks root hairs, and in absence of the host, the 
deficiency of various essential elements, such as N, P, K, S, Ca, Mg, Fe, Zn, and 
Cu, may occur in plant tissues (Srikantaprasad et al. 2022). In nature, as many as 
300 species can act as host of sandalwood, which plays a significant role in 
maintaining the growth of sandalwood (Radomiljac et al. 1998; Nagaveni and 
Vijayalakshmi 2003). Therefore, sandalwood can only be grown successfully with 
a suitable host, which makes the selection of host as the most important silvicultural 
factor affecting the establishment of sandalwood plantations (Radomiljac 1994). 
Moreover, sandalwood requires different host species under contracting edapho-
climatic conditions, especially under abiotic stress conditions. Since, photosynthesis 
and water-use efficiency of sandalwood largely depend on host plant response to



environmental conditions (Radomiljac et al. 1999a, b), hence, the cultivation of 
sandalwood becomes more complicated than the traditional monoculture plantations 
(Radomiljac 1998). Moreover, the selection and management of hosts remained one 
of the most important silvicultural research topics since the discovery of the parasitic 
nature of sandalwood (S. album) in 1871. Evidences have also indicated that 
different host species create contrasting differences in the various growth attributes 
of sandalwood (Radomiljac 1998; Sukarna 2002; Singh et al. 2018). Beside this, 
number of host plants, spacing between plants, and soil type also affect the growth of 
sandalwood (Gardner et al. 1991; Kasim 2002; Gomes and Adnyana 2017). Overall, 
the selection and planting of suitable host trees for sandalwood are immensely 
important to increase returns from the plantation investments (Rocha and 
Santhoshkumar 2022). 
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29.2 Growth Performance, Morphology, and Biomass 
Production of Sandalwood 

In nature, despite the preponderance of parasitic plants having a wide range of hosts, 
there is significant level of host choice in some parasitic plants (Surendran et al. 
1998). Similarly, the semi-root parasite sandalwood depends on host plant for 
nutrient and water supply, as it absorbs less material from the natural environment 
(Ouyang et al. 2016; Rocha et al. 2017). Sandalwood seedlings get their nutrition 
from the seed reserve at first, but in the later stages, they rely on their host species for 
water and nutrient requirement for performing the various growth processes. How-
ever, sandalwood photosynthesizes at its own, but the host is essentially required for 
its growth and development in the later stages (Ananthapadmanabha et al. 1984; 
Yadav et al. 2019). If sandalwood is not provided with any suitable host, the growth 
of the leaves is affected, and leaves turn yellowish or even chlorosis occurs which 
may lead to death of plant within 1 year (Surachman 1989). Simultaneously, 
inadequate understanding of host-parasite relationships makes regeneration and 
establishment to be problematic. Therefore, the selection of an appropriate host is 
essential for the successful establishment of sandalwood (Glatzel and Geils 2009; 
Srikantaprasad et al. 2021). Moreover, the growth pattern, morphological traits, and 
biomass production are considered to be best indicators of performance of sandal-
wood with a specific host (Surendran et al. 1998). 

In nature, a large number of species can be utilized as the host; however, each host 
species has different affinity to assist in the growth and development of the sandal-
wood (Table 29.1). Good host have a better capability to provide nutrient to the 
sandalwood leading to better growth, morphology, physiological processes, and 
haustorial connection. For instance, in a 24-month-old sandalwood plantation 
Padmanabha et al. (1988) demonstrated that among 30 different host forest species 
only 10 species, namely Terminalia alata, Casuarina equisetifolia, Terminalia 
arjuna, Melia dubia, Wrightia tinctoria, Acacia nilotica, Pongamia pinnata, 
Dalbergia sissoo, Cassia siamea, and Bauhinia biloba are recognized as the best 
host. Taide et al. (1994) recommended Casuarina equisetifolia followed by



(continued)

588 K. Verma et al.

Table 29.1 Suitable host for sandalwood 

Suitable host Remarks Sources 

Terminalia alata, Casuarina 
equisetifolia, Terminalia arjuna, 
Melia dubia, Wrightia tinctoria, 
Acacia nilotica, Pongamia pinnata, 
Dalbergia sissoo, Cassia siamea and 
Bauhinia biloba 

6- to 24-month-old plantation; 
better height and biomass 

Padmanabha et al. 
(1988) 

Desmanthus virgatus, Crotalaria 
juncea L. and Alrernanthera cv 

26-week-old seedling to 4-year-
old plantation; enhanced 
survival and growth 

Fox et al. (1996) 

Casuarina equisetifolia and 
Terminalia catappa 

Better growth Taide et al. (1994) 

Sesbania formosa, and Alternanthera 
nana 

287 days old seedling; better 
survival and growth 

Radomiljac et al. 
(1998) 

Sesbania formosa 38 week seedlings; higher root-
shoot dry weight, stem 
diameter, height, and leaf area 

Radomiljac et al. 
(1999a, b) 

Acacia acuminata Santalum spicatum seedlings; 
higher plant survival 

Brand et al. (2000), 
Brand (2013) 

Acacia saligna, A. acuminata Santalum spicatum seedlings; 
enhanced survival and diameter 
increment 

Brand et al. (2003) 

Cajanus cajan Higher survival per cent (80%) 
and height increment 

Dutt and Verma 
(2004) 

Mimosa pudica, Alternanthera 
sessilis 

Better growth, haustorial 
formations, and nutrient status 

Annapurna et al. 
(2006) 

Dalbergia sissoo Enhanced growth Guleria (2013) 

Casuarina equisetifolia High number of haustoria 
(44 live, 6 dead) 

Rocha et al. (2014) 

Acacia confusa, Dalbergia odorifera Higher number of shoots, 
number of roots and haustorial 
biomass production 

Lu et al. (2014) 

Mimosa pudica Better growth and 
morphological parameters 
along with large-sized haustoria 

Deepa and Yusuf 
(2015) 

Cajanus cajan Enhanced growth, chlorophyll 
content, and seedling quality 
index 

Mohapatra et al. 
(2018), Mohapatra 
and Anil (2022) 

Ocimum sanctum, Cajanus cajan Better growth and development Das and Tah (2016) 

Alternanthera sp., Casuarina 
junghuhniana 

Greater number of haustorium 
and better growth parameters 

Gomes and 
Adnyana (2017) 

Citrus aurantium, Punica granatum For initial 6–7 years, the 
survival, collar diameter, crown 
size, height, and clear bole of 
S. album were observed 
maximum with the host 
P. granatum for the long-term 

Singh et al. (2018)



Terminalia catappa as a best sandalwood host in pot condition among the selected 
15 host species. Similarly, Mohapatra et al. (2018) evaluated 14 different primary 
host plant species and showed that Cajanus cajan to be best primary host to produce 
highest seedling height (42.23 cm), collar diameter (3.83 mm), leaf number (50.14), 
branch number (4.43), shoot biomass (7.48 g), root biomass (3.25 g), total biomass 
(10.73 g), and seedling quality index (0.80) in the sandalwood, while the sandal-
wood plants without any host showed poor growth performance. The haustorial 
connection of sandalwood seedling with the bad host can eventually lead to the death 
of the plant. For example, within 2 years of establishment, every sandalwood 
seedling connected to the host Eucalyptus loxophleba died (Brand et al. 2000). 
Moreover, there is a general consensus that growth rate of naturally grown sandal-
wood (without any fertilisation), is significantly higher compared to planted sandal-
wood. This disparity can be primarily attributed to the existence of multiple host 
plants, which offer enhanced nutrients for the optimal growth of sandalwood 
(Sukarna 2002).
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Table 29.1 (continued)

Suitable host Remarks Sources 

Acacia saligna Santalum acuminatum 
seedlings; increased plant 
biomass, haustorial size and 
frequency, root mass ratios, 
δ15N and δ13C isotope 
signatures 

Nge et al. (2019) 

Crotalaria retusa, Mimosa pudica During nursery stage; higher 
number of leaves, plant height, 
and collar diameter 

Nakandalage et al. 
(2021) 

Sesbania grandiflora, Albizia 
lebbeck, Casuarina junghuhniana 

Enhanced growth (height and 
basal diameter) 

Balasubramanian 
et al. (2021) 

Cymbopogon nardus, Melaleuca 
cajuputi 

Increased height, diameter, 
number of leaves, and number 
of haustorium in the 
sandalwood 

Tefnai et al. (2021) 

Prosopis juliflora Eleven-year-old plantations in 
the northern dry zone of 
Karnataka; enhanced growth 
and increment of tree with 
increased chlorophyll, soluble 
sugar, and free proline content 
in leaves 

Srikantaprasad et al. 
(2022) 

Melia dubia, Dalbergia sissoo, 
Azadirachta indica 

Suitable host Verma et al. (2023) 

Moreover, among the nitrogen fixing and non-nitrogen fixing hosts, generally the 
nitrogen fixing hosts such as Sesbania formosa (Radomiljac et al. 1999a, b), Acacia 
acuminata, Allocasuarina huegeliana (Brand et al. 2000, 2003), Dalbergia sissoo 
(Guleria 2013), Sesbania grandiflora (Balasubramanian et al. 2021), Cajanus cajan 
(Mohapatra and Anil 2022) lead to significantly higher growth and development



(height, diameter, root and shoot dry weight, stem diameter, height, and leaf area) as 
well as haustorial number and size. Radomiljac et al. (1999a) found that the after 
38 weeks the higher growth and lower root: shoot ratio in sandalwood were recorded 
with N2-fixing hosts, compared to non N2-fixing host. Similarly, Annapurna et al. 
(2006) demonstrated that sandalwood seedlings in general exhibited better growth 
with N2-fixing hosts species. Simultaneously, the large number of haustorial 
formations was observed with a N2-fixing hosts species (M. pudica), thus signifi-
cantly enhancing the nutrient status and growth of S. album seedlings. Moreover, Lu 
et al. (2014) indicated that the higher number of shoots, number of roots and 
haustorial biomass production in sandalwood with the N2-fixing hosts compared to 
non-N2-fixing hosts. However, the growth of sandalwood parasitized with two 
non-N2-fixing hosts was observed to be significantly greater than the equivalent 
values of their parasitized treatments. Furthermore, Balasubramanian et al. (2021) 
also stressed that S. album grown with N2-fixing host performed better than the 
S. album grown with non-leguminous host. Among the N2-fixing host, the Sesbania 
grandiflora was the good host followed by Albizia lebbeck and Casuarina 
junghuhniana. Contrary, Gomes and Adnyana (2017) indicated that the nitrogen 
fixing host Sesbania grandiflora was found un-suitable as a nursery host whereas a 
greater number of haustorium and better growth parameters (number of leaves, 
diameter, plant height) of sandalwood with host Alternanthera sp. (28 haustorium 
per plant root) followed by host Casuarina junghuhniana (20 haustorium per plant 
roots). 

590 K. Verma et al.

Moreover, Nakandalage et al. (2021) also found that with the exception of hosts 
Mimosa pudica and Crotalaria retusa, non-leguminous hosts produced taller san-
dalwood seedlings than leguminous hosts. Simultaneously, the impact of hosts on 
parasite communities not only depends on what is parasitized but also when parasit-
ism occurs (Surendran et al. 1998). As, the early haustorial connection to an efficient 
host should improve sandalwood’s survival and growth under both nursery and field 
environment (Fox et al. 1996). Moreover, there are instances in which the short-term 
and long-term preferences for sandalwood host differ. For instance, Singh et al. 
(2018) revealed that for initial 6–7 years the survival, collar diameter, crown size, 
height, and clear bole of S. album were observed maximum with the host 
C. aurantium, compared to the other two hosts. However, for the long-term 
P. Granatum considered as a most suitable host plant. 

29.3 Physiological and Biochemical Parameters of Sandalwood 

Sandalwood performance is not only influenced by the host characteristics, such as 
slow-growing nature, lateral root system, and translocation of water and mineral 
nutrients, but also depends on the competition for above-ground resources such as 
light, which is crucial for its growth and various physiological processes 
(Doddabasawa and Chittapur 2021; Sahu et al. 2021). The physiological and bio-
chemical activities of the plants and haustorium act as a unidirectional physiological 
bridge between sandalwood and host vascular systems allowing for resource transfer



and releasing parasitic plants from many growth restrictions. Water, as an important 
regulator of various physiological processes, is measured using traits namely relative 
water content (RWC), water potential (p), and osmotic potential (s), which also 
explains how plants maintain or regulate the hydration of their cells to an optimal 
level (Pooja et al. 2019; Dhansu et al. 2021). However, lipid peroxidation has been 
employed as a marker in the selection of suitable plants because damage to the 
plasma membrane is frequently associated with electrolyte leakage and cell death 
under stress conditions (Lata et al. 2019). Moreover, altered physiological responses 
in terms of the imbalanced source-to-sink ratio, nutritional imbalances, and reduced 
enzymatic and metabolic activities also affected the rates of ion uptake, transport, 
and compartmentalization. Furthermore, gas exchange which is a crucial physiolog-
ical phenomenon, are directly influenced by several factors, including diminished 
leaf expansion, reduced chlorophyll content, decreased nitrogen content, impaired 
photosynthetic machinery, altered RuBPase activity, and senescence. Thus, under-
standing the link between the physiological parameters, such as water potential, 
osmotic potential, relative water content, chlorophyll content, and gas exchange 
parameters along with antioxidative enzymatic activities could contribute signifi-
cantly to deriving suitable plant–host relationships. Therefore, for the successful 
establishment of sandalwood plantations, it is important to understand the physio-
logical and biochemical interactions between the semi-parasite sandalwood and its 
host species. 
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The sandalwood responds differently toward its hosts at the molecular level, as 
evidenced by variations in the activity physiological and biochemical parameters 
(Table 29.2). For instance, Mohapatra and Anil (2022) depicted a clear shift in SOD 
isozyme bands and higher peroxidase activity in sandalwood in association with host 
Cajanus cajan as compared to host Alternanthera sp. and without any host. Gener-
ally, the water potential of the S. album tree was always found lower than that of the 
hosts in all types of sandalwood–host associations (Varghese 1997). However, 
Brand et al. (2000) found that the stem and leaf water potentials of sandalwood 
(S. spicatum) trees were either same or significantly lower than their paired hosts, at 
pre-dawn and midday. Whereas, among the hosts, the stem water potentials of 
Acacia acuminata were significantly lower compared to Allocasuarina huegeliana. 
Particularly, a good host leads to better physiological and biochemical activity in the 
sandalwood. Moreover, the complex interaction between parasite (S. album), and the 
host during the early growth phases leads to promote the sandalwood growth during 
the initial stage of plantation (Balasubramanian et al. 2021). Deepa and Yusuf (2015) 
indicated that sandalwood plants attached roots of host Mimosa pudica showed 
better growth (higher chlorophyll content, protein content, and carbohydrate con-
tent) compared to sandal plants attached with other hosts. Similarly, 
Balasubramanian et al. (2021) found highest photosynthesis rate of 
18.42 μmol m-2 s-1 and transpiration rate of 5.56 mmol m-2 s-1 in sandalwood 
with host Sesbania grandiflora followed by sandalwood + Albizia lebbeck and 
sandalwood + Casuarina junghuhniana with a photosynthetic rate of 15.55 and 
15.49 μmol m-2 s-1 , respectively. Whereas Rocha et al. (2014) showed that the 
S. album trees growing with host C. equisetifolia showed 17.66 μmol cm2 s-1 carbon



Attributes host Source

assimilation rate in comparison to 15.13 μmol cm2 s-1 as observed in sandalwood 
grown without host plant. The pre-dawn plant water potential also showed less 
negative value (-0.85 MPa) in sandalwood planted with host plant compared to 
more negative WP (-1.27 MPa) without host plant, indicating that sandalwood tree 
depends on host plant for maintaining its water level and reducing the water stress. 
Furthermore, Ouyang et al. (2016) also identified that the highest net photosynthetic 
rate (10.52 μmol CO2 m

-2 s-1 ), transpiration rate (2.79 mmol H2O m-2 s-1 ), and 
stomatal conductance (0.21 mol H2O m-2 s-1 ) were also recorded in leaves of 
sandalwood planted with host Dalbergia sissoo with which sandalwood grew best. 
Lu et al. (2014) demonstrated that Santalum album grown with host Dalbergia 
odorifera had greater photosynthetic rates and ABA (abscisic acid) concentrations. 
Moreover, irrespective of host species, parasite S. album optimizes xylem sap 
extraction from its hosts by higher transpiration and lower water-use efficiency 
compared to the host plant. Simultaneously, foliage ABA concentrations were also
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Table 29.2 Influence of host on the physiological and biochemical attributes of sandalwood 

Bad/ 
Suitable without 

host 

Water potential (MPa) -0.9 -1.6 Brand et al. (2000) 

Water potential (MPa) -0.85 -1.27 Rocha et al. (2014) 

Carbon assimilation rate (μmol cm2 s-1 ) 17.66 15.13 

Photosynthesis rate (μmol CO2 m
-2 s-1 ) 52.59 20.80 Lu et al. (2014) 

Transpiration rate (mmol H2O m-2 s-1 ) 14.83 102.42 

Water-use efficiency (μmol/mmol) 44.34 91.35 

Net photosynthesis rate (μmol CO2 m
-2 s-1 ) 10.52 1.87 Ouyang et al. 

(2016)Stomatal conductance (mol H2O m-2 s-1 ) 0.21 0.04 

Intercellular CO2 concentration 
(μmol CO2 mol-1 ) 

304.10 319.20 

Transpiration rate (mmol H2O m-2 s-1 ) 2.79 0.80 

GS activity (μ mole γ-glutamyl hydroxamate 
min-1 mg-1 protein) 

0.88 0.24 Deepa and Yusuf 
(2015) 

Chlorophyll “a” (mg g-1 ) 0.79 0.50 Balasubramanian 
et al. (2021)Chlorophyll “b” (mg g-1 ) 0.47 0.20 

Total chlorophyll (mg g-1 ) 1.26 0.70 

Photosynthesis rate (μmol m-2 s-1 ) 18.42 5.56 

Transpiration rate (mmol m-2 s-1 ) 7.56 3.73 

Chlorophyll content (mg g-1 ) 3.29 1.08 Mohapatra and Anil 
(2022)Photoassimilation rate (IRGA) 18.35 10.31 

SOD activity (μg protein for 50% inhibition) 20.93 10.16 

POX activity (μg mg-1 protein) 11.30 3.09 

Water potential (MPa) -2.92 -3.81 Verma et al. (2023) 

Osmotic potential (MPa) -3.54 -4.63 

Proline content (mg g-1 ) 40.21 15.92



noted significantly higher in all hosts parasitized by S. album than in their unparasit-
ized counterparts.
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Moreover, apart from influence of the host plant on the physiological and 
biochemical parameters, the different abiotic stress such as cold stress (Zhang 
et al. 2017), and salinity stress (Verma et al. 2023) or application with different 
organic compounds (Liu et al. 2018; Zhang et al. 2019). Zhang et al. (2017) 
distinguished that the transcriptomic and physiological changes in sandalwood 
seedlings exposed to cold stress (4 °C for 0–48 h) and found no obvious morpho-
logical alterations. S. album seedlings displayed to prior 24 h of cold stress, but 
wilting in young leaves occurred as cold treatment prolonged from 24 to 48 h. 
Simultaneously, the activities of peroxidase (POD) and superoxide dismutase (SOD) 
showed continuously increasing trends, whereas the net photosynthetic rate, stoma-
tal conductance, transpiration rate, and water-use efficiency of sandalwood decrease 
with cold stress. Moreover, from 0 to 24 h, intercellular CO2 concentration (Ci) was 
maintained at a constant level, but at 48 h, it spiked sharply by 60–80%. However, 
Liu et al. (2018) stressed that the treatment of sandalwood plant with 1 mg L-1 BA 
treatment can enhance the net water-use efficiency and photosynthetic rate in 
sandalwood and also stimulate the accumulation of photosynthetic pigment 
(carotenoids, chlorophyll a, and chlorophyll b). Meanwhile, lipid peroxidation in 
sandalwood was inhibited greatly, whereas the activities of most antioxidant 
enzymes (peroxidase, catalase, and superoxide dismutase) were strengthened signif-
icantly. Similarly, Zhang et al. (2019) also noted the enhanced activities of antioxi-
dant enzymes, viz. APX (ascorbate peroxidase), SOD (superoxide dismutase), POX 
(peroxidase), and CAT (catalase) in sandalwood plant tissues after treating with 
1 mM salicylic acid (SA), and 1 mM methyl jasmonate (MeJA) or exposure to 4, 38 ° 
C temperature, and high light intensity. 

29.4 Nutrient Dynamics in Sandalwood 

The root absorbs nutrients primarily as inorganic ions from the soil solution and rate 
of their absorption is mostly determined by the soil solution concentration immedi-
ately surrounding the root. Sandalwood being a semi-parasite is unable to absorb the 
water and most of nutrients (macro- and micro-nutrient) required for its growth 
directly from the soil due to lack of root hairs. However, the extent of transfer varied 
depending on the host plant. The contribution of different nutrients from the host 
plant to sandalwood tree would be better when planted with more than one type of 
host plant (Gomes and Adnyana 2017). Lu et al. (2014) found significantly higher 
nitrogen content and total amino acid in sandalwood grown with the good host 
compared to bad host. However, there may be a significant decrease in root N of 
parasitized host D. odorifera compared to its unparasitized plants. Similarly, Rocha 
et al. (2014) in a 6-year-old field grown sandalwood tree demonstrated higher leaf 
nutrient content was recorded in Santalum album with host Casuarina equisetifolia 
(N = 2.65%, P = 0.24%, K = 2.31%) compared to sandalwood tree planted without 
host plant (N = 2.48%, P = 0.16%, K = 1.68%) and suggested that host plant



supplemented the N, P, and K requirement of sandalwood trees through haustorial 
connections. However, the major impact of host plant was observed in increasing 
potassium (K) content of sandalwood tree. As sandalwood depends mainly on host 
plant for maintaining the plant water level and reducing water stress, the high 
potassium content of sandalwood leaf played a significant role in regulating these 
processes. 
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Particularly, the association of S. album with N2 fixing hosts improved the total 
nitrogen, carbon, phosphorus, potassium, fructose, and malic acid contents in xylem 
sap of sandalwood (Radomiljac et al. 1998). Specifically, water potential of sandal-
wood remains lower than its host, which allows it to obtain water and nutrients from 
the host through well-developed haustorial connections (Srikantaprasad et al. 2022; 
Ma et al. 2005). Simultaneously, still sandalwood has an ability to directly draw the 
nutrient from the soil. For instance, Rao (1933) demonstrated that the sandalwood 
tree depends on its hosts for N, P, and K, while Ca and Fe appear to be directly 
derived from the soil. Contrary, Iyengar (1965) revealed that sandalwood tree 
depends on the hosts for N and P, while Ca and K are directly absorbed by roots 
from the soil. Simultaneously, Ca:N ratio in the sandalwood tree may represent the 
balance of activity between root ends and haustoria. Moreover, the soil-plant 
analysis of spike diseased as well as healthy sandalwood plants revealed that Ca is 
absorbed directly from the soil by sandalwood trees in both scenarios. Similarly, 
Deval et al. (1975) found that Ca could be directly absorbed by the sandalwood 
roots, while phosphate, organic substances, amino acid, sugar, and mineral 
phosphates were drawn from the host plant. Varghese (1997) in a sandalwood-host 
study demonstrated that there was a translocation of carbon compound between 
sandalwood tree and hosts, depending on the host plant. 

29.5 Salinity Tolerance of Sandalwood 

Salt tolerance is a very complex, multi-response of molecular, biochemical, and 
physiological processes in plants. Although sandalwood leaves possess chlorophyll 
and is able to photosynthesize on their own, the species is not able to absorb the 
nutrient and water required for its growth and development, especially under abiotic 
stress condition (Zagorchev et al. 2021). Further, the salinity-induced ionic impact is 
continuous and long-term; therefore, the presence of excess sodium and chloride 
ions in the root zone alters the nutrients availability, absorption, and transport in the 
plant. Although a special structure, i.e., “Haustorium” in sandalwood establishes the 
structural and physiological linkage with host to support growth by providing water, 
minerals, proteins, and genetic material in the sandalwood (Mower et al. 2004; Aly 
et al. 2011). Mahesh et al. (2018) identified 53 new protein-coding genes which are 
well known to serve a protective function when subjected to various abiotic stresses 
such as drought and salinity. Previously, Fox and Millar (2001) suggested that 
S. spicatum can tolerate low to moderate salinity level. Similarly, S. album can 
tolerate slight (2–4  dS  m-1 ) to moderate (4–8  dS  m-1 ) salinity (WAC 2020). 
However, species are also known to show tolerance to drought, salt (Lake 2019),



and cold stress (Zhang et al. 2017) conditions. Verma et al. (2023) suggested that the 
growth of sandalwood is govern mostly by host species under both control and 
salinity stress. Under saline stress, the growth and biomass of sandalwood on the 
hosts M. dubia, D. sissoo, and A. indica decreased minimally. Hence sandalwood 
has enormous potential for cultivation in degraded saline soils with suitable hosts. 
Therefore, S. album plantations can be a viable way for the farmers to diversify 
resources in areas subjected to ever-increasing problem of soil salinity, but host 
selection is the crucial step in achieving success in establishing sandalwood under 
the saline environment. 
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29.6 Sandalwood Haustorial Characteristics 

Haustoria are bell-shaped structures that penetrate into host roots vasculature to 
absorb water, mineral, and nutrients. A typical haustorium has vascular tissue, 
collapsed layers, clasping folds, a central hyaline body, and an endophytic tissue 
through which transfer of essential mineral nutrient between host and parasite takes 
place (Zhang et al. 2012). Previous research work demonstrated that sandalwood is a 
xylem-feeding parasite relying on interfacial parenchyma to transport water and 
solutes (Tennakoon and Cameron 2006). However, sandalwood haustoria connected 
to different host’s roots may possess different internal structures (Rümer et al. 2007). 
Therefore, it becomes crucial to understand the functional anatomy of the sandal-
wood haustoria and the mechanisms through which the parasite is able to develop 
such close connections with its hosts to fulfill its water and nutritional requirements. 

The shape of the mature haustoria of S. album is bell-shaped (Tennakoon and 
Cameron 2006) or inverted conical flask-shaped (Zhang et al. 2012). The S. album is 
a xylem-feeding semi-parasite that depends on the interfacial parenchyma to transfer 
the water and solutes to S. album from the host plant (Tennakoon and Cameron 
2006; Zhang et al. 2012). Although haustorial suckers lack phloem (Ouyang et al. 
2016). Generally, mature haustoria are composed of the outer hyaline body (high 
metabolic activity) and a centrally located penetration peg (Tennakoon and Cameron 
2006). Although Zhang et al. (2012) suggested that mature haustorium consists of 
collapsed layer, clasping folds, an inverted flask-shaped form of the vascular tissue, 
endophyte tissue, and a hyaline body of the central region. The penetration peg 
pierces to the xylem of the host plant by the cell degrading enzyme activity or direct 
pressure (mechanical force) (Tennakoon and Cameron 2006; Zhang et al. 2012), 
which subsequently differentiate into a vessel member (Dobbins and Kuijt 1973). 
Although Ouyang et al. (2016) argued that black-stained material aids in penetration 
into the host root by creating a firm connection by liquid (water) tension. Moreover, 
Rocha et al. (2015), Tennakoon and Cameron (2006) stated that the transfer of the 
xylem sap could occur via the pits (vessels or tracheids) of host xylem elements. 

S. album haustoria went through enormous physiological and structural changes. 
Generally, the haustoria came within 30 days from the germination (Nagaveni and 
Srimathi 1985; Barrett and Fox 1997). As the proto-haustoria came into contact with 
the suitable host roots, it flattens against the surface (Tennakoon and Cameron 2006)



or spread out horizontally (Zhang et al. 2012). Afterward, the transition to young 
haustorium started, and dark staining (purple color) mucilaginous produced 
(Tennakoon and Cameron 2006). Although researchers had a variable stance on 
the role of dark-stained material. Baird and Riopel (1983) did not identify the role, 
according to Tennakoon and Cameron (2006) it helps in adhesion of the parasite 
tissue to the host, while, according to Ouyang et al. (2016), Heide-Jørgensen (1989) 
it helps in the host root penetration. A pre-attachment haustorium of 10 days old 
(about 45 days after germination) sizes about 1 mm in diameter, developed from the 
cortex of the parent root (Zhang et al. 2012). 
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Post-attachment, haustoria’s intrusive cells (finger-like projections) pierced the 
epidermis, cortex between the host cells, and extended up to the cambium tissue of 
the host root. Simultaneously, host root partly encircled by the cortical fold of the 
haustorium (Tennakoon and Cameron 2006) called the collapsed layer (Rao 1942) 
originated from the starch-containing cells (Yang et al. 2014). However, there are 
controversies about the function of these collapsed layers. As, it may be formed due 
to the internal pressure (Barber 1907) or disparity in the rate of growth of the central 
meristematic region and its peripheral parts (Rao 1942). Although according to Yang 
et al. (2014), the collapsed layer helps to efficiently assure that cell inclusion and 
energy concentrate at the inner meristematic region and are recycled to affect 
penetration. Moreover, it reinforces the physical connection between the haustorium 
and host root and for haustorial development provides supply space. Afterward, the 
penetration peg reached to the xylem of the host root and a thin ellipsoidal disc 
formed (Tennakoon and Cameron 2006). Generally, the vascular strand gradually 
appeared after 15 days of attachment (Zhang et al. 2012). Additionally, Zhang et al. 
(2012) stated that the haustorial gland in S. album haustoria was a regular feature 
when the haustorium came into contact with the host root surface contrary to other 
studies (Barber 1906; Rao 1942). 

Haustoria of S. album and host plant root have a close vascular connection (Rocha 
et al. 2015) made up of almost entirely of parenchyma (Tennakoon and Cameron 
2006; Ouyang et al. 2016; Zhang et al. 2012). Although the haustorium in the 
interface has three to four layers of cells, rich in the cytoplasm, and had a nucleus 
with evident nucleoli. Also, at the marginal zone of haustoria, many lysosomes of 
different sizes are present (Zhang et al. 2012). Moreover, the haustoria–host root 
connection is so intense that both became a single physiological unit (Rocha et al. 
2015). Though, apart from the vascular continuity, there may be a finger parenchy-
mal cell or a combination of both vascular continuity and finger parenchymal cells 
(Pate et al. 1990). Moreover, Rocha et al. (2015), Tennakoon and Cameron (2006) 
did not find any direct lumen-lumen xylem connection (luminal continuity). It 
suggests the absence of the mass flow of the salutes and presence of the selective 
across-membrane uptake from the xylem host plant to the of S. album (Tennakoon 
and Cameron 2006) (Fig. 29.1). 

Moreover, Zhang et al. (2012) suggested that S. album haustoria have the ability 
to synthesis the phytohormones necessary for haustorial development. Also, various 
endogenous hormone levels, viz. GA-like substances, abscisic acid, cytokinins, 
zeatin, zeatin riboside, and indole-3-acetic acid increase as haustoria attached to



host compared to unattached. Additionally, high auxin to cytokinin ratio leads to 
haustorial development in S. album. Also, auxin signal transmission may be crucial 
for the haustorial initiation, and GA-like substances play a pivotal role throughout 
the haustorial development (Zhang et al. 2017). Haustoria connected to the roots of 
different hosts may have different internal structures (Rümer et al. 2007; Ouyang 
et al. 2016), Ouyang et al. (2016) observed the differences in the interfacial region 
and internal structure between finger parenchymal cells and host root cells, vascular 
tissue, the reaction of host root cells and penetration modes. In D. sissoo and 
L. japonica, the finger parenchymal cells of haustoria penetrate the host roots 
through cell membrane fusion, pressure exertion, and the action of degrading 
enzymes. Conversely, in A. sinensis, the finger parenchymal cells of huastoria 
surrounded the host root cells, leading to self-digestion of the latter. Although the 
mature haustoria penetrate the root xylem of hosts D. sissoo and A. sinensis. Though, 
the haustoria that connected with D. sissoo had mature xylem while A. sinensis had 
not yet formed any vessel elements. Also, the finger parenchymal cells in the 
haustoria that connected with hosts D. sissoo and L. japonica roots were rich in 
organelles, including mitochondria, endoplasmic reticulum, and lysosomes (Ouyang 
et al. 2016). 
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Fig. 29.1 Association between sandalwood and the host species. (Adapted from Verma et al. 
2023)
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29.7 Conclusion 

Sandalwood presents a viable option for cultivation in saline soils and has the 
potential to become a high-value tree species which helps in sustaining the liveli-
hood of farmers in saline environment. However, its success in saline environments 
depends majorly on host species and salinity tolerance of the host species. Thus, it 
becomes imperative to select suitable host species that not only aid in providing the 
essential nutrient to sandalwood but also helpful to lower subsequent stress at 
molecular level. Overall, the high economic value of sandalwood and its increasing 
demand in the global market make it a promising investment for farmers in saline 
condition. 
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