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Foreword

The plant stresses are defined as responses describing a suite of molecular and cellular 
processes triggered by the detection by a plant of some form of stress. These can be 
abiotic such as water deficit, water-logging or flooding, extreme cold, frost, heat, 
salinity, sodicity, and metal and metalloid toxicity or biotic which are responsible 
for the damage done to an organism by other living organisms like herbivores or 
pathogens, bacteria, viruses, fungi, parasites, beneficial and harmful insects, weeds, 
and cultivated or native plants. It has been estimated that salinity and drought are 
expected to cause serious salinization of more than 50% of all available productive, 
arable lands by the year 2050. Extreme environmental events in the era of global 
climatic change further aggravate the problem and remarkably restrict the plant 
growth and development. We now have very high yielding crops, but these too are 
susceptible to abiotic stresses. Potential yield of economically important crops is 
drastically coming down every year just because of abiotic stresses. In view of this, 
improvement in crop stress responses is a big challenge. Understanding the mecha-
nisms by which plants perceive and transduce the stress signals to initiate adaptive 
responses is essential for engineering stress-tolerant crop plants. Systems biology 
approaches facilitate a multi-targeted approach, which involves the molecular parts 
of an organism and attempts to fit them into functional networks or models designed 
to describe and predict the dynamic activities of that organism in different 
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environments. Recent advances in biotechnology have changed our capabilities for 
gene discovery and functional genomics. While many of the functions of individual 
parts are unknown, their function can sometimes be inferred through association 
with other known parts, providing a better understanding of the biological system as 
a whole. High-throughput omics technologies facilitate the identification of new 
genes and gene function. The mechanisms underlying stress factors have long been 
the focus of research. Plants overcome environmental stresses by the development 
of tolerance, resistance, or avoidance mechanisms.

This book titled Plant Abiotic Stress Tolerance: Agronomic, Molecular and 
Biotechnological Approaches, edited by Dr. Mirza Hasanuzzaman, Professor of 
Agronomy in Bangladesh with a Ph.D. in Plant Stress Physiology and Antioxidant 
Metabolism from Japan; Dr. Khalid Rehman Hakeem, Associate Professor at King 
Abdulaziz University, Saudi Arabia, with specialization in Plant Ecophysiology, 
Biotechnology, and Molecular Biology; Dr. Kamrun Nahar, Associate Professor at 
Sher-e-Bangla Agricultural University, Bangladesh, with Ph.D. in Plant Abiotic 
Stress Physiology from Japan; and Dr. Hesham F. Alharby, Head of Plant Section, 
King Abdulaziz University, Saudi Arabia, presents a collection of 18 chapters. 
It presents the trends in plant abiotic stress tolerance: agronomic, molecular, and 
biotechnological approaches. The chapters included here provide detailed latest 
information. It will be a good guide for researchers working in the field of crop 
improvement, genetic engineering, and abiotic stress tolerance.

Chapter 1 deals with the maize production under salinity and drought condition: 
oxidative stress regulation by the antioxidant defense and glyoxalase systems. 
Authors have reviewed and discussed the present circumstances of maize produc-
tion and recent progress of varietal improvement for drought and salt tolerance 
emphasizing how ROS and MG are being regulated in a plant cell by the antioxidant 
defense and glyoxalase pathways. This chapter also focused on the recent approaches 
in attenuating oxidative stress in maize plants grown under salinity and drought. 
Chapter 2 focuses on plants’ behavior under soil acidity stress: insight into morpho-
physiological, biochemical, and molecular responses. This chapter reviews the 
mechanism of damage under acidity (H+ rhizotoxicity) stress on plants and also the 
recent approaches to improve growth and productivity under acidic condition, from 
the available literature. Chapter 3, titled as salinity: a major agricultural problem—
causes, impacts on crop productivity, and management strategies, uncovers 
decreased crop productivity due to salinity which is expected to elevate in the com-
ing decades. It is expected to pose severe threats to global food security in the future 
if the challenge is not properly directed. Authors present sustainable agronomic 
practices, deployment of molecular and functional genomic approaches here which 
can boost our understanding of salinity stress and create salt-tolerant traits in major 
field crops. These will potentially contribute to production and yield enhancement 
under elevated saline conditions. In Chapter 4, plant salinity stress tolerance in 
plants—physiological, molecular, and biotechnological approaches—has been 
dealt with considering the advances made in recent decades. The breeding for 
increased tolerance through gene transfer and the production of transgenic plants is 
considered an excellent and low-cost method. Perhaps the most valuable outcome of 
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the biotechnology program is to use molecular tools for the breeding programs. 
Identifying tightly linked molecular markers with the target gene and mapping on 
the chromosome is an important goal for cloning the genes and marker-assisted 
selection. Chapter 5 talks about water-deficit stress effects and responses in maize. 
This chapter describes the mechanism of drought resistance in plants on a morpho-
logical, physiological, and molecular basis. The development of crop varieties with 
increased tolerance to drought, both by conventional breeding methods and by 
genetic engineering, is given as an important approach to meet up global food 
demands with less water. Chapter 6 sheds light on the temperature extremes: impact 
on rice growth and development. In this chapter, authors have summarized the 
studies regarding the effect of temperature extremes on different growth stages of 
rice and discussed the possible strategies and opportunities for improving the rice 
tolerance to heat and cold stresses. Chapter 7 discusses submergence stress in rice: 
physiological disorders, tolerance mechanisms, and management. Authors mention 
that several transcription factors are involved in the negative regulation of genes to 
reduce the elongation. In escape strategy, ethylene-mediated factors are involved in 
elongation of internodal distance; they have also proposed the physiological and 
molecular approaches for enhancing the rice tolerance to flood-prone and rainfed 
lowland conditions. Chapter 8 deals with the oxidative stress and antioxidant 
defense mechanism in plants under salt stress. It presents studies emphasizing on 
the plant response to salinity stress through physical, biological, and DNA changes 
and its alterations to saline places by osmoregulation, ion homeostasis, apoplastic 
acidification, production of various antioxidants, several genes, hormonal conven-
tions, and production of stress-responsive proteins. According to the authors, inten-
sive exploration work on a combination of several control practices may lead to 
excellent crop yield in saline soils that might contribute significantly and efficiently 
to global food security. Chapter 9 titled as oxidative stress and antioxidant defense 
in plants under drought discusses the oxidative damage caused by the water deficit 
condition in plant and focuses on the production and scavenging system of ROS in 
plants. It also provides the details of production site of reactive oxygen species 
and their reaction with different cellular organelles. A comprehensive scavenging 
enzymatic and nonenzymatic types and their mode of action to neutralize the harmful 
effects imposed by drought stress are presented. Chapter 10 discusses the potential of 
reactive oxygen species metabolism and antioxidant defense in plants under metal/
metalloid stress. It is gaining enormous research interest as it limits crop production 
by harshly altering the physiology and biochemistry of plants. Authors have reviewed 
the recent reports on different molecular approaches of metal-/metalloid- induced 
stress tolerance strategies. Chapter 11 covers reactive oxygen species signaling in 
plants. Various aspects of reactive oxygen species and enzymes in plant response 
to stress regulation and metabolism are discussed here. Chapter 12 deals with the 
role of selective exogenous elicitors in plant responses to abiotic stress tolerance. 
This chapter summarizes the role of elicitors during stressful environments. Some of 
the signaling aspects through which the cell metabolism is modulated by these elici-
tors have also been discussed. A brief crosstalk mechanism of some of these exog-
enous elicitors during these environmental perturbations has also been covered. 
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Chapter 13 uncovers calcium-mediated growth regulation and abiotic stress toler-
ance in plants. Authors have focused on the role of calcium against devastating 
effect of abiotic stresses in plant growth, development, physiology, and yield. 
Recent information focused on the calcium-induced stimulation of plant growth and 
physiology as well as abiotic stress tolerance in plants has been presented at length. 
Chapter 14 deals with silicon—a sustainable tool in abiotic stress tolerance in 
plants. Silicon fertilizer provides economic as well as ecological benefits to plant 
growers. Authors enlighten the fact that concerted efforts in the area of silicon 
research can lead to its accelerated and improved application in the form of fertilizer 
for sustainable agriculture. Chapter 15 deals with the response of gerbera plants to 
different salinity levels and leaching ratios on soilless culture. This study has been 
carried out in order to determine the effects of different salinity levels and leaching 
ratios on plant growth, yield and quality, and water consumption of gerbera grown 
by soilless culture. In Chapter 16, crosstalk of nitric oxide and reactive oxygen 
species in various processes of plant development: past and present, nitric oxide is 
discussed as a regulator of many physiological processes including cell wall biosyn-
thesis, reactive oxygen species metabolism, stress-induced or constitutive gene 
expression, programmed cell death, ripening, and senescence. Chapter 17 evaluates 
the ameliorative capability of plant growth promoting rhizobacteria and arbuscular 
mycorrhizal fungi against salt stress in plants. Authors describe the causes of soil 
salinization and discuss potential impacts of salinity stress on plants as well as the 
action mechanisms of plant growth promotion and/or regulation. They are also 
highlighting their intrinsic traits that can be upscaled to increase their usefulness as 
a value-added product for stress agriculture. In Chapter 18, plant miRnome, miRNA 
biogenesis and abiotic stress response, has been discussed with current knowledge 
on miRNA biogenesis, mode of action, and the role of miRNA in abiotic stress 
response in plants.

This book includes a practical update on our knowledge on plant abiotic stress 
tolerance with special reference to agronomic, molecular, and biotechnological 
approaches. It will lead to new discussions and efforts to the use of various tools for 
the improvement of crops for abiotic stress tolerance.

Izmir, Turkey Münir Öztürk

Foreword
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Preface

Plants have to experience a series of environmental stresses throughout the entire 
life-span in terms of biotic and abiotic stress. Among these, abiotic stress is the most 
detrimental one that is responsible for nearly 50% of crop yield reduction, and it 
appears to be a potential threat to global food security in coming decades. Plant 
growth and development reduces drastically due to adverse effects of abiotic 
stresses. It has been estimated that crop can exhibit only 30% of their genetic poten-
tiality under abiotic stress condition. Therefore, this is a fundamental need to under-
stand the stress responses, thus facilitating breeders to develop stress-resistant and 
stress-tolerant cultivars along with good management practices to withstand abiotic 
stresses. Also a holistic approach to understand molecular and biochemical interac-
tions of plants is important to implement the knowledge of plant resistance mecha-
nisms under abiotic stresses. Agronomic practices like selecting cultivars that are 
tolerant to a wide range of climatic condition, planting date, irrigation scheduling, 
and fertilizer management could be some of the effective short-term adaptive tools 
to fight against the abiotic stresses. In addition, for long-term adaptation changes 
and alternations in plant molecular level, “system biology” and “omics approaches” 
in recent studies could bring some tremendous revolutionary modification in real-
izing abiotic stresses. The genetic approach, for example, selection and identifica-
tion of major conditioning genes by linkage mapping and quantitative trait loci 
(QTL), production of mutant genes, and transgenic introduction of novel genes, has 
imparted some tolerant characteristics in crop varieties from their wild ancestors. 
Recently, research has revealed the interactions between micro-RNAs (miRNAs) 
and plant stress responses exposed to salinity, freezing stress, and dehydration. 
Transgenic approaches to generate stress-tolerant plant are one of the most interesting 
researches until now.

The current book is presenting the recent development of agronomic and 
molecular approaches in conferring plant abiotic stress tolerance in an organized 
way. The abiotic stresses covered in this book include salinity, water deficiency, 
water submergence, and extreme temperatures. We have mentioned the strategies in 
use to mitigate these stresses by incorporating various approaches. These strategies 
include the application of silicon, AMF, and various exogenous elicitors. The book 
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is also highlighting the mechanism of action of these stress busters in order to 
increase their usefulness as a value-added product for stressed agriculture. The role 
of antioxidant enzyme machinery as a defensive feature has been broadly explained 
in this book. Besides, the current knowledge on miRNA biogenesis, mode of action 
and the role of miRNA in abiotic stress response in plants.

This is our opportunity to thank the authors who have given their time unselfishly 
to meet the deadlines for each chapter. We greatly appreciate their commitment. 
Our profound thanks also to Mr. Abdul Awal Chowdhury Masud, Ms. Khursheda 
Parvin, Mr. Sayed Mohammad Mohsin, and Mr. MHM Borhannuddin Bhuyan 
for their critical review and valuable support in formatting and incorporating all 
editorial changes in the manuscripts. We are also thankful to Prof. Münir 
Öztürk for his suggestions and writing the foreword for this volume.

We also thank Springer International team for their generous cooperation at 
every stage of the book production.

Dhaka, Bangladesh Mirza Hasanuzzaman 
Jeddah, Saudi Arabia  Khalid Rehman Hakeem 
Dhaka, Bangladesh  Kamrun Nahar 
Jeddah, Saudi Arabia  Hesham F. Alharby 
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About the Book

Abiotic stress is one of the major constraints for crop production in the era of climate 
change. Therefore, this is a fundamental need to understand the stress responses, 
thus facilitating breeders to develop stress-resistant and stress-tolerant cultivars 
along with good management practices to withstand abiotic stresses. Also, a holistic 
approach to understand molecular and biochemical interactions of plants is important 
to implement the knowledge of plant resistance mechanisms under abiotic stresses. 
Agronomic practices like nutrient management could be some of the effective short-
term adaptive tools to fight against the abiotic stresses. In addition, for long-term 
adaptation changes and alternations in plant molecular level, “system biology” and 
“omics approaches” in recent studies could bring some tremendous revolutionary 
modification in realizing abiotic stresses.

In the recent years, considerable progress has been made in improving crops for 
changing environments, and many reports have been published. This book contains 
18 informative chapters about the up-to-date knowledge on wheat responses and 
tolerance to various abiotic stresses written by 74 experts aiming to become a useful 
information tool for agronomists, plant breeders, and plant physiologists as well as 
a guide for students in the field of plant science and agriculture. Importantly, this 
book will lead to new discussion and efforts toward plant abiotic stress tolerance 
using agronomic and molecular approaches.
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 Introduction

Abiotic stress factors, particularly drought and soil salinity, are the major stresses 
limiting crop yields worldwide. The forthcoming global climate changes have been 
increasing the possibilities of higher mean temperatures, extreme seasonal weather 
patterns, and the frequency, intensity and duration of drought, as well as heat waves. 
At the same time, increasing soil salinity in coastal regions has focused attention on 
the possibility of crop damage in fields located in sea regions worldwide. These prob-
lems due to salinity and drought will affect the production of agricultural crops in the 
upcoming years, particularly in arid and semiarid regions (IPCC 2014). This situation 
is a great threat to ensuring food security for densely populated countries, because 
crops that have a higher yield but have lower adaptability to salinity and drought will 
need to be replaced by crops that have higher adaptive potential but are likely to have 
a lower yield. As a result, there is an urgent need to develop highly adaptive crops that 
also have a higher yield, in order to address both salinity and drought.

The primary effects of drought stress are changes in key biochemical and physi-
ological processes as a consequence of drought-induced osmotic stress, which may 
cause oxidative damage in most plants (Ashraf 2010). Salinity affects plant growth 
and development in two ways. First, it imposes osmotic stress by reducing the soil 
water potential, leading to limited water uptake. Second, it causes excessive uptake 
of ions, particularly Na+ and Cl−, that ultimately interfere with various metabolic 
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processes. Plant responses to the osmotic and ionic components of salt stress are 
complicated and involve many gene networks and metabolic processes (Hasegawa 
et al. 2000; Munns and Tester 2008). Such responses depend mainly on the inherent 
salt tolerance of the plant, the severity of salt stress (the concentration of salt in the 
soil solution), and the duration of the plant roots’ exposure to the salt. Both salinity 
and drought tolerance are complex traits, and plant breeders’ efforts to produce 
crops with higher yields have largely been unsuccessful because of mutagenic adap-
tive responses to these traits.

Both salinity and drought stresses have negative consequences for gas exchange, 
resulting in low CO2 assimilation for photosynthesis and consequently a significant 
reduction in electron transportation. As a result, reactive oxygen species (ROS) are 
generated, such as singlet oxygen (1O2), superoxide anions (O2

•−), hydrogen perox-
ide (H2O2), perhydroxy radicals (HO2

•), and alkoxy radicals (RO•) (Gill and Tuteja 
2010; Moller et al. 2007). Normally, generation of ROS is balanced with scavenging 
by various antioxidants (Foyer and Noctor 2005). This balance between the genera-
tion and scavenging of ROS is broken down by various biotic and abiotic stresses, 
including salinity and drought. At higher concentrations, ROS are highly reactive 
and cause damage to proteins, DNA, lipids, and carbohydrates, resulting in cell 
death (Fig. 1). As a result, accumulation of ROS under environmental stresses is the 
foremost reason for reduced productivity of crops (Mittler 2002; Apel and Hirt 
2004; Mahajan and Tuteja 2005). Methylglyoxal (MG) is a potentially cytotoxic 
compound, which can react with and modify other molecules, including DNA and 
proteins (Yadav et al. 2005a). It is an α-oxoaldehyde compound and is produced 
copiously under different abiotic stress via different enzymatic and nonenzymatic 
reactions (Singla-Pareek et al. 2008; Yadav et al. 2005a, b). Therefore, both ROS 
and MG must be detoxified, or dangerous increases of them must be prevented, to 
keep them below toxic levels for cellular survival under stressful conditions.

Plants possess efficient means for scavenging of ROS produced during various 
environmental stresses, including salinity and drought. This requires the defense 
mechanisms of both enzymatic and nonenzymatic antioxidants for cellular protec-

Fig. 1 General effects of reactive oxygen species (ROS) and methylglyoxal (MG) in plant cells under 
salinity and drought. 1O2, singlet oxygen; O2

•−, superoxide anions and H2O2, hydrogen peroxide
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tion (Choudhury et al. 2013). The enzymatic antioxidants include superoxide dis-
mutase (SOD), catalase (CAT), ascorbate peroxidase (APX), monodehydroascorbate 
reductase (MDHAR), dehydroascorbate reductase (DHAR), glutathione reductase 
(GR), glutathione peroxidase (GPX), and glutathione S-transferase (GST). The non-
enzymatic antioxidants include ascorbic acid (AsA), glutathione (GSH), phenolic 
compounds, alkaloids, nonprotein amino acids, and α-tocopherols (Apel and Hirt 
2004; Gill and Tuteja 2010). Cytotoxic MG is detoxified and GSH homeostasis is 
maintained via the glyoxalase (Gly) system (Yadav et al. 2005a, b), which consists 
of two enzymes: Gly I and Gly II. It has been reported that coordinated induction or 
regulation of both antioxidant and glyoxalase pathway enzymes are necessary for 
the plant to achieve substantial tolerance of oxidative stress (Singla-Pareek et al. 
2008; Saxena et al. 2011).

Maize (Zea mays L.) is a C4 plant belonging to the Poaceae family. Naturally, it 
is a cross-pollinated crop, and it is assumed to have adaptability due to improved 
photosynthesis, in comparison with C3 plants, but at the expense of reduced photo-
respiration (Kanai et al. 1999). As a result, maize has been thought to suffer the least 
oxidative stress. However, several studies have recently proved that maize suffers 
substantially from oxidative damage under abiotic stress, particularly under salinity 
and drought. At the same, efficient antioxidant defense, with an important role in 
ROS scavenging, has been reported in maize (Stepien and Klobus 2005). In 2015, 
Farooq et al. (2015) published a review highlighting osmoregulation and osmopro-
tection, ion homeostasis, apoplastic acidification, an antioxidant defense system, 
hormonal regulation, and molecular mechanisms in maize. They also recommended 
some management practices to reduce salinity-mediated damage. Since then, a good 
number of studies have demonstrated regulation of oxidative stress under salinity in 
maize, but they have been very scattered. At the same time, studies on antioxidant- 
mediated mitigation of oxidative damage under drought stress have yielded infor-
mation that has improved our understanding of oxidative damage. Therefore, this 
chapter focuses on recent approaches to attenuation of oxidative stress in maize 
plants grown under salinity and drought.

 General Situation of Maize Production Under Salinity 
and Drought

Globally, maize is the third most important crop. It is a versatile crop grown in a 
wide range of agroclimatic zones. In fact, the suitability of maize for diverse envi-
ronments is unmatched by that of any other crop. It is grown from below sea level 
to altitudes higher than 3000 m, in areas with 250 mm to more than 5000 mm of 
rainfall per year, and with a growing cycle ranging from 3 to 10 months (Sheikh 
et  al. 2017). According to the Food and Agriculture Organization of the United 
Nations (FAO 2016), in 2016 the total area of maize cultivation was 195.4 million 
hectares, with production of 1100.2  million tonnes and an average yield of 
5.63 tonnes per hectare (Fig. 2).

Maize Production Under Salinity and Drought Conditions: Oxidative Stress Regulation…
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Abiotic stresses such as salinity, drought, and extreme temperatures are responsible 
for up to a 50–70% decline in major crop production (Mittler 2006). In the world, more 
than 800 million hectares of land is affected by either salinity (397 million hectares) or 
sodicity (434 million hectares) (Munns 2005). Drought affects agricultural crops more 
than any other stress and is becoming even more severe in the world as a result of global 
climate change. Statistically, drought stress doubled globally from 1970 to 2000 
(Isendahl and Schmidt 2006). Therefore, it has become essential to develop crop variet-
ies for those problematic soils. With this view, understanding of the mechanisms of 
salinity and drought tolerance has allowed significant achievements in the development 
of saline-tolerant and drought-tolerant maize globally. Drought-tolerant maize hybrids 
and open-pollinated varieties (OPVs), developed by the International Maize and Wheat 
Improvement Center (CIMMYT) in collaboration with other partner organizations, 
have been reported by Aslam et  al. (2015). Recently, the Bangladesh Agricultural 
Research Institute (BARI) released two maize hybrids for cultivation in drought-prone 
areas of Bangladesh.1 However, development of maize varieties for saline soil has not 
yet been successful, although numerous attempts have been undertaken.

 Oxidative Stress in Maize

Both salinity and drought-mediated osmotic stress impel stomatal closure, resulting 
in low CO2 assimilation. The osmotic effect of salt outside the roots induces stomatal 
responses (Munns and Tester 2008). As stress becomes prolonged, photosynthetic 
inhibition occurs because of severe water shortage, complete stomatal closure, ion 
toxicity, nutritional imbalance, and membrane disruption, affecting a range of physi-
ological processes involved in cell metabolism (Munns 2002). The O2 molecule has 
two impaired electrons. This spin restriction makes O2 preferentially accept its 

1 Information collected from the Plant Breeding Division, BARI, Gazipur, Bangladesh.
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electrons one at a time, leading to generation of ROS, which can damage cells (Gill 
and Tuteja 2010). ROS are also produced continuously as by-products of various 
metabolic pathways that are localized in different cellular compartments such as the 
chloroplast, mitochondria, and peroxisomes (del Rio et al. 2006; Navrot et al. 2007). 
Molecular oxygen is essentially a relatively stable molecule and nonreactive to living 
cells. However, when triplet oxygen receives extra energy or electrons under envi-
ronmentally stressful conditions, it generates a variety of ROS, causing oxidative 
damage to cellular organs, including lipids, proteins, and nucleic acids. The most 
common ROS are 1O2, H2O2, O2

•−, and OH•. Triplet oxygen has two unpaired elec-
trons with parallel spins located in different orbitals. Upon receiving extra energy 
from a photosensitizer such as chlorophyll (chl), these two electrons show antiparal-
lel spin, increasing the oxidizing power of oxygen (singlet oxygen) [reviewed by 
Krieger-Liszkay (2004)]. When triplet oxygen receives an electron, it produces O2

•−, 
which generates H2O2 and OH• through a series of chemical conversions [reviewed 
by Apel and Hirt (2004)]. In photosynthesis, light energy is captured by photosys-
tems I and II (PSI and PSII) and used to excite electrons, which go through a series 
of electron transport reactions. It is estimated that about 10% of the photosynthetic 
electrons leak from the photosynthetic electron transport chain (ETC) to oxygen as a 
final electron acceptor (the Mehler reaction), resulting in formation of O2

•− (Foyer 
and Noctor 2000). When the terminal oxidases—cytochrome c oxidase and the alter-
native oxidase—react with O2, four electrons are transferred and H2O is released 
(Gill and Tuteja 2010). However, occasionally O2 reacts with other ETC components 
and only one electron is transferred, resulting in formation of O2

•−. It has been noted 
that O2

•− is the first ROS to be generated in plant tissues, accounting for 1–2% of O2 
consumption (Puntarulo et al. 1988). Usually, O2

•− is produced during electron trans-
port upon reduction of O2 and also via the noncyclic pathway in the ETC of chloro-
plasts and other compartments of the plant cell. Reduction of O2 to O2

•− can occur in 
the ETC at the level of PSI. The O2

•− may produce more reactive ROS such as OH• 
and 1O2 (Elstner 1987). These ROS are responsible for peroxidation of membrane 
lipids and cellular leakage. The protonation of the generated O2

•− can produce a 
powerful oxidizing agent, perhydroxy radical (HO2

•), on negatively charged mem-
brane surfaces, and the HO2

• then directly attacks polyunsaturated fatty acid (PUFA) 
(Bielski et  al. 1983). Furthermore, O2

•− can produce H2O2 and OH• through the 
Haber–Weiss reaction and the Fenton reaction (Apel and Hirt 2004).

Under normal conditions, the most common ROS (O2
•− and H2O2) result from 

electron leakage from the photosynthetic and respiratory ETCs to oxygen. H2O2 is 
also produced through photorespiration resulting from the oxygenase activity of 
ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco). Rates of photorespi-
ration are controlled by the ratio of [CO2] to [O2] and temperature. The key feature 
of C4 photosynthesis is the operation of a CO2-concentrating mechanism in the 
leaves (Hatch 1987). C4 plants such as maize use nicotinamide adenine dinucleotide 
phosphate (NADP)–malic enzyme–type photosynthesis (Omoto et al. 2012) and fix 
atmospheric CO2 principally into oxaloacetate through phosphoenolpyruvate car-
boxylase in mesophyll cells. Oxaloacetate is then transported to mesophyll cell 
chloroplasts and reduced to malate by the NADP-dependent malate dehydrogenase 
enzyme. Malate is then shifted to bundle sheath cells of chloroplasts and decarbox-

Maize Production Under Salinity and Drought Conditions: Oxidative Stress Regulation…
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ylated by the NADP–malic enzyme to provide CO2 and reducing power. This CO2 
is fixed via the Calvin cycle, as also happens in C3 plants [reviewed by Farooq et al. 
(2015)]. In that way, higher CO2 contents near Rubisco in the bundle sheath cells 
hold down oxygenase activity and help to improve photosynthesis in comparison 
with C3 plants (Stepien and Klobus 2005).

In C3 plants, photorespiration constitutes about 20–30% of photosynthesis under 
atmospheric conditions at 25 °C (Sage 2004). Contrarily, C4 plants show lower rates of 
photorespiration (3.5–6% of photosynthesis) under various environmental conditions 
because of their CO2-concentrating mechanism (Lacuesta et  al. 1997; Carmo- Silva 
et al. 2008). However, under normal conditions, ROS do not vary largely between C3 
and C4 plants. Stepien and Klobus (2005) have described similar lipid peroxidation 
through ROS activity in maize and wheat. Possible reasons for this might be either that 
the actual contribution of photorespiration to generation of ROS under normal condi-
tions in C3 plants is less than expected, or that C3 plants have greater enzymatic activity 
[e.g., higher CAT activity] than C4 plants, which immediately detoxifies H2O2. However, 
Stepien and Klobus (2005) found that maize has a better capacity to preserve the pho-
tosynthetic apparatus against overproduction of ROS than wheat. Vitkauskaitė and 
Venskaitytė (2011) reported higher water use efficiency and lower stomatal conduc-
tance, transpiration rates, intercellular CO2 concentrations, and lipid peroxidation in the 
C4 plant Panicum miliaceum L. Similarly, Uzilday et al. (2011) reported higher malo-
ndialdehyde (MDA) and ROS levels in Cleome spinosa (C3) than in C. gynandra (C4).

Production of lipid peroxidation has been reported in details by Gill and Tuteja 
(2010). Overproduction of ROS and PUFA in the cell wall causes membrane leak-
age with secondary damage to membrane proteins (Moller et  al. 2007). Several 
aldehydes—such as 4-hydroxy-2-nonenal (HNE) and MDA, as well as hydroxyl 
and keto fatty acids—are formed as a result of PUFA peroxidation (Box 1). The 
breakdown products of aldehyde can form conjugates with proteins and DNA. In 
maize, cytoplasmic male sterility might be caused by aldehydes formed in the mito-
chondria because a restorer gene in this species encodes a mitochondrial aldehyde 
dehydrogenase (Moller et al. 2007). Higher MDA has been reported in seedlings of 
susceptible maize genotypes under salinity and drought conditions (Rohman et al. 
2016a, b; AbdElgawad et al. 2016). Production of MDA in maize also depends on 
the types and intensity of stress. For example, higher MDA levels have been 
observed in sudden drought stress than in gradual stress (Zhang et al. 2014).

The lipoxygenase enzyme (LOX; International Union of Biochemistry and 
Molecular Biology (IUBMB) Enzyme Commission number (EC) 1.13.11.12) cata-
lyzes the peroxidation of PUFAs to their corresponding hydroperoxides (Doderer 
et al. 1992). Increased LOX activity has been assumed to be a reason for increased 

Box 1 Oxidation of Polyunsaturated Fatty Acid by Reactive Oxygen 
Species (ROS) in Plant Cells

Linolenic acid Malondialdehyde MDA

Linoleic acid hyd

ROS

ROS

® ( )
® 4 rroxy nonenal HNE  2 ( )
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lipid peroxidation of PUFAs, as reported in many plants (Demiral and Türkan 2004; 
Azooz et al. 2009; Sánchez-Rodríguez et al. 2012). Therefore, LOX is important for 
cell damage. An association between higher LOX and higher MDA production in 
maize has been reported in both inbreds and hybrids (Azooz et al. 2009; Rohman 
et al. 2016a, b). Lipid peroxidation has been reported to be higher in susceptible 
genotypes of different crops, including maize; therefore, it has become useful as a 
selection criterion for stress tolerance (Azooz et al. 2009; Rao et al. 2013). Recently, 
we found lower MDA with a higher yield in some tolerant maize genotypes than in 
susceptible genotypes (Rohman et al. 2018).

 Antioxidative Defense Mechanisms

From different studies, it has been established that plants exposed to abiotic 
stresses—such as salinity, drought, temperature extremes, heavy metals, and nutri-
ent deficiency—produce ROS (e.g., 1O2, O2

•−, H2O2, and OH•). Plants possess an 
internal mechanism to protect themselves from these ROS in their cells and organ-
elles—such as chloroplasts, mitochondria, and peroxisomes—and the cellular anti-
oxidant machinery is important for protection against various stresses (Gill and 
Tuteja 2010). Salinity- and drought-mediated overproduction of ROS changes gen-
eral metabolic processes, causing oxidative stress in maize (Farooq et  al. 2015; 
Rohman et al. 2016b; Anjum et al. 2011). The defense system consists of both enzy-
matic and nonenzymatic antioxidants. Among the enzymatic antioxidants, SOD, 
CAT, POD (peroxidase), APX, GPX, MDHAR, DHAR, and GR are important. 
GSH, AsA (both water soluble), carotenoids, and tocopherols (lipid soluble) are 
nonenzymatic antioxidants (Stepien and Klobus 2005; Ahmad et al. 2016).

 Superoxide Dismutase

Superoxide dismutase (SOD; EC 1.15.1.1), a metalloenzyme, plays a very impor-
tant role against oxidative stress in all aerobic organisms and in all subcellular 
organelles sensitive to ROS.  SOD deploys first-line protection and catalyzes the 
dismutation of O2

•− to O2 and H2O2. SOD enzymes are localized in different cellular 
compartments and, depending on their metal cofactor, they have three different iso-
zymes: copper/zinc (Cu/Zn-SOD), manganese (Mn-SOD), and iron (Fe-SOD) 
(Mittler 2002). Mn-SOD is localized in the mitochondria of eukaryotic cells and in 
peroxisomes (del Río et al. 2003); some Cu/Zn-SOD is present in cytosolic frac-
tions and also in chloroplasts of higher plants (del Rio et al. 2002). Fe-SOD is usu-
ally associated with the chloroplast compartment (Alscher et al. 2002). Mn-SOD 
and Fe-SOD are prokaryotic. Cu/Zn-SOD is eukaryotic and a dimer, whereas 
Mn-SOD in mitochondria is a tetramer. Increased activity of SOD is correlated with 
increased tolerance of plants against different environmental stresses. The activa-
tion of SOD in maize under salinity and drought conditions is shown in Table 1. 
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Table 1 Regulation of enzymatic antioxidants in maize under salinity and drought

Antioxidant 
enzyme Stress Regulation Reference

SOD Drought Up Yang et al. (2015)
Recovery (from 
drought)

Down

Salinity Up Rios-Gonzalez et al. (2002)
Salinity Up de Azevedo Neto et al. (2006)

Down (sensitive cultivar)
Salinity Up Rohman et al. (2015)
Salinity Up Rohman et al. (2016a)
Drought Up Rohman et al. (2016b)
Salinity Up Fu et al. (2017)
Drought Up Moussa and Abdel-Aziz (2008)
Drought Up Goodarzian-Ghahfarokhi et al. 

(2016)
Salinity and 
drought

Up Saed-Moocheshi et al. (2014)

Salinity Up Jiang et al. (2017)
Salinity Up (moderate stress) Wang et al. (2017)

Down (severe stress)
Drought Up (tolerant) Chugh et al. (2011)

Down (sensitive)
Salinity Up Kaya et al. (2013)
Salinity Up AbdElgawad et al. (2016)
Salinity Up Ahmad et al. (2016)
Drought Up Naeem et al. (2018)
Salinity Up Bustos et al. (2008)
Salinity Up Ashraf et al. (2018)
Drought Up Avramova et al. (2015)
Drought Up Ye et al. (2016)
Drought Up Avramova et al. (2017)
Drought Up Noman et al. (2015)
Drought Up Rajasekar et al. (2015)
Drought Up (Mn-SOD, Fe-SOD) Shiriga et al. (2014)

Unchanged (Cu/
Zn-SOD)

Salinity Up Jiang et al. (2017)
Salinity Up Stepien and Klobus (2005)
Drought Up Abdelgawad et al. (2014)
Drought Up Ashraf et al. (2015)
Salinity Up Kaya et al. (2015)
Drought Up Huo et al. (2016)
Drought Up Ali and Ashraf (2011)
Salinity Down Ashraf (2010)
Salinity Up Estrada et al. (2013)

(continued)
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Antioxidant 
enzyme Stress Regulation Reference

Salinity Up Gondim et al. (2012)
Salinity Up Tuna et al. (2013)
Salinity Up Kaya et al. (2010)
Drought Up Anjum et al. (2011)

CAT Drought Up Yang et al. (2015)
Recovery (from 
drought)

Down

POD Salinity Up Rios-Gonzalez et al. (2002)
Salinity Down de Azevedo Neto et al. (2006)
Salinity Varied Fu et al. (2017)
Salinity Down Rohman et al. (2015)
Salinity Down Rohman et al. (2016a)
Drought Up Rohman et al. (2016b)
Drought Up Moussa and Abdel-Aziz (2008)
Salinity and 
drought

Up Saed-Moocheshi et al. (2014)

Salinity Up (moderate stress) Wang et al. (2017)
Down (severe stress)

Drought Up (tolerant) Chugh et al. (2011)
Down (sensitive)

Salinity Up Kaya et al. (2013)
Salinity Up AbdElgawad et al. (2016)
Salinity Up Latef and Tran (2016)
Drought Up Naeem et al. (2018)
Salinity Up Ashraf et al. (2018)
Drought Up Avramova et al. (2015)
Drought Up Ye et al. (2016)
Drought Up Avramova et al. (2017)
Drought Up Rajasekar et al. (2015)
Drought Up Abdelgawad et al. (2014)
Drought Down Ashraf et al. (2015)
Salinity Up Kaya et al. (2015)
Drought Up Huo et al. (2016)
Salinity Up Akram et al. (2017)
Salinity Unchanged Ashraf (2010)
Salinity Up Estrada et al. (2013)
Drought Up Sandhya et al. (2010)
Salinity Down Gondim et al. (2012)
Salinity Down Agami (2013)
Drought Up Vardharajula et al. (2011)
Salinity Up Tuna et al. (2013)
Salinity Up Kaya et al. (2010)

Table 1 (continued)

(continued)
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Antioxidant 
enzyme Stress Regulation Reference

Salinity Up Gholizadeh and Kohnehrouz 
(2010)

Drought Up Anjum et al. (2011)
Salinity Up Rios-Gonzalez et al. (2002)
Salinity Up Fu et al. (2017)
Salinity Up Rohman et al. (2015)
Salinity Up Rohman et al. (2016a)
Drought Up Rohman et al. (2016b)
Drought Up Moussa and Abdel-Aziz (2008)
Salinity and 
drought

Up Saed-Moocheshi et al. (2014)

Salinity Up (moderate stress) Wang et al. (2017)
Down (severe stress)

Drought Up (tolerant) Chugh et al. (2011)
Down (sensitive)

Salinity Unchanged Kaya et al. (2013)
Salinity Unchanged AbdElgawad et al. (2016)
Salinity Up Latef and Tran (2016)
Drought Up Naeem et al. (2018)
Salinity Up Ashraf et al. (2018)
Drought Up Avramova et al. (2015)
Drought Up Ye et al. (2016)
Drought Up Avramova et al. (2017)
Drought Up Noman et al. (2015)
Salinity Up Jiang et al. (2017)
Drought Up Abdelgawad et al. (2014)
Drought Up Ashraf et al. (2015)
Salinity Up Kaya et al. (2015)
Drought Up Huo et al. (2016)
Salinity Up Akram et al. (2017)
Drought Up Ali and Ashraf (2011)
Salinity Unchanged Ashraf (2010)
Salinity Down Agami (2013)
Salinity Up Tuna et al. (2013)
Salinity Up Kaya et al. (2010)
Salinity Down Gholizadeh and Kohnehrouz 

(2010)
Drought Up Anjum et al. (2011)

APX Salinity Unchanged de Azevedo Neto et al. (2006)
Salinity Up Fu et al. (2017)
Salinity Down Rohman et al. (2015)
Salinity Down Rohman et al. (2016a)

Table 1 (continued)

(continued)
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Antioxidant 
enzyme Stress Regulation Reference

APX Drought Up Rohman et al. (2016b)
Drought Down Goodarzian-Ghahfarokhi et al. 

(2016)
Salinity Up Jiang et al. (2017)
Salinity Up (moderate stress) Wang et al. (2017)

Down (Severe stress)
Drought Up (tolerant) Chugh et al. (2011)

Down (sensitive)
Salinity Up AbdElgawad et al. (2016)
Drought Up Naeem et al. (2018)
Drought Up Ye et al. (2016)
Drought Up Avramova et al. (2017)
Drought Up Rajasekar et al. (2015)
Salinity Up Jiang et al. (2017)
Salinity Up Stepien and Klobus (2005)
Salinity Up Jiang et al. (2017)
Salinity Up Shan et al. (2014)
Drought Up Sandhya et al. (2010)
Salinity Up Gondim et al. (2012)
Drought Up Vardharajula et al. (2011)

GPX Salinity Up de Azevedo Neto et al. (2006)
Down (sensitive)

Salinity Up Fu et al. (2017)
Salinity Up Rohman et al. (2015)
Salinity Up Rohman et al. (2016a)
Drought Up Avramova et al. (2017)
Drought Up Sandhya et al. (2010)
Salinity Up Gondim et al. (2012)
Drought Up Vardharajula et al. (2011)

GR Salinity Up (tolerant) de Azevedo Neto et al. (2006)
Down (sensitive)

Salinity Up Fu et al. (2017)
Salinity Up Rohman et al. (2015)
Salinity Up Rohman et al. (2016a)
Drought Up Ahmad et al. (2016)
Drought Unchanged Chugh et al. (2011)
Salinity Up AbdElgawad et al. (2016)
Drought Up Avramova et al. (2017)
Salinity Up Stepien and Klobus (2005)
Salinity Up Shan et al. (2014)

Table 1 (continued)

(continued)
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Antioxidant 
enzyme Stress Regulation Reference

DHAR Salinity Up AbdElgawad et al. (2016)
Drought Up Avramova et al. (2017)
Salinity Up Rohman et al. (2015)
Salinity Up Rohman et al. (2016a)
Salinity Up Rohman et al. (2016b)
Drought Up Shan et al. (2014)

MDHAR Salinity Up (severe) AbdElgawad et al. (2016)
Unchanged (mild)

Drought Up Avramova et al. (2017)
Salinity Up Rohman et al. (2015)
Salinity Up Rohman et al. (2016a)
Salinity Up Rohman et al. (2016b)
Salinity Up Shan et al. (2014)

GST Salinity Up Rios-Gonzalez et al. (2002)
Salinity Up AbdElgawad et al. (2016)
Salinity Up Rohman et al. (2016a)

APX ascorbate peroxidase, CAT catalase, DHAR dehydroascorbate reductase, GPX glutathione 
peroxidase, GR  glutathione reductase, GST  glutathione S-transferase, MDHAR 
monodehydroascorbate reductase, POD peroxide, SOD superoxide dismutase

Table 1 (continued)

Fig. 3 Different isozymes of superoxide dismutase (SOD) under salinity stress

Different types of SOD under salinity conditions have not yet been described in 
maize. Recently, we analyzed the SOD band by negative staining in a tolerant hybrid 
(P1 × P2) and a sensitive hybrid (BMH-5) (Fig. 3), but the types have not yet been 
analyzed. Maize SOD was also found to increase under chilling stress (Fryer et al. 
1998). Activation of SOD isozymes has been reported under salinity conditions in 
olive (Valderrama et al. 2006) and under drought conditions in rice (Sharma and 
Dubey 2005; Mishra et  al. 2013), sugar beet (Sayfzadeh et  al. 2011), and wheat 
(Sgherri et al. 2000).

M. M. Rohman et al.
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 Catalase

Catalase (CAT; EC 1.11.1.6) is a tetrameric heme-containing enzyme, responsible 
for metabolizing stress-provoked ROS (such as H2O2) and controlling their potential 
impacts on cellular metabolism and functions (Anjum et al. 2016). It is important 
for scavenging of H2O2 generated in peroxisomes during photorespiratory oxida-
tion, β-oxidation of fatty acids, and purine catabolism (del Rio et al. 2006). It is 
considered to have the highest specificity for H2O2, with a very fast turnover rate. 
However, it is reluctant to show affinity for organic peroxides because in an enzy-
matic reaction, CAT is independent of other cellular reductants for instituting its 
activity (Scandalios 2005). Therefore, CAT is unique, as it does not require a cel-
lular reducing equivalent. As a result, it shows a much lower affinity for H2O2 than 
APX. Three CAT classes have been proposed (Anjum et al. 2016): class I CATs are 
expressed in photosynthetic tissues and are regulated by light, class  II CATs are 
expressed at high levels in vascular tissues, and class III CATs are highly abundant 
in seeds and young seedlings. CATs are reported to be changed by abiotic stresses, 
and their activity is either enhanced or decreased depending on the type and inten-
sity of stress (Hasanuzzaman et al. 2014; Rohman et al. 2016a; Sharma and Dubey 
2005). Three isoforms have been reported in maize (CAT1, CAT2, and CAT3) on 
separate chromosomes and are differentially expressed and independently regulated 
(Scandalias 1990). CAT1 and CAT2 are found in peroxisomes and the cytosol, 
whereas CAT3 is found in the mitochondria. As a C4 crop, maize was thought not to 
show increased CAT activity. Recently, however, CAT has been reported to increase 
in tolerant maize genotypes (Rohman et al. 2016b; Chugh et al. 2011). Activation of 
CAT activity under salinity and drought is shown in Table 1.

 Peroxidase

Peroxidase (POD; EC 1.11.1.7) is a heme-containing enzyme. It uses guaiacol and 
pyrogallol at the expense of H2O2 (Asada 1999). It is found in higher organisms and 
microbes. Many POD isoenzymes are localized in the vacuoles, cell walls, and cyto-
sol of plant tissue (Asada 1992). POD is important for biosynthesis of lignin and 
ethylene, degradation of indole acetic acid, and healing of wounds, as well as for 
conferring plant tolerance under environmental stresses (Kobayashi et  al. 1996). 
PODs are important for quenching reactive intermediary forms of O2 and peroxy 
radicals under stress conditions (Vangronsveld and Clijsters 1994). Induced activity 
of POD under salinity has been reported in soybean (Weisany et al. 2012), licorice 
(Pan et al. 2006), and Lepidium sativum (Manaa et al. 2014), while drought stress 
has been shown to induce POD activity in rapeseed (Abedi and Pakniyat 2010) and 
licorice (Pan et  al. 2006). Recently, Tayefi-Nasrabadi et  al. (2011) observed 
increased tolerance achieved through induction of POD activity in sunflower. 
POD has been reported to play a significant role in ROS detoxification in maize 
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(Rohman et  al. 2016a, b). The activity of maize POD is organ specific (Rios-
Gonzalez et al. 2002). Activation of POD in maize under salinity and drought is 
shown in Table 1.

 Ascorbate Peroxidase

Ascorbate peroxidase (APX; EC 1.1.11.1) plays the most important role in ROS 
scavenging and thus protects cells in all living organisms. APX is a multigenic fam-
ily consisting of at least five different isoforms, including thylakoid (tAPX) and 
glyoxysome membrane forms (gmAPX), as well as a chloroplast stromal soluble 
form (sAPX) and a cytosolic form (cAPX) (Peng et al. 2005). APX scavenges H2O2 
in the water–water and AsA–GSH cycles, where AsA acts as an electron donor 
(Apel and Hirt 2004). Enhanced activity of APX in response to abiotic stresses, 
including drought and salinity, has been established (Sharma and Dubey 2005, 
2007; Han et al. 2009; Maheshwari and Dubey 2009; Hefny and Abdel-Kader 2009; 
Hasanuzzaman et al. 2014; Nahar et al. 2015; Ghaderi et al. 2015). Regulation of 
APX in different crop species under various stresses has also been reviewed (Gill 
and Tuteja 2010). Recently, Anjum et al. (2017) described enhanced APX activity, 
which varied with drought duration and severity, where high-yielder genotypes 
exhibited comparatively higher APX activity. Previously, we had also observed 
higher APX activity in tolerant inbreds and hybrids under both drought and salinity 
stress (Rohman et  al. 2016a, b). AbdElgawad et  al. (2016) reported higher APX 
activity in the root of maize under salinity. Activation and regulation of APX activ-
ity in maize under drought and salinity conditions are shown in Table 1. Six APX 
homologues with primary gene/protein features have been reported in maize 
(Ozyigit et al. 2016). Recently, we analyzed APX isozymes in two maize hybrids: 
P1 × P7 (a saline-tolerant hybrid) and BMH-5 (a saline-susceptible hybrid) (Fig. 4). 
The experiment was conducted under both aerobic and anaerobic saline conditions. 
In both cases, five isozymes were detected by sodium dodecyl sulfate polyacryl-
amide gel electrophoresis (SDS-PAGE). It is clear that in both hybrids, new iso-
zymes—particularly APX1 and APX2—can play an important role in H2O2 
scavenging.

Fig. 4 Different isozymes of ascorbate peroxidase (APX)

M. M. Rohman et al.
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 Glutathione Peroxidase

Glutathione peroxidases (GPXs; EC 1.11.1.9) are a large and diverse family of iso-
enzymes, which use GSH to reduce H2O2 and organic and lipid hydroperoxides, 
thereby decreasing oxidative stress (Noctor et al. 2002). Ozyigit et al. (2016) identi-
fied different GPX homologues in 18 plant species; most of them were localized in 
the chloroplast, mitochondria, cytosol, and endoplasmic reticulum, where three 
GPXs were reported in maize. Plant GPXs have a cysteine residue at their active site 
(Koua et al. 2009), which is functional in both GSH and thiol peroxidase classes of 
the nonheme family. Many studies have described the significant stress-mitigating 
role of GPXs under various abiotic and biotic stress conditions such as oxidative 
stress, pathogen attack, metal, cold, drought, and salinity (Navrot et al. 2006; Diao 
et  al. 2014; Fu 2014; Gao et  al. 2014). Overexpression of GPX in soybean and 
tomato has been associated with higher tolerance of abiotic stress (Herbette et al. 
2011; Ferreira Neto et  al. 2013). In addition to stress responses, GPXs are also 
thought to regulate cellular redox homeostasis by modulating the thiol–disulfide 
balance (Bela et al. 2015). Upregulated GPX expression has been reported to main-
tain redox homeostasis in Brassica rapa under oxidative stress (Sugimoto et  al. 
2014). Introduction of a radish phospholipid hydroperoxide GPX gene (RsPHGPx) 
into yeast has been shown to be protective against membrane damage (Yang et al. 
2005). The available information on regulation of GPX activity in maize under 
drought conditions is limited. Rohman et al. (2016a, b) reported the importance of 
GPX in both inbred and hybrid maize under drought and salinity. Recent works on 
GPX activation under salinity and drought are summarized in Table 1.

 Glutathione Reductase

The changes in the ratio of GSH to glutathione disulfide (GSSG) and the ratio of 
AsA to dehydroascorbate (DHA) are essential for maintaining the most important 
nonenzymatic antioxidants GSH and AsA in response to oxidative stress. Glutathione 
reductase (GR; EC 1.8.1.7) is crucial for catalyzing the reduction of GSH and is 
involved in many metabolic regulatory and antioxidative processes in plants in the 
presence of reduced NADP (NADPH) (Apel and Hirt 2004). GR is located in the 
chloroplasts, cytosol, mitochondria, and peroxisomes, but about 80% of GR activity 
in photosynthetic tissues occurs in chloroplastic isoforms (Edwards et  al. 1990). 
Both GSH and GR in chloroplasts are involved in detoxification of H2O2 generated 
by the Mehler reaction. GSH participates in maintaining sulfhydryl (–SH) groups, a 
substrate for GSTs (Noctor et al., 2012). Both GR and GSH play vital roles in main-
taining plant tolerance under various stresses. The importance of GR in maintaining 
GSH and as an antioxidant has been confirmed by many studies (Noctor et al. 2012; 
Apel and Hirt 2004; Hasanuzzaman et al. 2014). Caverzan et al. (2016) reported 
upregulation of GR in different wheat genotypes. GR also provides tolerance in 
transgenic plants (Yousuf et al. 2012). The important of maize GR has been con-
firmed by many studies under salinity and drought (Table  1). Sometimes, the 

Maize Production Under Salinity and Drought Conditions: Oxidative Stress Regulation…



16

activity was tissue specific (Rohman et  al. 2016a, b; AbdElgawad et  al. 2016). 
Al Hassan et al. (2017) studied three species of Juncus—J. maritimus, J. acutus 
(both halophytes), and J. articulatus (salt-sensitive)—where GR activity was sig-
nificantly higher in halophyte species than in salt-sensitive species.

 Monodehydroascorbate Reductase

For ROS scavenging, high ratios of AsA to DHA and of GSH to GSSG are essential 
in cells. In the AsA–GSH cycle, MDHAR and DHAR are important for maintaining 
AsA (Apel and Hirt 2004). MDHAR is a flavin adenine dinucleotide (FAD) enzyme 
and is present as chloroplastic and cytosolic isozymes. It shows high specificity for 
monodehydroascorbate (MDHA) as an electron acceptor, using NAD(P)H as an 
electron donor (Hossain and Asada 1985). Hydrogen peroxide is also converted into 
water by the AsA–GSH cycle. The reducing agent in the first reaction, catalyzed by 
APX, is ascorbate, which oxidizes into MDHA. MHDAR reduces MDA into ascor-
bate with the help of NAD(P)H. Dehydroascorbate is produced spontaneously by 
MHDA and can be reduced to ascorbate by DHAR, using GSH to oxidize into 
GSSG. Sudan et al. (2015) reported a stress tolerance role of MDHA in finger millet 
under different abiotic stresses (drought, salt, and ultraviolet radiation). The role of 
the MDHAR gene is crucial for a mutualistic interaction between Piriformospora 
indica and Arabidopsis (Vadassery et al. 2009). Coexpression of the MDHAR and 
DHAR genes confers tolerance in B. rapa (Shin et al. 2013). Leterrier et al. (2005) 
reported that peroxisomal MDAR1 in pea has a differential regulation, which could 
be indicative of its specific function in peroxisomes. High MDHAR activity has 
been reported in rice (Hasanuzzaman et al. 2014). MDHAR activity in maize was 
found to be regulated under drought and salinity (AbdElgawad et al. 2016; Rohman 
et al. 2016a, b). The activation of MDHAR in maize under salinity and drought is 
summarized in Table 1.

 Dehydroascorbate Reductase

Dehydroascorbate reductase (DHAR; EC 1.8.5.1) maintains AsA by catalyzing the 
reduction of DHA, using GSH as the reducing substrate (Apel and Hirt 2004). It is 
very important to maintain AsA levels in plants under environmental stress. 
Overexpression of DHAR increases the AsA content in tobacco, maize, and potato 
(Chen et al. 2003; Qin et al. 2011). The role, purification, and overexpression of 
DHAR under different stresses in different crops have been described by various 
researchers (Hossain and Asada 1984; Dipierro and Borraccino 1991; Yoshida et al. 
2006; Rubio et  al. 2009; Wang et  al. 1999; Hernandez et  al. 2001; Sharma and 
Dubey 2005, 2007; Maheshwari and Dubey 2009; Eltayeb et  al. 2011; Lu et  al. 
2007; Chang et al. 2017). Coexpression of the DHAR and MDHAR genes has been 
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associated with better tolerance in B. rapa (Shin et al. 2013). Coordinated increases 
in the activities of MDHAR, DHAR, and GR have been associated with overexpres-
sion of Mn-SOD in maize leaves under cold stress (Kingston-Smith and Foyer 
2000). Though drought-tolerant hybrid seedlings show higher DHAR activity under 
drought, saline-sensitive inbreds show higher DHAR activity under salinity 
(Rohman et al. 2016a, b). The activation of maize DHAR under salinity and drought 
is reported in Table 1.

 Glutathione S-Transferases

Glutathione S-transferases (GSTs; EC 2.5.1.18) are multigenic family enzymes, 
which catalyze the conjugation of GSH to electrophilic substrates. GSTs can metab-
olize various toxic exogenous compounds (xenobiotics) by GSH conjugation 
(Cummins et al. 2011). Plant GSTs are commonly known for their role in herbicide 
detoxification and are also considered as glutathione peroxidases. Furthermore, 
GSTs function as nonenzymatic carriers (ligandins) in intracellular transport and 
catalyze anthocyanin–GSH conjugates, thereby allowing transport into vacuoles via 
a glutathione pump (Marrs 1996; Rohman et al. 2009). Plants GSTs are classified 
into eight classes: phi, tau, theta, zeta, lambda, glutathione-dependent DHARs, tetra-
chlorohydroquinone dehalogenase (TCHQD), and membrane-associated proteins in 
eicosanoid and glutathione metabolism (MAPEG) (Xu et al. 2015). Among these 
eight classes, phi and tau are the largest plant-specific classes and are often highly 
stress-inducible GSTs (Dixon and Edwards 2010). The role of GSTs in stress has 
been demonstrated in several transgenic studies (Roxas et al. 2000; Takesawa et al. 
2002; Kumar et al. 2013; Yang et al. 2014; Yu et al. 2003; Chen et al. 2012). A total 
of 42 highly expressed GSTs have been found in maize (McGonigle et al. 2000). The 
Bronze2 (Bz2) gene in maize, encoding a GST, is involved in anthocyanin biosynthe-
sis and transportation into the vacuole, and is highly expressed under stress (Marrs 
and Walbot 1997). Higher GST activity is associated with detoxification of hydroper-
oxides, as well as direct scavenging of H2O2, as shown by glutathione peroxidase 
activity under stress (Noctor et al. 2012). Remme et al. (2013) studied three homo-
logues of maize GSTs, among which a GST showing higher activity was upregulated 
under salinity stress. Increased GST activity in maize under salinity and drought may 
be involved in leaf senescence (Rohman et al. 2016a, b). Higher GST activity under 
salinity and drought have also been reported by other research groups (Table 1).

 Methylglyoxal Detoxification Enzymes

Methylglyoxal is a highly reactive alpha-ketoaldehyde, which interact with proteins 
and nucleic acids. It is produced primarily as a by-product of several metabolic 
pathways, such as glycolysis, lipid peroxidation, and oxidative degradation of 
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glucose. Therefore, it must be detoxified or eliminated from the cell through bio-
logical systems. In plants, MG is detoxified mainly via the glyoxalase system, 
which comprises two enzymes: glyoxalase I (Gly I; EC 4.4.1.5) and glyoxalase II 
(Gly II; EC 3.1.2.6). Gly I converts MG to S-d-lactoylglutathione (SLG), utilizing 
GSH, while Gly II converts SLG to D-lactic acid (Yadav et al. 2005a, b). During the 
latter reaction, GSH is regenerated. Overexpression of glyoxalase enzymes in plants 
has been found to limit increases in ROS and MG levels under stress conditions by 
maintaining GSH homeostasis and antioxidant enzyme levels (Singla-Pareek et al. 
2006, 2008). Increased activities of glyoxalases have also been reported under 
drought in other plant species (Hasanuzzaman et  al. 2017; Alam et  al. 2014; 
Hasanuzzaman and Fujita 2011). Decreased oxidative stress and enhanced salinity 
tolerance were observed in transgenic tomato with a highly expressed glyoxalase 
pathway (Viveros et  al. 2013). Upregulation or overexpression of these enzymes 
increases tolerance of abiotic stresses in tobacco (Singla-Pareek et al. 2008; Saxena 
et al. 2011). A coordinated response of antioxidants and glyoxalase in increasing 
salinity tolerance was reported in rice (Hasanuzzaman et al. 2014) and in mung bean 
(Nahar et al. 2016). Though increased Gly I activity was observed in maize under 
salinity, Gly II activity was decreased (Rohman et al. 2016a), and increased activity 
of Gly I and Gly II under drought was observed only in tolerant maize genotypes 
(Rohman et al. 2016b). However, Mir et al. (2018) found that the activity of both 
enzymes was decreased under salinity. Therefore, the response of glyoxalase in 
maize is genotype dependent. Some external stimuli such as proline, betaine, and 
methyl jasmonate have been found to be useful to increase glyoxalases, conferring 
tolerance in maize under salinity (Mir et al. 2018; Rohman et al. 2016a).

 Nonenzymatic Antioxidants

Nonenzymatic components of the antioxidative defense system include AsA and 
GSH, as well as tocopherol, carotenoids, and phenolic compounds. They play cru-
cial roles in defense, interacting with numerous cellular components. In this chap-
ter, only AsA and GSH are discussed with respect to salinity and drought stress in 
maize.

 Ascorbic Acid

Ascorbic acid (AsA) is the most abundant and powerful ROS scavenger because it 
has the ability to donate electrons in several enzymatic and nonenzymatic reactions. 
It is found in all plant tissues, and its highest levels are found in mature leaves with 
fully developed chloroplasts and the highest chl levels. Under normal physiological 
conditions, AsA mostly remains in a reduced form in leaves and chloroplasts 
(Szarka et  al. 2007). It protects cells and organelles from ROS, 
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which overaccumulate under environmental stress, including salinity and drought 
(Latif et al. 2016; Mukhtar et al. 2016; Naz et al. 2016). It plays an important role 
in cell division and expansion, photosynthesis, hormone biosynthesis, and regenera-
tion of antioxidants (Gallie 2012; Lisko et  al. 2014). It protects membranes by 
directly scavenging O2

•− and OH• and by regenerating α-tocopherol from tocopher-
oxyl radicals (Gill and Tuteja 2010). AsA acts as a cofactor of violaxanthin de-
epoxidase, thus sustaining dissipation of excess excitation energy in chloroplasts 
(Smirnoff 2000). In the AsA–GSH cycle, the AsA redox system consists of reduced 
AsA and oxidized MDHA and DHA, both oxidized forms of AsA being relatively 
unstable. MDHA is very transitory and disproportionates to either AsA or DHA 
(Apel and Hirt 2004). Therefore, it is very important to convert DHA into AsA for 
maintenance of cellular redox. MDHA is reduced to AsA in the presence of lactal-
dehyde reductase (NADPH), while DHA can be chemically reduced by GSH to 
ASH (Foyer and Halliwell 1976; Apel and Hirt 2004; Akram et al. 2017). In the 
AsH–GSH cycle, AsA not only preserves the activity of APX but also preserves the 
activities of enzymes containing prosthetic transition metal ions (Noctor and Foyer 
1998). Under stressful conditions, redox homeostasis of AsA is lost as a result of 
increased GSSG formation. In these circumstances, exogenous application of AsA 
as a pretreatment with foliar application is considered advisable (Mukhtar et  al. 
2016; Naz et al. 2016). The results of exogenous AsA application, with improve-
ments in tolerance under various abiotic stresses, have been reported by Akram 
et al. (2017), who found that both presowing and foliar spray were useful in maize, 
producing higher pigment levels, greater membrane stability, and higher antioxidant 
levels under drought and cold stresses. Tuna et al. (2013) applied 125 mM in irriga-
tion water 25 days after sowing and measured biochemical parameters at the cob 
formation stage. They reported that AsA maintained lower Na+/K+ levels and higher 
antioxidant enzymatic antioxidant levels, as well as increasing the yield. Recently, 
we found increased antioxidant levels in maize seedlings treated with AsA in hydro-
ponic culture (Billah et al. 2017). Saline-tolerant genotypes show higher AsA and 
AsA redox under salinity and drought at the seedling stage (Rohman et al. 2016a, 
b). Chugh et al. (2013) observed higher AsA content in drought-tolerant maize than 
in drought-sensitive maize at the reproductive stage.

 Glutathione

Glutathione (GSH), a tripeptide of γ-glutamyl-cysteinyl-glycine, is the most impor-
tant nonenzymatic antioxidant in the AsA–GSH cycle, and plays a central role in 
antioxidant defense through ROS scavenging and maintenance of redox homeosta-
sis in plant tissue in a stressful environment (Noctor et al. 2012). It is localized in 
the cytosol, endoplasmic reticulum, vacuole, mitochondria, chloroplasts, and apo-
plast. In physiological processes, it plays an important role in detoxification of 
xenobiotics, transport, conjugation of metabolites, signal transduction, and stress-
responsive gene expression (Mullineaux and Rausch 2005; Noctor et al. 2012). It is 

Maize Production Under Salinity and Drought Conditions: Oxidative Stress Regulation…



20

also important for growth and development of tissue, cell death and senescence, and 
enzymatic regulation for pathogen resistance (Sharma et al. 2012). Plants maintain 
a high cellular ratio (of about 20:1) between GSH and GSSG (its oxidized form) in 
unstressed conditions, and the balance between GSH and GSSG is a central compo-
nent in maintaining cellular redox state (Foyer and Noctor 2005; Labudda and Azam 
2014). GSH is necessary for activation of the functions of GPXs, GSTs, and glyoxa-
lases, where GR plays a central role in recycling of GSH from GSSG in the pres-
ence of NADPH (Fig. 5). In the AsA–GSH cycle, regeneration of AsA is extremely 
important because fully oxidized DHA has a short half-life and will be lost unless it 
is reduced back. GSH is crucially important in maintaining AsA (Apel and Hirt 
2004). Therefore, GSH plays a key role in ROS tolerance under oxidative stress, in 
association with other ROS-metabolizing enzymes. Drought tolerance has been cor-
related with higher GSH in tolerant maize genotypes (Chugh et al. 2013). Rohman 
et al. (2016a, b) found higher levels and redox of GSH in tolerant maize genotypes 
at the seedling stage. Herbicide safener has been reported to increase tolerance in a 
chilling-sensitive maize genotype by maintaining higher levels of GSH and its 
related enzymes (Kocsy et al. 2001).

 Osmoregulation and Osmoprotection

Naturally, some common mechanisms and reactions are activated in the body of 
plants when they are affected by soil salinity, water deficit, and other abiotic stresses. 
These responses generally include growth inhibition, photosynthetic pigment 

Fig. 5 Uses and maintenance of ascorbic acid (AsA) and glutathione (GSH) in the AsA–GSH 
cycle in plants
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degradation, regulation of ion transport, accumulation and biosynthesis of specific 
osmolytes for osmotic adjustment, or activation of antioxidant systems, since the 
aforesaid stressful conditions cause secondary oxidative stress in plants (Bartels and 
Sunkar 2005; Parida and Das 2005; Munns and Tester 2008; Szabados and Savoure 
2010; Volkov 2015; Kumar et al. 2017).

Osmoregulation, or osmotic modification, is one of the key adaptations of plants 
to minimize the detrimental effects of salt and drought stress at the cellular level, 
exclusively during the first phase of salt stress (Farooq et al. 2015). Osmoprotection 
is primarily met with deposition of solutes (organic and inorganic) under salinity 
and/or drought to lower water potential without lessening the actual water content 
(Serraj and Sinclair 2002). Among the major osmolytes are soluble sugars, sugar 
alcohols, proline, glycine betaine, organic acids, and trehalose. Proline accumula-
tion increases in maize plants facing salt stress (Kaya et al. 2010). In one study it 
was found that at 400  mM NaCl, the leaves of sweet corn accrued more than 
600 μmol g−1 of proline (de Azevedo Neto et al. 2004). Likewise, salinity stress has 
been shown to result in a significant increase in proline content in maize (Kaya et al. 
2013).

Saed-Moocheshi et al. (2014) reported that salinity and drought stress increased 
the amount of free proline, but the effect of drought was greater than that of salinity. 
In a salt-tolerant maize genotype (BR5033), soluble amino acid buildup signifi-
cantly increased in leaves under salt stress, with the largest increase being 113%; 
BR5033 was the only genotype to also markedly increase amino acid content in the 
roots (de Azevedo Neto et al. 2004). With regard to carbohydrate levels in the leaves 
and roots in saline environments, all of the tested genotypes had the same or lower 
levels, except for the salt-tolerant maize genotype BR5033, in which the level was 
increased by 14% in the leaves (de Azevedo Neto et al. 2004). Moreover, in a com-
parison of root amino acid and carbohydrate content in salt-stressed plants of both 
salt-sensitive (BR5011) and salt-tolerant (BR5033) maize genotypes, the roots of 
the salt-tolerant (BR5033) maize genotype accumulated 132% and 122% more 
amino acids and carbohydrates, respectively, than those of the salt-sensitive 
(BR5011) maize genotype (de Azevedo Neto et al. 2004).

Hussein et al. (2007) observed decreased content of the amino acids arginine, 
lysine, serine, and glutamic acid; no change in glycine content; and increased pro-
line content in response to salt stress in maize. Salt stress was also shown to induce 
accumulation of polyamine but not spermidine, possibly because of the fast turn-
over of the latter (Erdei et al. 1996). In one study, accumulation of glycine betaine 
and free proline increased under drought stress in Giza 2 (salt-tolerant) and Trihybrid 
321 (salt-susceptible but adapted) maize genotypes; the magnitude of the increase 
in both osmolytes was higher in Giza 2 than in Trihybrid 321 (Moussa and Abdel-
Aziz 2008). In another study the soluble sugar and proline levels of tested maize 
leaves and roots were higher in Con1 plants (control plants treated with 200 mL of 
the vehicle used in the study) than in Con2 plants (control plants grown in untreated 
meadow soil with a pH of 8.23). Moreover, the results showed a larger increase in 
the roots than in the leaves and also indicated that proline was more effective than 
soluble sugars in alleviating osmotic stress (Fu et al. 2017).
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A recent investigation showed that accumulation of compatible osmolytes such 
as proline and soluble sugar in leaves of the drought-tolerant Dekalb-6525 and the 
drought-sensitive Yousafwala maize hybrids was substantially improved under 
drought stress (Naeem et al. 2018). However, the greater accumulation of soluble 
sugar in genotype Dekalb-6525 signified that it has greater genotypic tolerance of 
drought stress than the Yousafwala genotype, as these sugars help to maintain plant 
water relations, stabilizing membrane and protein structures through scavenging of 
hydroxyl radicals and adjustment of cytoplasmic pH under stress conditions (Guo 
et al. 2010). Correspondingly, accumulation of osmotically active substances (e.g., 
proline and soluble sugar) is noticeably greater in plants exposed to drought stress, 
possibly as a response to tissue damage or an approach to lessen oxidative damage 
in the plants (Aghaz et al. 2013).

The accumulation of soluble proteins under high alkaline pressure in maize 
plants may supply a storage form of nitrogen that is reutilized when the stress is 
over (Abdel Latef 2010; Abdel Latef and Chaoxing 2014; Zhang et al. 2014). It has 
been observed that the increase in the soluble protein content of maize under the 
highest alkaline level applied is accompanied by a marked reduction in growth. This 
finding suggests that under alkaline stress, maize plants divert most of the synthe-
sized proteins from being used for growth to being used for osmoregulation to sur-
vive the stress. Thus, the strategy that maize plants use to cope with alkaline stress 
could be enhancement of nitrogen metabolism. However, the effects of alkaline 
stress on the content of osmoprotectants and antioxidants have been found to vary 
(Latef and Tran 2016).

In essence, the effects of salinity and drought-induced osmotic stress in maize 
plants can be minimized with the help of osmoregulation. Among the osmolytes 
responsible for osmoregulation in maize, proline and glycine betaine are the first-
line ones in salt and/or drought stress conditions (Moussa and Abdel-Aziz 2008; 
Kumar et al. 2017). However, when administered as a foliar spray to maize seed-
lings under saline stress, exogenous proline was observed to provide better toler-
ance than betaine by upregulating both enzymatic and nonenzymatic antioxidants 
(Rohman et al. 2016a). Wang et al. (2017) observed partial tolerance under salinity 
stress with application of γ-aminobutyric acid (GABA) as a root drench, with 
improved photosynthesis and upregulated osmoprotectants and antioxidants. 
Exogenously applied nitric oxide conferred tolerance of salinity-induced oxidative 
stress in seedlings of maize cultivars that differed in salinity tolerance, by reducing 
ROS and MDA and by maintaining higher chl and activity of SOD, POD, and CAT 
enzymes (Kaya et al. 2015).

Salicylic acid is another important secondary metabolite that has been shown to 
induce salinity resistance in plants. Maize plants treated with exogenously applied 
salicylic acid have been reported to increase their dry biomass in both saline and 
nonsaline environments, but the effect was more pronounced in the saline environ-
ment (Gunes et al. 2007). In another study, foliar application of salicylic acid in a 
concentration of 200 parts per million (ppm) remedied the deleterious effects of 
salinity in a maize crop irrigated with 4000 ppm saline water, by improving the 
plant height; the number and area of green leaves; the stem diameter; and the stem, 
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leaf, and whole-plant dry weights (Hussein et al. 2007). Moreover, salicylic acid 
application was shown to enhance proline accumulation and the content of amino 
acids such as arginine, lysine, serine, and glutamic acid in maize under stress condi-
tions, and helped to overcome a salinity-induced nutrient imbalance (Hussein et al. 
2007). Foliar spraying of hydrogen peroxide has also been reported to increase the 
activities of catalase, guaiacol peroxidase, ascorbate peroxidase, and superoxide 
dismutase in maize seedlings (Gondim et  al. 2012). Presowing treatments with 
28-homobrassinolide further enhanced the activities of antioxidative enzymes in 
addition to lowering lipid peroxidation and increasing the protein concentration, 
thus alleviating oxidative stress in salt-treated maize plants (Arora et  al. 2008). 
Different rhizobacteria promoting growth in maize under salinity were reviewed by 
Farooq et al. (2015). However, exogenous protectants have seldom been shown to 
regulate glyoxalase activities in maize. Maize seed priming with 10 μM of jasmonic 
acid for 12 h was reported to increase the activities of glyoxalases, along with the 
AsA and GSH content, in saline-treated 25-day-old seedlings (Mir et  al. 2018). 
Previously, a foliar spray of proline was found to be more effective than betaine in 
upregulating glyoxalases in saline-treated maize seedlings (Rohman et al. 2016a). 
In one study, exogenous trehalose (10 mM) in irrigation water improved photosyn-
thesis, water relations, and oxidative stress tolerance, with upregulation of some key 
enzymes such as SOD, POD, and CAT (Ali and Ashraf 2011). Application of urea, 
along with the urease inhibitor N-(n-butyl) thiophosphoric triamide, in polyethylene 
glycol (PEG)–treated drought-stressed maize seedlings significantly enhanced their 
drought tolerance by protecting the photosynthetic apparatus, activating the antioxi-
dant defense system, and improving osmoregulation (Gou et al. 2017). In this study, 
increased SOD, POD, and CAT reduced ROS and MDA. Hormones such as GA3 
and cytokinin, applied as a foliar spray at the vegetative and reproductive stages, 
were found to improve growth and yield (Akter et  al. 2014). Thus, a substantial 
number of studies have found that external osmoprotectants modulate oxidative 
stress in maize. However, most of the studies were limited to the seedling stage.

 Conclusion

Cultivation of maize, as a high-potential crop, has increased substantially. Efforts to 
develop a drought-tolerant maize variety have been comparatively more successful 
than efforts to develop a saline-tolerant variety. The studies discussed in this chapter 
have revealed that maize suffers significant oxidative stress under salinity and 
drought. Among enzymatic antioxidants, superoxide dismutase (SOD), catalase 
(CAT), ascorbate peroxidase (APX), and glutathione peroxidase (GPX)—as well as 
POD—play important roles in scavenging of reactive oxygen species (ROS) in both 
types of stress. The AsA-maintaining enzymes, MDHAR and DHAR, sometimes do 
not show harmony in inducing activity under stress, indicating the probability of 
oxidation of ascorbic acid (AsA). In this circumstance, the maintenance of GSH by 
GR has revealed its important role in maintaining redox homeostasis of GSH under 
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salinity and drought conditions. Reports of methylglyoxal (MG) detoxification in 
maize by glyoxalases are very limited. A significant number of studies have focused 
on experimental use of osmoprotectants to reduce oxidative stress. However, they 
were conducted mostly at the seedling stage and under very short-term salinity or 
drought stress. As a result, it is speculative to say that osmoprotectants will be able 
to lessen oxidative stress when plants are grown on a large scale in salinity-affected 
fields. Therefore, it is essential for a complete and economical solution package to 
be developed in order to reduce oxidative stress for sustainable maize production in 
drought-stressed and/or salinity-stressed environments. On the other hand, enzy-
matic antioxidant  levels increase significantly under salinity and drought condi-
tions, which provides a strong rationale for employment of molecular and 
biotechnological approaches for their further development and use.
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 Introduction

Acidity stress (H+ rhizotoxicity) is one of the major abiotic stresses that limits crop 
production and ranks second just after drought. Acid soils are widespread around 
the world covering 30–40% of arable land. From agricultural point of view, 76% 
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potentially arable land that we could use for crop production are acidic (Von Uexkȕll 
and Mutert 1995). Acid soils occurred worldwide, especially in the humid tropics, 
subtropics, and temperate zones, characterized with infertility. Soil acidification is 
a normal natural process. According to Kochian et al. (2004), globally about 3 bil-
lion ha of land consisting acidic soil existed in 1970s, and by the next 20 years the 
amount of acidic land increased to 178 billion ha (Von Uexkȕll and Mutert 1995). 
As plants are sessile, and cannot get away from acidity stress, their growth and 
development is hampered, where initial visual symptom showed as the reduction in 
root length (Kidd and Proctor 2001). Soil pH is a major, variable growth factor in 
natural and agricultural soils. The concentration of the H+ ion in the soil represents 
its pH value. When the pH of surface soil reached in the point <5.0–5.5, the soil 
could be termed as acidic. This point is very critical for crop growth and develop-
ment (Edmeades et al. 1995). But if pH further drops below 4.5, crop production 
becomes difficult. With the decline of the pH, the availability of plant nutrient 
within the soil decreases, plant cannot uptake sufficient amount of water, and suffers 
from nutrient deficiencies and toxicities. Soils become infertile due to calcium (Ca), 
magnesium (Mg), potassium (K), phosphorus (P), and molybdenum (Mo) defi-
ciency. High concentration of H+ ions present in acid soil is toxic to higher plants, 
which was not estimated for many decades (Kidd and Proctor 2001). A huge amount 
of H+ ions exerts adverse effects on the soil nutrients availability, which increase 
with drop off of soil pH (Longnecker 1974; Menconi et  al. 1995). This low pH 
increases the solubility of toxic metal/metalloid ions such as iron (Fe), zinc (Zn), 
copper (Cu), manganese (Mn), and aluminum (Al). Among these Al, the third most 
abundant element of earth crust is the most toxic. At neutral pH of the soil, Al goes 
for chemical reaction to form non-soluble compounds, but with the decrease of pH 
these compounds break and Al becomes available and creates toxicity (Sairam et al. 
1998). Proton toxicity (acidity stress) and Al toxicity cannot be separated in field as 
Al is only soluble in acid solution. On the other hand, excessive H+ compete with P, 
Mg, Ca, K, and Mo for absorption of plants and disturb uptake and translocation of 
these vital nutrients, ultimate plant growth reduction (Hernandez et al. 1993), thus 
accredited to significant crop losses.

Aluminum restricts nutrient scavenging ability of roots causing nutrient deficien-
cies and, also limits the penetration depth; as a result, root system developed poorly, 
and eventually reduced grain yields (Sairam 1994). In pH lower than 4.0 increased 
Al3+ concentrations provoke root hairs to disappear and curtail root growth (Hiscox 
and Isrealstam 1979). Besides different physiological aspects, such as, DNA syn-
thesis, cell division, signal transduction pathways, plasma membrane integrity, and 
cytoskeleton structure are also severely hampered (Garcia-Oliveira et  al. 2016). 
Moreover, enzymatic antioxidants showed impaired activities (Nahar et al. 2017) 
while, hydrolytic enzymes—phosphatases, glucosidase, and esterase were sharply 
obstructed at high Al3+ (Taranishi et al. 1974). Although Al toxicity is extensively 
investigated, the others are not widely studied yet. Besides the toxicities of certain 
minerals, at higher concentration, H+ itself is toxic to the plants and linked with vari-
ous morphophysiological and biochemical attributes of plants (Hinsinger et  al. 
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2003; Felle et al. 2009). Spatial and temporal variation of H+ within the soil may 
happen and plant roots may face disparity. On the other hand, with the change in soil 
water status soil H+ concentration may be considerably modified (Misra and Tyler 
1999). Again, plant itself is a major player for pH alteration in rhizosphere by root 
exudates and uptake of cations and anions. Rhizosphere pH may also be changed 
diurnally. Blossfeld and Gansert (2007) reported that upon light exposure, 0.5 unit 
increase in rhizosphere pH occurred within 1 h. Rhizosphere pH changed at the time 
of NH4

+ and NO3
− uptake by H+ extrusion and cotransport (Crawford and Forde 

2002). Alteration in the rhizosphere pH may not hamper the symplastic pH, but 
exhibited strong effect on apoplastic pH (Felle 1998; Gao et al. 2004). On the other 
hand, Ca2+ plays a vital role in plant cell growth (Bush 1995; Edel et  al. 2017). 
Proton rhizotoxicity arrested root growth in various plant species (Kinraide and 
Parker 1987; Kinraide et al. 1994) and exerts its toxic effect by Ca2+ displacement 
(Kinraide et al. 1994; Koyama et al. 2001). Koyama et al. (1995) reported that the 
Arabidopsis thaliana root elongation is severely hampered in the low pH (4.5–4.8) 
growing media with low Ca2+ ionic strength, and root showed low viability, which 
indicates that the target site of H+ is the Ca2+-dependent physiological process of 
root growth. Similar results also reported in wheat (Kinraide et al. 1994), they also 
suggested that Ca2+ in the apoplast is the major targets of H+ rhizotoxicity. Generally, 
the H+ pump—H+–ATPase, of the plasmalemma present in the root cells, works to 
keep the pH almost neutral in the cytoplasm. If the activity of the H+ in the external 
growth medium exceeds the ability of the cell to maintain the cytoplasmic pH, the 
plant growth hampered (Shavrukov and Hirai 2016). However, the toxic effect of H+ 
on the latter is still unclear. On the contrary, only few researches addressed the 
effects of external pH change on gene expression of plants.

Therefore, this chapter aims at reviewing the current knowledge on plants’ 
responses to acidity stress or H+ rhizotoxicity focusing on studies that analyzed the 
effects of H+ toxicity and its relation to morphophysiological, biochemical, and 
molecular responses of crops. As there is a relationship between Al3+, Mn2+ and Fe3+ 
toxicity with the acid soil as well as acidity stress, these toxicities were also 
addressed in necessary cases.

 Soil pH and Acidic Soil

Soil pH has been used to define acid soils. The pH scale is the measuring unit for 
acidity vs. alkalinity of soils, which is a numeric system, ranging between 0 and 14 
used to express acidity and alkalinity. The pH scale indicates the H+ ion activity, 
which is expressed as the negative logarithm of the H+ ion concentration in the soil 
solution. For instance, one-unit decrease in the pH (from 7.0 to 6.0) is correspond-
ing to ten-fold increase in H+ ion activity. The lower the pH, the more acidic the soil. 
Most of the soils range in pH from slightly <2.0 to slightly >11.0 (Soil Survey 
Division Staff 2017). The United States Department of Agriculture (USDA), Natural 
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Resources Conservation Service classified soils depending on their pH ranges into 
11 classes (Fig. 1).

Both strongly alkaline and strongly acid conditions are generally detrimental to 
plant life. When the pH lay between 6.0 and 6.8, most of the plants grow best. 
Generally, acid soils can be termed as those soils having a pH (Potential of H+) value 
below 7.0 on the pH scale, but from agricultural point of view acid soils are those 
that have a pH value of less than 5.5 around the year and associated with plant 
restricting conditions. Some plants can tolerate and grow in acidic condition thus 
termed as acid loving crops can grow between 4.5 and 5.5 pH values.

 Causes

Soil acidity is a major ecological and economic concern. Usually, in acidic soils 
more often, when precipitation exceeds 450 mm year−1 and about 30% (50 million 
sq. km) of the land turned into acidic. About 76% of potential arable land for agri-
cultural production is suffering from acidity (Marschner 1991). Acid sulfate soils of 
coast may acidify when drained to produce crop or for urbanization, consequently 
affect aquatic life of the estuary, causing loss of fish, with successive rain after 
drought, when oxidation of soil S occurred (Goulding 2016, Table 1).

Soil acidity accelerated due to intensive agricultural practices and is particularly 
an important problem in sandy soil with low buffering capability, and relatively 
small clay particles become acidic due to their smaller reservoir of alkaline cations 

Fig. 1 The soil pH scale 
and soil classes based on 
pH and soil reaction. 
Adopted from Soil Survey 
Division Staff (2017)
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and higher leaching potential (Goulding 2016, Table 1). Although many soils are 
naturally acidic, agricultural practices and industrial processes promote soil acidifi-
cation (Wenzl et al. 2003). Intensive crop production using nitrogenous fertilizers 
mainly urea and growing the same crop without rotation contribute to the increase 
of acidification. In such cases, H+ is produced by natural process of ammonical 
nitrogen nitrification (Adams 1984, Table 1). Although less acidifying compared to 
ammonium, monocalcium phosphate [Ca(H2PO4)2], one of the components of phos-
phate fertilizer, can also be an acidifying factor. It may react with water to form 
dicalcium phosphate (CaHPO4) and phosphoric acid (H3PO4) that contributes in 
acidification process (Bouman et al. 1995, Table 1).

Acid rain is another problem, and in industrialized countries, especially Europe 
and the Northeastern United States, there is significant air pollution that produces 
acid rain—sulfuric and nitric acids clouds, which contains dissolved oxides of N 
and S, and can fall long far from source led to international disputes. In some areas, 
mining causes soil acidification (Wen et al. 2013, Table 1). The residues high in iron 
pyrite oxidized and after mixing with the run-off rain water go to the agricultural 

Table 1 Processes that contribute to the increase hydrogen ions (H+) levels in the soil, contributing 
to the soil acidity

H+ ions source Reaction

Parent material Pyrite (iron/sulfur)
  2FeS2 + 6H2O + 7O2 = 4SO4

2− + 8H+ + 2Fe(OH)2

Environment Carbon dioxide
  H2O + CO2 = H2CO3

  H2CO3 = H+ + HCO3
− = 2H+ + CO3

Nitrogen
  N2 + O2 = 2NO
  2NO + O2 = 2NO2

  3NO2 + H2O = 2HNO3 + NO
  HNO3 = H+ + NO3−

Sulfur (from burning fossil fuel)
  S + O2 = SO2

  2SO2 + O2 = 2SO3

  SO3 + H2O = H2SO4

  H2SO4 = 2H+ + SO4
2−

Fertilizer Urea
  (NH2)2CO + 2H2O = (NH4)2CO3

  (NH4)2CO3 + 2H+ = 2NH4 + CO2 + H2O
  NH4

+ + 2O2 = NO3
− + 2H+ + H2O

Phosphate
  Ca(H2PO4)2 + H2O = CaHPO4 + H3PO4

  H3PO4 = H+ + H2PO4
− = 2H+ + HPO4

2− = 3H+ + PO4
3−

Organic matter Decomposition processes forming
CO2, NH4

+, NO3
−, H2PO4

−, SO4
2−, H2O (aerobic condition)

CH4, H2S, NH3 (anaerobic conditions)
Nutrient uptake by plant roots H+ ion extrusion in exchange for nutrient cations uptake
Excessive rain Leaching of the cations from soil solution

Adopted from (Helyar and Porter 1989)
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land and cause acidification (Table 1). Thus, exert ecological effects in different 
areas, decline in forest health and aquatic ecosystems.

Development of acid soils is often influenced by edaphic, climatic, and biologi-
cal factors. For example, soils that develop from granite parent materials acidify at 
a faster rate than soils developed from calcareous parent materials. Sandy soils with 
relatively few clay particles acidify more rapidly due to their smaller reservoir of 
alkaline cations and higher leaching potential. High rainfall affects the rate of soil 
acidification depending on the rate of water percolation through the soil profile. Soil 
acidification is intensified by the removal of cations through the harvesting of crops, 
and organic matter decaying to form carbonic acid and other weak acids (Wen et al. 
2013). Plant growth will contribute to acidification; a major nutrient uptake process 
is to exchange H+ at the root surface for needed base cations (positively charged 
ions), such as Ca, Mg, and K. Leguminous plants are particularly acidifying because 
they take up more cations, in comparison to anions (negatively charged ions), than 
non-leguminous plants (Table 1). Many forms of organic matter can be acidifying, 
depending on the plant from which the organic matter is derived. Some plants con-
tain significant quantities of organic acids. As their residues are decomposed, the 
organic acids naturally affect the soil pH. Other plants are acidifying simply because 
of the low concentrations of bases they contain. If the plant does not contain enough 
bases to satisfy microbial needs, the decomposition of the plant debris will not only 
give off carbon dioxide, but will also remove base nutrients, such as Ca and Mg 
from the soil (Table 1, Krug and Frink 1983; Edge et al. 1994; de Vries et al. 2014; 
Jin et al. 2013; Ramlall et al. 2015; Yu et al. 2017).

 Worldwide Distribution

It is a cruel characteristic of some of the most populated areas in the world, particu-
larly in the tropics and subtropics are the acid soils. They cover one-third of the 
world’s total land area, including important areas of Africa, Asia, and Latin America, 
and 60% of the land that we could use for food crops. Today, about 30% of all arable 
land reaches toxic levels of acidity for crops.

There are several estimates about the extent of acid soils in the world. According 
to van Wambeke (1976), acid soils occupy 1455 million hectares (11%) of the 
world’s land, while Haug and Foy (1984) estimate that 30–40% of the arable land in 
the world and up to 70% of the world’s land. Von Uexkȕll and Mutert (1995) esti-
mated that the global extent of acid soils (defined as soils with pH <5.5  in their 
surface layers) was 3.950 million hectares, or approximately 30% of the world’s 
ice-free lands. This is in agreement with Eswaran et al. (1997), who estimate that 
around 26% of the land totally free of ice worldwide is suffering from soil acidity, 
and consequently unproductive.

Therefore, the total acid soils worldwide are estimated at 30% of the ice-free 
land and occur predominantly in two “belts” (Von Uexkȕll and Mutert 1995). The 
northern strip of acid soils is mainly forested (66.3%, or 2.21 million hectares), 
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playing an important role in the ecology of the land; to be more specific, the north-
ern belt in the cold humid temperate zone covering North America, South Asia, and 
Russia; and the southern belt in humid high rainfall tropical areas including South 
Africa, South America, Australia, and parts of New Zealand, while the southern 
strip of 17.7% (699 million hectares) is covered by tropical and subtropical savanna, 
prairie, and steppe. However, many soils in other areas are also acidic (Fig. 2). Only 
tropical acid soils comprise about two billion hectares, or 14% of the total area 
without ice in the world. About 40% of the world’s arable soils (i.e., where crops 
could be grown) are acidic. Only 4.5% of acid soils are used for cultivation, and the 
remaining areas are not under agriculture yet (Von Uexkȕll and Mutert 1995) and 
could be used for plantations and pastures for animal production. Similar areas are 
found in Colombia, Venezuela, Central Africa, and Southeast Asia (Borlaug and 
Dowswell 1997). For example, acidity affects about 38% of farmland in Southeast 
Asia, 31% in Latin America, 20% in East Asia, 56% in Sub-Saharan Africa, and 
parts of North America (Wood et al. 2000; Hoekenga et al. 2006). In the USA, 1616 
million hectares is affected, mostly in South America. In Australia and New Zealand, 
239 million hectares of agricultural land is acidic (Von Uexkȕll and Mutert 1995). 
In China and India, 212 million hectares or 12% of agricultural land is classified as 
acidic (Edmonds 2012).

 Nutrient Imbalance and Toxicity Due to Acidity

Acid soil toxicity—caused by H+ rhizotoxicity is further accelerated by the combi-
nation of highly soluble toxic metal/metalloid elements like, Fe, Cu, Mn, Zn, and 
Al, together with essential nutrients deficiency like, P, Mg, Ca, K, and Na (Bian 

Fig. 2 Global distribution of acid, alkaline, and neutral soils (Wikipedia 2018)
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et al. 2013; Fig. 3). Low soil pH can therefore release excesses of Al, Fe, and Mn 
ion, which hamper crop productivity (Zeigler et al. 1995). High Al and Fe oxides 
and hydroxide at acidic soil pH fix P and create their unavailability to plants (Kisinyo 
et al. 2013). Up to date most of the attention on acidity stress directly or indirectly 
addressed to Al toxicity; contrary, very narrow attention was placed on Fe and Mn 
toxicities. Aluminum toxicity limits crop production by hampering their yield 
potential (Kochian et al. 2015; Rao et al. 2016). Aluminum toxicity results in root 
damage that hampers nutrient uptake, resulting in nutrient deficiency in crop plants 
(Steiner et al. 2012). Strong subsoil Al toxicity reduces plant rooting depth, hence 
increases susceptibility to drought, and decreases the use of subsoil nutrients (Ulrich 
et al. 1980). Moreover, Al toxicity can cause 25–80% yield losses in various crop 
plants.

Fe toxicity is associated with huge concentrations of reduced ferrous iron (Fe2+) 
in the soil solution that occurs in flooded soils. Poorly aerated acid soils might be 
rich in iron content that is phytotoxic. Low pH-induced Fe toxicity is generally 
buffered through Al hydrolysis. In low soil pH, some of the anaerobic bacteria 
release high amounts of Fe2+, which become toxic for plants. Acidic soil with Fe 
toxicity may results in yield reductions up to 100% in rice. High toxic levels of Fe, 
if accumulated in plants can cause lipid peroxidation, protein denaturation, and 
breakdown of nucleic acids. Furthermore, Fe toxicity damages the cell structures 
lead to stunted plant growth and leaf injury. Some tolerant genotypes can precipitate 
excess Fe on roots forming Fe plaque, which serve as a barrier against foreign Fe, 
and facilitates essential nutrients assimilation plants. (Ayeni et  al. 2014; Sikirou 
et al. 2016).

Fig. 3 Effect of soil pH on 
nutrient availability in 
plants
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Manganese toxicity is associated with Al and Fe hydrolysis, caused by soil acid-
ity. Soil acidification accelerates solubility of Mn and increases its availability to 
toxic levels. In low soil pH, Mn toxicity is more prominent in susceptible plant spe-
cies. Manganese toxicity appears as leaf chlorosis, which progresses to necrosis. 
Moreover, Mn toxicity disrupts chloroplast structure and functions, as a result 
reduced photosynthesis and transpiration hampered. Consequently, with the closure 
of stomata CO2 fixation inhibited (Havlin et al. 2005; Hong et al. 2010). But up to 
now, there are a very limited number of reports regarding the Fe and Mn toxicity in 
plants. Hence, requires more investigations.

 Biogeography of Plants in Relation to Acidic Soil

Acidity prevents crops from uptaking the balanced nutrients from the soil, thus, 
limiting yields. Among the abiotic stresses, its negative effect on global yield comes 
second immediately after drought and is particularly tough felt by marginal and 
small farmers, who cannot afford soil test or correct soil pH using calcium and 
magnesium-rich lime. Therefore, these farmers usually grow less profitable, acid- 
tolerant crops like millet, or suffer huge yield losses, when trying to grow popular 
high yielding crop varieties of wheat, rice, or maize. Many of the crop fields are kept 
vacant or cultivated once in rainy season.

Acid soils not only cause plant yield losses, but also effect plant distribution 
around the world. For example, barley—the fourth most important cereal crop in the 
world, is well known for its wide tolerance to abiotic stress, such as drought, alka-
line conditions, cold, and heat (Forster et  al. 2000). Due to its stress tolerance 
behavior, it is distributed all most all over the world and its growing area is extended 
from temperate to subtropical regions. However, as it cannot tolerate acidic soils, 
the barley production areas are distributed mainly on non-acid soil regions of the 
world.

Metal ion availability as well as toxicity depends on soil pH. Among the most 
studied metal toxicity in acidic soil–Al toxicity, which influence the distribution of 
some plant species. Clark and Ji (1995) found strong trends in distribution of some 
palm species, due to change in spatial soil pH and other chemical properties of the 
soil. Working on six alluvial terraces in Sumatra, Van Schaik and Mirmanto (1985) 
provide perhaps the clearest example of correlations between pH and plant patterns. 
They found that fruit production decreased, whereas forest stature and their life 
span increased with decrease in soil pH.  Although they didn’t study the species 
composition but mentioned that the plants of Dipterocarpaceae are more common 
on the higher terraces and mountain slopes with low soil pH, less fertile soil com-
pared to the lower terraces, which clearly indicates strong relationships between soil 
pH and various morphophysiological plant processes with consequently change the 
species composition in an area.

In many regions of the world, this strong positive correlation is observed, between 
plant diversity and soil pH (Ewald 2003). Through a global-scale study, researchers 
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have illustrated that the relationship between soil pH/plant diversity mainly depends 
on the regional primary or secondary evolutionary centers (Pärtel 2002). When the 
regional center for evolution of any species is located on low pH soils, its diversity 
relationship with soil pH is mostly negative. On the other hand, the diversity rela-
tionship between soil pH and plant is mostly positive, when its evolutionary center 
is located on high pH soils (Pärtel et al. 1996). As most of the soils at higher alti-
tudes are acidic, there is little or no chance for high pH loving plants to grow on 
these mountain tops (Pärtel 2002). In these areas, species rarity is common due to 
lack of suitable habitants (Table 2).

Anthropogenic acidification has been considered to be a serious threat for many 
plants typical of intermediate pH soils (Bobbink et al. 2010). As the soil becomes 
more acidic due to anthropogenic activities, in course of time the plant productivity 
is reduced, and in some cases plants are unable to grow due to their critical pH limit. 
The activity of soil fauna and flora also decreases. Researchers suggested that the 
plants grown under a wide range of soil pH are distributed evenly around the globe, 
but plant species that require more restricted soil pH are somewhat threatened spe-
cies and many of them are already extinct (Cleavitt 2001; Ingerpuu 2002). Therefore, 
we tried to review, collect, and compile the preferential pH range of some crop, 
ornamentals, and forest plants based on available literature, which is illustrated in 
Table 2.

 Effects of Soil Acidity Stress on Plants

Acidic condition in plant growing medium disrupts the water uptake of plant 
(Kamaluddin and Zwiazek 2004; Long et al. 2017). Moreover, toxicities of H+ with 
other metal/metalloids and a lack of essential nutrients cause severe yield reduction 
of crop species by hampering seed germination, vegetative and reproductive attri-
butes of plants (Deska et al. 2011; Bahrami et al. 2012; Krstic et al. 2012). Proper 
pH level is imperative for germination process of any seed because germination 
initiating amylolytic enzymes require suitable pH level in germination medium 
(Lee et al. 1998). But acidic pH shrinks the germination process of seed; even stop 
at ultra-acidic condition (Deska et  al. 2011; Kolodziejek and Patykowski 2015). 
Growth, developmental processes, and yield of plant are highly dependent on proper 
nutrient status of growing medium. Acidic condition demolishes the nutrient status 
by suppressing uptake of few important micro- and macronutrients (Kidd and 
Proctor 2001; Bian et al. 2013). Furthermore, elevated Al toxicity due to acidity 
hampers the root growth, which ultimately stunted plant establishment as well as 
reduce yield (Siecińska and Nosalewicz 2016) (Table 3).
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Table 2 List of crops/plants according to their optimum pH requirements of soils

Name
Required 
pH Name

Required 
pH

Field crops

Oryza sativa L. 5.0–6.5 Vigna mungo (L.) Hepper 6.5–7.8
Triticum aestivum L. 6.3–7.0 Lathyrus sativus L. 6.0–7.8
Zea mays L. (Field corn) 5.5–6.7 Vigna unguiculata (L.) Walp. 5.5–6.5
Zea mays L. (Corn) 5.5–7.0 Vigna radiata (L.) R. Wilczek 6.2–7.2
Sorghum bicolor (L.) Moench 5.5–7.0 Glycine max (L.) Merr. 5.5–6.5
Medicago sativa L. 6.5–7.5 Brassica napus L. 6.0–7.5
Lens culinaris Medik. 5.5–7.0 Arachis hypogaea L. 5.0–6.5
Pisum sativum L. 6.0–7.5 Helianthus annuus L. 5.0–7.0
Cicer arietinum L. 6.0–7.0 Brassica juncea (L.) Czern. 5.0–8.0
Saccharum officinarum L. 5.0–6.5 Beta vulgaris L. 6.0–7.5
Vegetables, salads, and spices

Solanum tuberosum L. 4.5–6.0 Lepidium sativum L. 6.0–7.0
Lycopersicon esculentum Mill. 5.5–7.5 Cucumis sativus L. 5.5–7.5
Solanum melongena L. 6.0–7.0 Cucurbita maxima L. 5.5–7.5
Ipomoea batatas (L.) Lam. 5.5–6.0 Phaseolus vulgaris L. 6.0–7.5
Capsicum annuum L. 5.5–7.0 Asparagus officinalis L. 6.0–8.0
Brassica oleracea L. var. Italica 6.0–7.0 Apium graveolens L. 6.0–7.0
Brassica oleracea L. var. Capitata 6.0–7.5 Cichorium intybus L. 5.0–6.5
Brassica oleracea L. var. Botrytis 5.5–7.5 Lactuca sativa L. 6.0–7.0
Brassica rapa L. var. Chinensis 6.0–7.5 Eruca sativa Mill. 6.0–6.8
Brassica oleracea L. var. Gemmifera 6.0–7.5 Rheum rhabarbarum L. 5.5–7.0
Brassica oleracea L. var. Acephala 6.0–7.5 Spinacia oleracea L. 6.0–7.5
Cynara cardunculus L.var. scolymus 6.5–7.5 Colocasia esculenta L. 5.5–6.5
Brassica oleracea L. var. 
Gongylodes

6.0–7.5 Allium sativum L. 5.5–7.5

Daucus carota subsp. Sativus 
(Hoffm.) Schübl. & G. Martens

5.5–7.5 Armoracia rusticana G. Gaertn., 
B. Mey. & Scherb.

6.0–7.0

Raphanus raphanistrum subsp. 
Sativus (L.) Domin

6.0–7.0 Stevia rebaudiana (Bertoni) 
Bertoni

6.7–7.2

Brassica rapa var. rapa L. 5.5–7.0 Allium stipitatum L. 5.5–7.0
Pastinaca sativa L. 5.5–7.5 Allium ampeloprasum L. 6.0–8.0
Nasturtium officinale Aiton. 5.0–8.0 Petroselinum crispum (Mill.) 

Fuss
5.0–7.0

Ocimum basilicum L. 5.5–6.5 Mentha spicata L. 5.5–7.5
Allium schoenoprasum L. 6.0–7.0 Mentha × piperita L. 6.0–7.5
Foeniculum vulgare Mill. 5.0–6.0 Rosmarinus officinalis L. 5.0–6.0
Allium sativum L. 5.5–7.5 Allium cepa L. 6.0–7.0
Zingiber officinale Roscoe 5.5–6.5 Thymus vulgaris L. 5.5–7.0
Origanum majorana L. 6.0–8.0
Fruit crops

(continued)
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Table 2 (continued)

Name
Required 
pH Name

Required 
pH

Citrullus lanatus (Thunb.) Matsum. 
& Nakai

5.5–6.5 Artocarpus altilis (Parkinson) 
Fosberg

5.0–6.0

Prunus domestica L. 6.0–8.8 Litchi chinensis Sonn. 5.5–6.5
Rubus occidentalis L. 5.5–7.0 Musa spp. 5.5–6.5
Rubus idaeus L. 6.0–7.5 Mangifera indica L. 5.5–6.8
Fragaria × ananassa (Weston) 
Duchesne ex Rozier

5.0–7.5 Malus floribunda Siebold ex Van 
Houtte

5.0–6.0

Rubus fruticosus L. 5.0–6.0 Citrus × sinensis (L.) Osbeck 5.8–6.5
Vaccinium caesariense Mack. 4.0–6.0 Ficus carica L. 6.0–6.8
Prunus cerasus L. 6.5–6.0 Carica papaya L. 5.8–6.5
Phoenix dactylifera L. 6.5–8.0 Citrus × paradisi Macfad. 6.0–6.8
Vitis vinifera L. 6.0–7.0 Passiflora edulis Sims. 5.0–6.0
Prunus persica (L.) Batsch 6.0–7.0 Psidium guajava L. 5.5–6.8
Pyrus spp. 6.0–7.5 Ananas comosus (L.) Merr. 4.7–5.5
Malus pumila Mill. 5.5–6.5 Citrus japonica Thunb. 6.0–6.8
Punica granatum L. 6.0–7.0 Citrus maxima Merr. 5.8–6.5
Persea Americana Mill. 6.2–6.5 Citrus limon (L.) Osbeck 6.0–6.8
Cocos nucifera L. 6.0–8.0 Citrus tangerine Tanaka 6.0–6.8
Citrus × aurantiifolia (Christm.) 
Swingle

6.0–6.8 Macadamia integrifolia Maiden 
& Betche

5.0–6.5

Grasses

Digitaria eriantha Steud. 5.5–6.5 Zoysia matrella (L.) Merr. 6.0–6.5
Pennisetum clandestinum Hochst. ex 
Chiov.

5.5–6.5 Eremochloa ophiuroides 
(Munro) Hack.

6.0–6.5

Ophiopogon japonicus (L.f.) Ker 
Gawl.

6.0–6.8 Stenotaphrum secundatum 
(Walt.) Kuntze

6.0–6.5

Cynodon dactylon (L.) Pers. 6.0–6.5 Miscanthus sinensis Andersson 5.5–6.5
Agrostis canina L 6.0–6.5
Flowers and ornamentals

Trifolium repens L. 6.0–7.0 Podospadix spp. 5.5–6.5
Lotus corniculatus L. 5.5–6.0 Abelmoschus moschatus Medik. 5.8–6.5
Desmodium incanum DC. 5.5–6.5 Ixora coccinea L. 5.8–6.5
Saintpaulia shumensis B.L.Burtt 6.0–8.0 Jacaranda spp. 5.8–6.5
Aloe vera (L.) Burm.f. 6.5–7.0 Bougainvillea spp. 5.5–6.8
Amaryllis belladonna L. 4.5–6.0 Lantana camara L. 5.8–6.5
Araucaria araucana Pav. 4.5–6.0 Camellia spp. 4.5–5.5
Asparagus densiflorus (Kunth) 
Jessop

6.0–8.0 Magnolia virginiana L. 5.5–6.5

Rhododendron alabamense Rehder 4.5–6.0 Dianthus caryophyllus L. 6.0–6.5
Bambusa spp. 5.0–7.5 Tagetes erecta L. 5.8–6.5
Begonia oblique L. 6.0–8.0 Chrysanthemum indicum L. 6.0–6.5

(continued)
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Table 2 (continued)

Name
Required 
pH Name

Required 
pH

Opuntia spp.
Mammillaria spp.
Melocactus spp.

4.5–6.0 Nerium oleander L. 6.0–7.0
Rosa spp. 5.8–6.5
Salix babylonica L. 5.0–6.0

Camellia spp. 4.5–6.0 Wisteria spp. 6.5–8.0
Coffea arabica L. 4.5–6.0 Taxus baccata L. 5.5–7.5
Lilium longiflorum Thunb. 6.0–6.5 Zinnia spp. 5.5–7.5
Pteris spp. 4.5–6.0 Tulipa × gesneriana L. 6.0–7.0
Gardenia spp. 4.5–6.0 Petunia spp. 6.0–7.5
Geranium spp. 6.0–8.0 Ipomoea nil (L.) Roth 6.0–7.5
Hydrangea spp. 4.5–6.0 Hyacinthus orientalis L. 6.5–7.5
Orchis spp. 4.5–5.0 Lavandula spica L. 6.5–7.5
Oxalis spp. 6.0–8.0 Dianthus caryophyllus L. 6.0–7.5
Philodendron spp. 4.5–6.0 Gladiolus spp. 6.0–7.0
Euphorbia pulcherrima Willd. ex 
Klotzsch

6.0–6.5 Chlorophytum comosum 
(Thunb.) Jacques

6.1–6.5

Ficus elastica Roxb. ex Hornem. 6.0–6.5 Iris germanica L. 5.0–6.5
Hemerocallis lilioasphodelus L. 6.0–8.0 Narcissus poeticus L. 6.0–6.5
Delphinium spp. 6.0–7.5 Cosmos spp. 5.0–8.0
Myosotis sylvatica Ehrh. 6.0–7.0 Alyssum spp. 6.0–7.5
Digitalis spp. 6.0–7.5 Calendula spp. 5.5–7.0
Portulaca spp. 5.5–6.5 Iberis spp. 6.0–7.5
Philadelphus coronarius L. 6.0–6.8 Dahlia pinnata Cav. 6.0–7.5
Buxus spp. 6.0–6.8 Dianthus barbatus L. 6.0–7.5
Portulaca grandiflora Hook. 6.0–6.8 Portulaca spp. 5.5–7.5
Plectranthus amboinicus (Lour.) 
Spreng.

6.0–6.5 Mertensia virginica (L.) Pers. ex 
Link

6.5–7.5

Croton spp. 5.5–6.5 Papaver somniferum L. 6.0–7.5
Stephanotis thouarsii Brongn 6.0–6.8 Chaenactis spp. 6.0–7.5
Salvia officinalis L. 6.0–7.5 Tropaeolum spp. 5.5–7.5
Antirrhinum majus L. 5.5–7.0 Viola tricolor 5.5–7.0
Lathyrus odoratus L. 6.0–7.5 Primula vulgaris Huds. 5.5–6.5
Erysimum spp. 5.0–8.0 Magnolia virginiana L. 5.0–6.0
Hydrangea macrophylla (Thunb.) 
Ser. (blue)

4.0–5.0 Hydrangea macrophylla 
(Thunb.) Ser. (pink)

6.0–7.0

Syringa vulgaris Aiden C. Elharrar 6.0–7.5 Forsythia suspensa (Thunb.) 
Vahl

6.5–7.5

Forest plants

Eucalyptus oblique L’Hér. 6.0–6.8 Acer spp. 6.0–7.5
Mesua ferrea L. 6.0–6.8 Philadelphus spp. 6.0–8.0
Thuja occidentalis L. 6.0–8.0 Quercus spp. 5.0–6.5
Fraxinus spp. 6.0–7.0 Picea spp. 4.5–5.5
Fagus spp. 5.0–6.5 Gypsophila spp. 6.0–7.5

(continued)
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 Germination and Seedling Emergence

Seed germination is a standout among the most principal and fundamental stages in 
the developmental cycle of plants that decides the foundation and is profoundly 
responsive to its encompassing condition (Bahrami et al. 2012). Seeds only germi-
nate under optimal environmental conditions and soil pH is one of the major envi-
ronmental factors determining germination of seed as well as the further crop 
establishment. The acute effect of soil acidity on seed germination was studied pre-
viously by several researchers and the general conclusion from those examinations 
might be that an entirely acidic response applies a harmful impact on plants 
(Michaels 1910; Promsy 1911; Plate 1913). Moreover, the relationship of germina-
tion and acidity varies significantly with the seeds of distinctive plants and with the 
sort of acid utilized. It has been documented that less acidified condition is essential 
for seed germination (Marschner 1991) and the reason behind this phenomenon is 
the germination initiating amylolytic enzymes; those require proper pH of soil solu-
tion for germination (Lee et al. 1998). In addition, acidic pH exerts a direct impact 
on seeds in dissolving the seed coat and an indirect impact, which includes stimulat-
ing conditions for some fungi species development whose activity causes aperture 
of the seed coat (Vleeshouwers et al. 1995). Kolodziejek and Patykowski (2015) 
investigated the effects of acidic pH on Rumex confertus biennial species and found 
that seeds did not sprout at the point when pH was 4.0 with the highest germination 
at pH 5.6–6. Acidity stress in the growing medium decreases the seed germination 
both in the initial and final stages. Among the studied species, lowering of pH 
resulted in a significant germination inhibition of Trifolium repens seeds with the 
negatively affected green part of the seedlings. Decreasing pH even from 6.5 to 6.0, 
also brought about the reduced energy and capacity of germination as well as the 
seedling dry matter in Medicago sativa and Festuca pratensis (Deska et al. 2011). 
Long time ago, Singh et al. (1975) evaluated the response of four very important 
grass species Iseilema anthephoroides, Sehima nervosum, Apluda mutica, and 
Dactyloctenium aegyptium to acidic medium and revealed that at pH 2.0 no germi-
nation was observed in any of the species. With the course of time, it has been 
observed that the seed germination of Betula luminifera L. varied when subjected to 
different levels of pH stress. A complete inhibition of seed germination was observed 
under acidic condition of 3.0 and 3.5 range. With the expanding acidity level of 
≥4.0, a significant and positive correlation among germination rate, germination 

Table 2 (continued)

Name
Required 
pH Name

Required 
pH

Betula spp. 5.0–6.5 Juniperus spp. 5.0–7.0
Strongylodon macrobotrys A.Gray 6.0–6.8 Pithecellobium dulce (Roxb.) 

Benth
6.0–6.8

Cornus spp. 6.0–7.0 Buxus spp. 6.5–7.5

Adopted from Uchida and Hue (2000)
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Table 3 Effects of acidity stress in different growth stages of plant life cycle

Plant species Acidity level Effect of acidity References

Triticum aestivum L. Al3+ toxicity, 
30 mM/L of AlCl3

Inhibited germination by 50% 
and poor seedling emergence

Zhang et al. 
(2010)

Pisum sativum L. 
(Rachana and Arkil)

0.2, 0.4, 0.6, and 
0.8 g/kg of Al

Decreased seed germination 
and growth

Singh et al. 
(2011a, b)

Oryza sativa L. 
(Caiapó and IAC1289)

80, 160, 320 μM of 
Al

Decreased seed germination 
and complete inhibition of 
germination at 320 μM of Al

Marciano et al. 
(2010)

O. sativa cv. MR 84 pH 3.5 Reduced germination 
percentage, tiller no. and leaf 
no. by 4%, 14%, and 10%, 
respectively, as compared to 
control (5.6)

Zabawi et al. 
(2008)

Origanum compactum 
(Benth)

pH <3.5 Null seed germination were 
found under acidic pH (<3.5)

Laghmouchi 
et al. (2017)

Betula luminifera L. pH <4.0 Completely inhibited 
germination at pH 3.0–3.5
Negatively affected 
germination rate, germination 
potential, germination index, 
and seed vitality index

Hai-yang et al. 
(2013)

Rumex confertus L. pH 4.0 Non-sprouted seeds were 
found

Kolodziejek 
and Patykowski 
(2015)

Trifolium repens
Medicago sativa
Festuca pratensis

Lowering pH from 
6.5 to 6.0

Hindered germination with 
damaged green part of 
seedlings
Reduced energy and capacity 
of germination
Decreased seedlings dry 
matter

Deska et al. 
(2011)

Iseilema 
anthephoroides
Sehima nervosum, 
Apluda mutica
Dactyloctenium 
aegyptium

pH 2.0 Complete inhibition of 
germination in all species

Singh et al. 
(1975)

Paulownia tomentosa 
L.

pH 1.5–7.0 None of the seed was 
germinated below pH 4.0
Significantly decreased 
seedling emergence

Turner et al. 
(1998)

O. sativa cv. Lalat 50 mM, AlCl3 Altered cell cycles (mitotic 
and meiotic)
Produced chromosomal 
abnormalities, binucleated, 
and multinucleated cells

Mohanty et al. 
(2004)

O. sativa 50 μM/L of Al Severely suppressed root 
elongation

Zhao et al. 
(2013)

(continued)
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Table 3 (continued)

Plant species Acidity level Effect of acidity References

Glycine max Merrill Al (800 mg/kg Al3+) Decreased chl contents, 
photosynthetic rate, light, and 
water use efficiency
Increased transpiration rate

Zhang et al. 
(2007)

Eucalyptus sp. pH 3.0 and 4.0 with 
Al 4.4 mM

Reduced photosynthetic 
pigments. Altered leaf tissue 
structures and growth

Yang et al. 
(2015)

Zea mays L.
G. max

pH 4.1 Decreased root growth, 
nutrient uptake, shoot 
biomass, and yield

Joris et al. 
(2013)

G. max pH 4.0 and 6.5 and 
Al (150 μM)

Drastically reduced growth 
(shoot and root length and 
biomass), chl contents, and 
photosynthetic rate

Shamsi et al. 
(2008)

Z. mays pH 4.5, 2.1 cmol Al 
kg−1

Severely affected leaf size and 
appearance
Decreased leaf area index, 
above-ground biomass, and 
root biomass by 60%, 30%, 
and 64%, respectively

Sierra et al. 
(2003)

Hordeum vulgare L.,
Z. mays
T. aestivum
G. max

pH < 5.5 Created nutritional imbalances
Disturbed the uptake, 
transport, and utilization of 
Ca, Mg, P, K, and NH4

Gupta et al. 
(2013)

Theobroma cacao L. Al3+ (15, 30, 45, and 
60 mg L−1)

Deformed leaf nuclear 
membrane cells, root 
epidermis cells, endodermis, 
and xylem parenchyma cells
Disrupted plasma membrane 
and vacuole

de Almeida 
et al. (2015)

Phaseolus vulgaris L. pH <5.0 Reduced plant height, leaf 
area index
Extended days to maturity

Legesse et al. 
(2013)

Vicia faba L. (Dosha 
and NC 58)

pH 4.5 and 82 mM 
Al3+

Reduced 3% and 40% of 
taproot length, respectively

Belachew and 
Stoddard 
(2017)

T. aestivum pH 4.5 Restricted root development 
and yield due to water 
shortages in vegetative period

Caires et al. 
(2006)

O. sativa Mn (500 μM) Reduction of growth
Deformation leaf structure

Lidon and 
Teixeira (2000)

H. vulgare Mn (500 μM) Appeared leaf chlorotic and 
necrotic lesions

Demirevska- 
Kepova et al. 
(2004)

Juncus effusus L. Mn (500 μM) Decreased plant height and 
biomass

Najeeb et al. 
(2009)

(continued)
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Table 3 (continued)

Plant species Acidity level Effect of acidity References

O. sativa Mn (9.1 and 
36.4 μM)

Curtailed amount of chl a, chl 
b, carotinoid, and reduction of 
net photosynthesis

Lidon et al. 
(2004)

Vicia faba L. Mn (160 μM) Reduced root and shoot 
development by 52% and 
62.92%, respectively
Chlorophyll content declined 
by maximum 42%

Arya and Roy 
(2011)

Saccharum officinarum 
L.

pH 3.74–4.84 Showed chlorosis in ratoon 
plantlet
Hindered chl synthesis in their 
leaves

Huang et al. 
(2016)

Phragmites australis 
(Cav.) Trin ex. Steudel

Fe (≥1 mg L−1) Immediately decreased root 
growth, shoot growth
Significantly inhibited plant 
growth

Batty and 
Younger 
(2003)

O. sativa cv. (BR 
IRGA 409; BR IRGA 
412; BRA 041171 and 
BRA 041152)

Fe (4 mM) Decreased the chl synthesis as 
well as photosynthesis

Pereira et al. 
(2013)

T. aestivum Al (0.6 mM) Inhibited cell division of the 
microspores
Reproductive cytological 
alteration

Bakos et al. 
(2008)

Plantago 
almogravensis and P. 
algarbiensis

pH (4.0)
Al (400 mM AlCl3)

Altered development, chl 
contents, photosynthetic 
machinery, CHO synthesis, 
and accumulation

Martins et al. 
(2013a, b)

O. sativa cv. Pungsan 
(PS) and Geumgang 
(GG) and IR36

Al (150 μM) Delayed flowering time
Reduced grain yield

Kang et al. 
(2011)

Malus sylvestris Miller 
cv. Golden

pH (3.3 and 3.4) Decreased pollen germination 
and pollen tube length

Munzuroglu 
et al. (2003)

Malus domestica 
Borkh

pH 3.0, 4.0, and 5.6 Negatively affected pollen 
grain viability, germination, 
pollen tube length

Bellani et al. 
(1997)

O. sativa cv. Lalat Al (50 mM, AlCl3) Caused very high rate of 
pollen sterility of around 64%

Mohanty et al. 
(2004)

P. vulgaris pH 2–4.5 Hindered buds and flowers 
developmental processes
Produced abnormalities in 
reproductive processes at pH 
2.0

Chehregani 
et al. (2006)

Pubescens ssp. 
tortuosa (Ledeb.) 
Nyman

pH 4.6 and 3.0 Nearly 50% reduction in the 
germ tube length and pollen 
germination

Neuvonen et al. 
(1991)

(continued)
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Table 3 (continued)

Plant species Acidity level Effect of acidity References

Mentha spicata L. Mn (9–15.75 μM) Decreased photosynthetic 
pigments during flowering 
stage
Toxic Mn accumulation in 
both root and shoot

Asrar et al. 
(2005)

Lycopersicon 
esculentum Mill.

Al (500 μM as 
Al2(SO4)3·18H2O)

Reduced pollen germination
Decreased shoot and root 
growth of sporophyte

Searcy and 
Mulcahy 
(1990)

Prunus amygdalus 
Batsch and Prunus 
domestica L.

pH 2.8 Pollen germination and tube 
length were reduced by 
93.43% and 93.41%; 100% 
and 99.63%, respectively

Nazmi et al. 
(2016)

O. sativa pH 4.5 and 6.4 Resulted in sterility of spikelet Fageria et al. 
(2004)

Camellia sinensis pH 4.6
Al (0.2 mM)

Pollen growth was found to 
decrease with the increase of 
Al
Severely repressed growth at 
pH 4.6

Konishi and 
Miyamoto 
(1983)

G. max pH 2.8, 3.4, and 4.0 Reduced stalk no, pod hulls, 
no. of seeds per plant, no. of 
pods per plant, and no. of 
seeds per pod, when supplied 
with unfiltered ambient air

Troiano et al. 
(1983)

G. max pH 5.3 Decreased dry weight of 
shoot, no. of pods per plant, 
and 100-grain weight

Fageria et al. 
(2013)

Vigna unguiculata L. 
(BRS Guariba)

pH 5.2 and 6.2 Pods no. per plant, seeds no. 
per pod, 100 seeds weight, 
grain yield were reduced 
significantly

Farias et al. 
(2016)

O. sativa Low, 4.5 and high, 
6.4

Grain yield and yield 
components were reduced 
significantly under low pH

Fageria et al. 
(2004)

O. sativa Fe toxicity (pH 4.1, 
4.5, and 4.7)

Severely reduced grain yield 
of by (16–78%)
Damaged leaves 
(discoloration), decreased 
growth and tillering

Audebert and 
Fofana (2009)

Z. mays Al (2.1 cmol kg−1), 
pH 4.5

Grain yield reduced by 47% 
by affecting the leaf 
appearance, leaf area index, 
light harvest, and above- 
ground biomass

Sierra et al. 
(2003)

(continued)
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potential, germination index, and seed vitality index were also observed (Hai-yang 
et al. 2013). Acidic pH 3.5, 4.0, 4.5, 5.0, and 5.6 (control) were imposed to Oryza 
sativa L. cv. MR 84 seeds on each day for 2 weeks. The result demonstrated that 
germination, tiller, and leaf number were lessened significantly at pH 3.5. 
Germination percentage, tiller number, and leaf number were reduced by about 4%, 
14%, and 10%, respectively, as compared to control (pH 5.6) (Zabawi et al. 2008). 
As aluminum ion (Al3+) is particularly very toxic and one of the major limiting fac-
tors in acidic soils, a study was conducted to investigate the effect of (Al3+) on 
Triticum aestivum L. seed germination and seedling emergence. Germination as 
well as seedling emergence was hindered by high concentrations of 30 mM/L of 
AlCl3. At this treatment, germination percentage was diminished by about 50% with 
the significant inhibition of seedling growth (Zhang et al. 2010). In a comparative 
study with tolerant (Rachana) and sensitive (Arkil) genotypes of Pisum sativum L., 

Table 3 (continued)

Plant species Acidity level Effect of acidity References

Z. mays pH 4.2 or 4.5 Altered assimilate and nutrient 
partitioning
Finally reduced the biomass 
production and yield

Sierra et al. 
(2006)

T. aestivum (tolerant 
and intolerant 
genotypes)

440 μM Al, 750 μM 
Mn, 625 μM Fe2+, pH 
4.2–4.8

A relative grain yield potential 
of 78% vs. 56% was found in 
tolerant to intolerant 
genotypes

Khabaz-Saberi 
et al. (2012)

Z. mays.
G. max

pH 4.6 Severely affected grain yields Caires et al. 
(2011)

G. max cv. Amsoy 71 pH 4.1, 3.3, and 2.7 Decreased seed yield by 
10.7%, 16.8%, and 22.9%, 
respectively, compared to 
control (pH 5.6)

Evans et al. 
(1983)

G. max pH 4.2 Negatively affected plant 
population, pods no. per plant, 
grains no. per pod, and 100 
grains mass

Castro and 
Crusciol 
(2013)

P. vulgaris Acrisols soil, pH 
4.6–5.0

Pod no. per plant, seed no. per 
pod and seed weight 
decreased by 33, 82, and 93%, 
respectively

Buerkert et al. 
(1990)

T. aestivum
Al-tolerant (ET8) and 
Al-sensitive (ES8)

pH 4.2 Higher shoot biomass and 
grain yield were obtained 
from ET8 as compared to ES8

Tang et al. 
(2001)

T. aestivum
 and T. durum

Lime (pH 5.3) and 
unlimed (4.5)

Spike numbers, above-ground 
biomass, and grain yield were 
more severely affected than 
plant height, spike length, and 
harvest index
Limed soil plants produced 
higher yield

Bona et al. 
(1995)
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significantly decreased germination of seeds and growth of seedlings due to Al tox-
icity (0.2, 0.4, 0.6, and 0.8 g/kg of Al) were observed (Singh et al. 2011a). Suthar 
et al. (2009) conducted an experiment with Solanum nigrum L. and demonstrated 
that the germination percentage was lower under the acidic pH than the neutral pH 
condition. In addition, seed germination and seedling growth of Paulownia tomen-
tosa were evaluated with various range of pH (1.5–7), where none of the seed was 
germinated below pH 4 with significantly decreased seedling emergence in soil pH 
4.5 (Turner et al. 1998). Laghmouchi et al. (2017) carried out an experiment in vitro 
with Origanum compactum Benth medicinal plants and found null seed germination 
under acidic pH (<3.5). Maximum germination percentage (71%) was observed 
when provided with the optimum pH condition (7.0). Magidow et al. (2013) inves-
tigated the performance of swallowwort (Vincetoxicum hirundinaria Medik.), with 
low pH inceptisols and high pH alfisols. It was demonstrated that the final germina-
tion percentage was higher in high pH alfisols than in low pH inceptisols. Two O. 
sativa genotypes, Caiapó and IAC1289, were subjected to Al toxic acid soil. In 
Caiapó and IAC1289, decreased seed germination and complete inhibition of ger-
mination were found when exposed with 160, 320  μM and 80, 160  μM of Al, 
respectively. Mean germination time were also increased for both genotypes when 
exposed to Al toxicity (Marciano et  al. 2010). At pH level 1.0, along with the 
extended average germination time, the germination rate, index, velocity, vigor 
index, shoot height, root length, shoot and root dry mass, and the stored substances 
transformation rate reduced significantly in Zea mays L. Effects of seed age and 
water solution pH on the germination, germination energy, root length, and stem 
height of P. sativum were investigated. It has been demonstrated that irrespective of 
the age of seeds, highest germination energy was recorded at neutral pH (7.0). In 
contrast, highest germination, root length, and stem height were observed at pH 6 
and 5, respectively (Gordana et al. 2007).

 Vegetative Stage

Soil acidity stress generally affects throughout the vegetative phage of plant life 
cycle by inhibiting the growth, visualizing damage symptoms, altering phonologi-
cal events, hindering growth and developmental processes. A combination of fac-
tors limits plant growth togetherly results in soil acidic stress. In spite of the fact that 
a low pH itself is adverse and Al toxicity is one of the principal factors restricting 
plant growth in acidic soils. The primary indication of Al3+ stress in plants is the 
inhibition of root elongation as well as the final root growth via the Al association 
with the root apices cells (Siecińska and Nosalewicz 2016). Thus, immediately 
affected root growth is resulted from the quick inhibition of root tip meristem cell 
division by Al3+, resulting in a stubby root tip, which impaired the water and nutrient 
uptake and ultimately making plant more susceptible to other stresses like drought 
(Samac and Tesfaye 2003; Jovanovic et al. 2006, 2007). However, the species of 
plants, particular condition of growth environments and the forms and 
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concentrations of Al ion determines the degree of inhibition of root growth (Delhaize 
and Ryan 1995). Some other consequences of Al3+ toxicity includes hindered cell 
division and plant growth, destroyed plasma membrane, altered nutrient availability, 
certain metabolites and key enzymes as well as the susceptibility to several environ-
mental stresses (Arunakumara et al. 2013). Aluminum stress (50 mM, AlCl3) in O. 
sativa cv. Lalat resulted in cell cycles (mitotic and meiotic) alterations with varied 
chromosomal abnormalities and produced binucleated and multinucleated cells 
(Mohanty et al. 2004). More thickened and rigid cell wall along with the final reduc-
tion of the cell-wall extensibility required for normal cell expansion were also 
affected due to Al toxicity in O. sativa and T. aestivum (Yang et al. 2008). In acid 
soils, low P availability is also resulted from the formation of Al–P complexes, 
which act as a prime limiting factor for plant growth (Nian et al. 2009). Aluminum- 
induced Ca deficiencies also results in the young leaves rolling and curling and 
growing points collapse. Aluminum also inhibits plant development processes by 
extremely affecting DNA formation, blocking cell division, destroying cell wall, 
disrupting plasma membrane integrity, inhibiting signal transduction pathways and 
changing cytoskeleton (Bian et al. 2013). Additionally, soil acidity strongly affects 
plant growth by the deficiency of N in both tropical and temperate regions (Fageria 
and Baligar 2001). Soil acidity acts as a major limiting factor for nodulation and N 
fixation in legume plants. Especially plants more sensitive to acidic soils are those 
depending on the symbiotic N fixation for their growth because higher concentra-
tion of H+, Al3+, or Mn2+ and reduced concentration of Ca2+, P, or Mo can restrict 
their nodule formation in acidic soils (Marschner 1991). Furthermore, the toxicity 
of Al presents in the acidic soil belated the vegetative growth of tropical legumes 
(Meda and Furlani 2005). Small, stunted, late matured, purpling of stem and leaf 
veins, yellowing and death of leaf apex (Bouma et al. 1981) and decreased opening 
of stomata, reduced photosynthesis, foliar necrosis, and chlorosis (Vitorello et al. 
2005) are the consequences of the toxic Al. In most crop plants, μmol concentra-
tions of Al are very much toxic. Despite being the most Al-tolerant one among the 
cereals, in Oryza sativa L. plants, 50 μM/L of Al can suppress root elongation (Zhao 
et al. 2013). Guo et al. (2012) studied the response of Al toxicity in two O. sativa 
varieties (Xiushui 132—Al tolerant) and (Yongyou 8—Al sensitive). Slight and 
severe growth inhibition and chlorophyll (chl) content reduction were observed in 
both sensitive and tolerant rice varieties, respectively. He et al. (2011) revealed that 
toxic level of Al and low P negatively affected the growth and photosynthesis of 
Camellia oleifera Abel. In two Glycine max (L.) Merr. varieties, low concentration 
of Al (200 mg/kg Al3+) were found effective for growth whereas decreased chl con-
tent, photosynthetic rate, light and water use efficiency, and increased transpiration 
rate were evident under high concentration of Al (800 mg/kg Al3+) (Zhang et al. 
2007). Similarly, Eucalyptus trees subjected to acid soils (pH 3.0 and 4.0) as well as 
Al (4.4  mM) resulted in reduced photosynthetic parameters, altered leaf tissue 
structures, and overall limited growth (Yang et al. 2015). Depletion of Ca and other 
cation-based nutrition in acidified soil caused reduced regeneration, decreased can-
opy length with basal area growth in sugar maple tree (Sullivan et al. 2013). Joris 
et al. (2013) demonstrated that in Z. mays and G. max, acid loamy soil (pH 4.1) 
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exhibited negative effects on root growth, nutrient uptake, shoot biomass, and yield 
which were further alleviated by the application of lime (0, 4, 8, and 12 Mg ha−1). 
Together effects of Al and drought stress on Phaseolus vulgaris L. concluded both 
the damaged root and shoot system along with the impaired crop growth and yield 
(Yang et al. 2013). In a study with G. max, Shamsi et al. (2008) mentioned that a 
drastic reduction of growth (shoot and root length, and biomass), chl content, pho-
tosynthetic rate occurred under low pH (4.0 and 6.5) and Al (150 μM) treated soils. 
In Z. mays, the low pH, non-limed Al toxic (pH 4.5, 2.1 cmol Al kg−1) soil resulted 
in the severely affected leaf size and appearance. Consequently, decreased leaf area 
index, aboveground biomass and root biomass by 60%, 30%, and 64%, respectively, 
were evident (Sierra et al. 2003). Aluminum exposure (pH below 5.5) created nutri-
tional imbalances by disturbing the uptake, transport, and utilization of mainly Ca, 
Mg, P, K, and NH4 in a number of crops namely, Hordeum vulgare L., Z. mays, T. 
aestivum, and G. max (Gupta et al. 2013). According to de Almeida et al. (2015), 
Theobroma cacao plant subjected to Al3+ toxicity (15, 30, 45, and 60  mg  L−1) 
showed a deformed leaf nuclear membrane cells, root epidermis cells, endodermis, 
and xylem parenchyma cells with disrupted plasma membrane and vacuole. An 
experiment with the two Al tolerant (CMS36, tolerant, spectral, moderately toler-
ant) and P-efficient Z. mays cultivars showed higher nutrient and assimilate parti-
tioning in aboveground organs (Sierra et al. 2006). Martins et al. (2013a, b) observed 
significant changes due to low pH (4.0) and Al stress (400 mM AlCl3) on the devel-
opment, chl content, photosynthetic machinery, carbohydrate synthesis, and accu-
mulation in Plantago almogravensis and P. algarbiensis where P. almogravensis 
showed more tolerance to acidity. Soil acidity has turned into a genuine risk in 
western Ethiopia for production of P. vulgaris by imposing negative effects on plant 
height, leaf area index, days to maturity, etc. (Legesse et al. 2013). Effects of soil 
acidity (pH 4.3–5.0, Al3+ conc. 4–16 mg kg−1) on the development of primary roots, 
root hair, and rhizosheath in perennial grass showed noteworthy variations among 
the genotypes. Tall Phalaris cv. Sirosa were more sensitive to acidity showing poor 
root length and growth (Haling et al. 2010). Acidity (pH 4.5) and Al stress (82 mM/L 
Al3+) were imposed to tolerant (Dosha and NC 58) and sensitive (Babylon) acces-
sions of Vicia faba L. and showed 3% and 40% reduction of tap root length, respec-
tively (Belachew and Stoddard 2017). Acidity stress (pH 4.5) restricted root 
development and yield of T. aestivum extremely, likely because of expanded water 
shortages in the vegetative stage. However, increased root development and grain 
yield were observed by 66% and 140%, respectively, after acidity amelioration by 
liming (Caires et al. 2006). In acid soils, the second most important concern is Mn 
toxicity that limits plant growth (Foy 1984). Mn toxicity primarily affects shoot 
growth and brings about stunted growth, chlorosis, and necrotic lesions in leaves 
(Kochian et al. 2004). Once Mn is highly accumulated in plants, it interferes with 
the metabolism and affects plant growth. Fernando et al. (2016) conducted a com-
parative study with both tolerant and sensitive genotypes of Acer saccharum L. to 
investigate the effects of excess Mn. It has been demonstrated that the relative 
growth rate in case of tolerant genotype was 98% as compared to the sensitive one, 
which was 71%. Enhanced leaf and canopy development were also evident in 
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tolerant genotypes. Toxic level of Mn (500 μmol Mn L−1)-induced growth reduction 
and leaf structure deformation in a number of crop plants. Decreased shoot growth 
rate in O. sativa (Lidon and Teixeira 2000), dry weight in Lolium perenne L. (Mora 
et al. 2009), plant height and biomass in Juncus effusus L. (Najeeb et al. 2009) and 
leaf chlorotic and necrotic lesions in H. vulgare (Demirevska-Kepova et al. 2004), 
L. perenne (Rosas et al. 2007), G. max (Lavres et al. 2009), and Brassica napus 
L.(Moroni et al. 2003) were reported due to toxic amount of Mn in acidic soils. 
Excess Mn causes a reduction of photosynthesis and chl contents in crop plants. 
Curtailed amount of chl a, chl b, carotinoid, and reduction in net photosynthesis 
were observed in O. sativa subjected to excess amount of Mn (9.1 and 36.4 μM) 
(Lidon et al. 2004). Arya and Roy (2011) reported that increasing Mn concentration 
(160 μM) reduced the root and shoot development by 52% and 62.92%, respec-
tively, along with the chl content declined by maximum 42% in V. faba plant. Acidic 
soil (pH 3.74–4.84) with excess Mn showed chlorosis in ratoon plantlet of S. offici-
narum due to excess Mn accumulation in the parent stalk with hindered chl synthe-
sis in their leaves (Huang et al. 2016). Manganese treatments (3 and 6 mM MnCl2) 
inhibited O. sativa growth by accumulating higher Mn in root, shoot, and damaging 
membrane. Manganese toxicity-induced oxidative stress through higher ROS accu-
mulation was further balanced by the activation of antioxidant enzymes activities 
(Srivastava and Dubey 2011). To evaluate the effects of Fe on the Phragmites aus-
tralis (Cav.) Trin ex. Steudel, a laboratory experiment was conducted. It was dem-
onstrated that concentration above (1 mg L−1) resulted in the immediate decrease in 
root growth, shoot growth, and ultimately significant inhibition of plant growth 
(Batty and Younger 2003). Excess Fe (4 mM) decreased the chl synthesis as well as 
photosynthesis in four O. sativa cultivars (BR IRGA 409; BR IRGA 412; BRA 
041171 and BRA 041152) (Pereira et al. 2013). Besides the mineral toxicities, low 
pH in acidic soil can immediately inhibit root growth and thus, poor plant growth is 
triggered by the H+ influx into the root tissues (Rangel et al. 2005).

 Reproductive Stage

Acidity stress is very sensitive to reproductive processes of many plant species and 
ultimately results in poor plant production (Cox and Lins 1984). From the very 
ancient times, different research experiments have been showing the effect of acid-
ity on reproductive processes. Acidity stress decreased the viability of pollen, which 
in turn reduces the number of seed available for germination. Acid deposition (pH 
2.6–5.6) showed adverse effect on the pollen germination and pollen tube growth of 
Picea glauca. Pollen tube growth along with the germination was reduced signifi-
cantly below pH 3.6 (Sidhu 1983). Aluminum stress inhibited the cell division of 
the microspores even at very low concentration of 0.6 mM, together with the repro-
ductive cytological alteration in T. aestivum (Bakos et al. 2008). Kang et al. (2011) 
conducted an experiment with O. sativa employing two tolerant Pungsan and 
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Geumgang and one susceptible IR36 cultivars. Flowering time was delayed 27 days 
in susceptible IR36 along with the reduced grain yield due to Al (150 μM) stress. In 
another experiment, with the in vitro growth medium, at low pH (2.5 or 3.00), the 
conifer pollen germination percentage was reduced but the broad-leaved ones was 
completely inhibited (Paoletti 1991). Searcy and Mulcahy (1990) reported that Al 
toxicity imposed adverse effects on the gametophytes and sporophytes of four 
Lycopersicon esculentum Mill. cultivars. Al toxicity (500 μM, as Al2(SO4)3·18H2O) 
in sensitive cultivars significantly reduced the pollen germination as well as the 
shoot and root growth of sporophyte. But the shoot and root growth were varied in 
their response depending on the sensitivity of the cultivars. Pollen grain viability, 
germination, pollen tube length in Malus domestica Borkh was negatively affected 
by acidity (pH 3.0, 4.0, and 5.6) (Bellani et al. 1997). Similarly, at acidic pH (3.3 
and 3.4) pollen germination and pollen tube length in M. sylvestris cv. Golden were 
decreased by 41.75% and 24.3%, respectively. Complete destruction of pollen tube 
and inhibition of germination were also evident below pH 3.1 and 3.0, respectively 
(Munzuroglu et  al. 2003). Pollen germination and tube length have shown to 
decrease with the increasing level of acidity. In Prunus amygdalus Batsch and P. 
domestica, pollen germination and tube length were reduced by 93.43% and 
93.41%; 100% and 99.63%, respectively, at pH 2.8 (Nazmi et al. 2016). Acidity 
effects on the pollination of Oenothera parviflora L. was examined in vitro. Low pH 
interferes in producing the viable pollen and inhibits the germination process of 
pollen. There was also a significant reduction in stigma receptivity at low pH (less 
than 3.6) condition (Cox 1983). Delhaize et al. (2009) reported that transgenic H. 
vulgare incorporated with wheat Al3+-resistant gene (TaALMT1) showed more 
phosphorus use efficiency and produced greater than double the grain than the non- 
transformed sibling line. In O. sativa, low levels of soil acidity (4.5 and 6.4) gave 
rise to sterility of spikelet (Fageria et al. 2004). Kooistra (1967) verified that soil 
acidity caused the alteration of male to female flower ratio in Cucumis sativus. 
Decreased above-ground biomass and root biomass during flowering and grain 
yield were observed in soil acidity affected Z. mays. Severely reduced leaf area 
index, above-ground biomass and grain yield recorded were 60%, 30%, and 47%, 
respectively (Sierra et  al. 2003). In O. sativa cv. Lalat, low dose of Al (50 mM, 
AlCl3) caused very high rate of pollen sterility of around 64% (Mohanty et al. 2004). 
Egerton-Warbuton et  al. (1993) conducted an experiment with Eucalyptus calo-
phylla trees grown in two soil coal mine-site (pH 4.3) and forest-site (soil pH 5.3) 
types to investigate the effects of Al. It was revealed that all reproductive tissues 
(stigma, style, ovules) of mine-site flowers accumulated higher amount of Al than 
the forest-site flowers. Mine-site pistils also showed pollen tube abnormalities. 
Significant variations among the genotypes were observed in lime-treated and 
untreated acid soils. Pod length, pod number per plant, hundred seed weight, grain 
yield, and pod harvest index were higher in genotypes grown in lime-treated acidic 
soil (Legesse et al. 2013). Konishi and Miyamoto (1983) investigated the effects of 
Al and fluorine (F) on Camellia sinensis pollen tube growth. Pollen growth was 
found to decrease with the increase of Al and 0.2 mM Al was found effective in 
repressing the growth at pH 4.6. Chehregani et  al. (2006) found that P. vulgaris 
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subjected to acidity stress (pH 2–4.5) hindered buds and flowers developmental 
processes, where pH 2.0 was most destructive producing abnormalities in reproduc-
tive processes. Neuvonen et al. (1991) have observed nearly 50% reduction in the 
germ tube length and pollen germination in B. pubescens ssp. tortuosa (Ledeb.) 
Nyman, when subjected to acidity stress (pH 4.6 and 3.0). A greenhouse experiment 
was carried out with Mentha spicata L. to investigate the excess Mn (9–15.75 μM) 
effects at flowering stage. It was found that with the increase of the Mn concentra-
tions, decreased photosynthetic pigments produced during flowering stage with the 
adverse consequences of the toxic Mn accumulation in both root and shoot (Asrar 
et al. 2005). Kapczyńska and Magdziarz (2015) investigated the effect of substrate 
pH upon flowering of Mandevilla symphytocarpa. They found positive correlation 
between low pH with flowering. Plants exposed to low pH (less than 5.0) produced 
more flowers and flower buds than those exposed to higher pH.

 Yield Attributes and Yield

Plant germination, vegetative and reproductive attributes are affected by soil acidity 
stress, which consequently poses serious threat to crop production. Soluble forms of 
toxic metal/metalloid(s) and organic acids cause yield reduction under acidity. 
Aluminum toxicity is the major constraints for limiting crop productivity and yield 
in most acid soils (Krstic et  al. 2012). The phytotoxic Al (150 μM) in acid soil 
resulted in the reduced flowering time, dry mass production, and grain yield (Kang 
et al. 2011). Exposure of G. max to acidity (pH 2.8, 3.4 and 4.0) along with ambient 
ozone resulted in a significant reduction of stalk number, pod hulls, number of seeds 
per plant, number of pods per plant, and number of seeds per pod (Troiano et al. 
1983). In a field experiment with Brazilian oxisols, dry weight of shoot, number of 
pods per plant, and 100-grain weight of G. max were decreased by soil acidity (pH 
5.3) and further increased when provided with lime and gave up to 90% economic 
yield (Fageria et al. 2013).

Negatively affected productivity of Sesamum indicum L. was documented due to 
soil acidity and S efficiency, which could be overcome by applying lime and S 
(Kumar et  al. 2017). A study was conducted using the acidity-tolerant strains 
UFLA03-153, UFLA03-164, UFLA03-84, and INPA03-11B of Vigna unguiculata 
L. (BRS Guariba). Among the studied parameters, pods number per plant, seeds 
number per pod, 100 seeds weight, and grain yield were reduced by acidity (pH 5.2 
and 6.2) (Farias et al. 2016). Responses of upland O. sativa to two levels of soil 
acidity (low, 4.5 and high, 6.4) were evaluated. Grain yield and yield components of 
O. sativa reduced significantly when subjected to low soil pH (4.5) compared to 
high pH (6.4).

Plant height, dry weight of shoot, number of panicle, harvest index, and 1000 
grain weight showed negative correlations with yield under acidic pH (Fageria et al. 
2004). Tang et al. (2002) conducted an experiment with two T. aestivum genotypes 
(Al-sensitive ES8 and Al-tolerant ET8) and demonstrated that the tolerant ET8 gave 
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51% higher yield than the sensitive ES8 one. Iron toxicity (pH 4.1, 4.5, and 4.7) 
severely reduced grain yield of rice (16–78%) by damaging leaves (discoloration), 
decreasing growth and tillering. Moreover, soil toxic amount of Fe (20–5000 mg kg−1) 
have also showed 10–100% yield loss (Audebert and Fofana 2009). In some crop 
species, up to 30% yield loss have been recorded due to the toxic Fe-induced damag-
ing of leaf tissues (Becker and Asch 2005).

Caires et al. (2008) investigated the effects of soil acidity and surface liming on 
the root growth and yield of Z. mays, G. max, and T. aestivum. Severely reduced root 
growth and yield were documented due to Al toxicity (pH 4.5) in all cases, which 
were ameliorated by lime application. In some field experiments carried out by The 
et al. (2001, 2006, 2012), tolerant maize cultivar (ATP-SR-Y) have shown to give 
60% higher yield than sensitive cultivar (Tuxpeno-Sequia) against acidity. Because 
of the inhibited root growth and water, nutrients uptake in acid soils, yield potential 
of Sorghum bicolor was reduced significantly (Meda and Furlani 2005; Bernel and 
Clark 1998). In another report, it was observed that Al (2.1 cmol kg−1) toxicity in the 
acidic soil (pH 4.5) reduced the Z. mays grain yield by 47% by affecting the leaf 
appearance, leaf area index, light harvest, and above-ground biomass (Sierra et al. 
2003). Kariuki et al. (2007) reported that crop yield losses (grain and forage) can be 
overcome by using Al-tolerant winter wheat cultivars (Ok101, Ok102, 2137, 2174, 
Jagger, Jagalene, Custer, and AP502CL) in southern Great Plains. They also con-
cluded cultivar differences in case of grain and forage yield was found more than 
30% and 2137 cultivar showed the best result regarding yield. Subsoil acidity- 
induced yield reduction is a very common phenomenon and resulted from the con-
sequences of disrupted water and nutrients uptake from soil (Tang et al. 2003).

Plants of Z. mays responded to the tropical acid soil (pH 4.2 or 4.5) through 
alteration of assimilate and nutrient partitioning, which finally reduced the biomass 
production and yield (Sierra et  al. 2006). Acid soil (Oxisols or Ultisols) stress 
together with the soil salinity inhibited the N fixation and nodulation and final crop 
stand in G. max through disrupting the signal transduction processes (Miransari and 
Smith 2007). A long 17 years research result of Popescu (1998) demonstrated that 
5.4–5.7 pH range is detrimental to and reduced bean yield compared to higher pH 
up to 7.0. Legesse et al. (2013) compared the performance of 25 genotypes of P. 
vulgaris in acid soil. Yield attributes differed among the genotypes due to the differ-
ences in the maturity, growth, and reproductive indices. Higher absolute and relative 
yield were obtained from Dimtu, new BILFA 58, Beshbesh, SER176, new BILFA51, 
and new BILFA genotypes. When investigating the comparative performance of 
tolerant and susceptible genotypes of T. aestivum in waterlogged acid soil (440 μM 
Al, 750 μM Mn, 625 μM Fe2+, pH 4.2–4.8) a relative grain yield potential of 78% 
vs. 56% in tolerant to susceptible genotypes were found along with the reduced Al, 
Mn, and Fe toxicities (Khabaz-Saberi et al. 2012).

The increasing intensities of acidity caused the alteration of microbial activity in 
the soil and decreased the species richness and productivity (Chen et al. 2013a). In 
Z. mays and G. max, soil acidity (pH 4.6) affected grain yields were also revealed 
(Caires et  al. 2011). Simulated acid rain-induced acidic pH 4.1, 3.3, and 2.7 
decreased the G. max cv. Amsoy 71 seed yield by 10.7%, 16.8%, and 22.9%, 
 respectively, compared to their control (pH 5.6). Whereas, reduced number of pods 

M. H. M. Borhannuddin Bhuyan et al.



61

per plant resulted in decreased seed yield (Evans et al. 1983). Yield attributes, such 
as, plant population, pods number per plant, grains number per pod, and 100 grain 
mass of soybean suffered the main effects due to soil acidity (pH 4.2) and infertility. 
However, application of superficial liming and silicate under zero tillage system 
recovered the yield to some extent (Castro and Crusciol 2013). Soil acidity (Acrisols 
soil, pH 4.6–5.0) is the major factor that limits productivity of P. vulgaris L. in 
Southern Mexican State of Chiapas. Pod number per plant, seed number per pod 
and seed weight decreased by 33%, 82%, and 93%, respectively, due to severe acid-
ity (Buerkert et  al. 1990). Two near-isogenic T. aestivum Al-tolerant (ET8) and 
Al-sensitive (ES8) genotypes were subjected to sub-surface acidity (pH 4.2). One- 
third higher shoot biomass and grain yield were obtained from ET8 as compared to 
ES8 when provided with water (Tang et al. 2001). Bona et al. (1995) studied two 
common (T. aestivum) and two durum wheat (T. durum) cultivars against soil acid-
ity with lime (pH 5.3) and unlimed (4.5) treatments. Spike numbers, above-ground 
biomass, and grain yield were more severely affected than plant height, spike length, 
and harvest index. Limed soil in all cases produced higher yield than unlimed soil 
and yield differences in limed and unlimed soil were significant only in T. durum.

 Physiological Responses of Plants to Acidity Stress

Under acidity stress, plants showed varied reactions regarding physiological 
responses. At this point, plants tried to activate their defense mechanisms to reduce 
the detrimental effect and damages due to low pH of growing media. Many research 
reports illustrated the physiological response of plants regarding low pH stress, for 
example, membrane integrity, photosynthetic machinery, water relation and transpi-
ration as well as oxidative damage and dysfunction of antioxidant system. Low pH 
caused membrane hyperpolarization, followed by depolarization hence increased 
electrolyte leakage (EL) in stressed plant in contrast to control plant. Similarly, 
malondialdehyde (MDA) content increased under acidic condition. It was observed 
that low pH increased membrane permeability and decreased the chl level. Low pH 
also decreased the water content in both root and shoot and decreased transpiration 
rate. Moreover, low pH induces greater H+ concentration resulting oxidative stress 
through generation of ROS in cell and triggers cellular membrane damage in root 
due to higher H2O2 and MDA. Low pH like abiotic stresses also alter the activity of 
antioxidant enzymes, for instance, superoxide dismutase, (SOD), catalase (CAT), 
ascorbate peroxidase (APX), monodehydroascorbate reductase (MDHAR), dehy-
droascorbate reductase (DHAR), glutathione reductase (GR), glutathione peroxi-
dase (GPX), glutathione S-transferase (GST) and peroxidases (POD), and 
non-enzymatic antioxidant components, for example, ascorbate (AsA) , glutathione 
(GSH) of cell (Hasanuzzaman et al. 2012). Therefore, in this section we reviewed 
different physiological responses of plants under low pH stress.
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 Membrane Integrity

Cell membrane integrity is very susceptible to any abiotic stress including acidity. 
Destruction of membrane integrity depends on intensity and duration of stress and 
plant type. Values of lipid peroxidation or EL considered as attributes of the cellular 
membrane integrity. Martins et al. (2013a, b) cultured shoots of P. algarbiensis and 
P. almogravensis for 7 days in acidic condition (pH of growing media was 4.0). The 
lipid peroxidation (expressed as the content of MDA) in P. algarbiensis shoots 
increased by 247% under acidic condition in contrast to control plants (pH of grow-
ing media was 5.75) whereas no significant change of MDA content was observed 
in P. almogravensis shoots. Lotus corniculatus plant grown under pH values close 
to medium acidic (at 5.5) caused membrane hyperpolarization, while acidification 
to pH 4.0 caused immediate depolarization (Pavlovkin et al. 2009). In Cucurbita 
pepo L., the exposure to acidity (low pH, 3.5) causes several physiological changes 
at shoot level (Rouphael et  al. 2015). Electrolytic leakage increased by 78% in 
stressed plant in contrast to control plant (grown under pH 6.0). Similarly, Song 
et  al. (2011) recorded that MDA content of H. vulgare seedling significantly 
increased under acidic condition (pH 4.5). In Eucalyptus leaves, it was observed 
that low pH increased membrane permeability (Yang et  al. 2011). Zhang et  al. 
(2015) checked the performance of two hybrid rice (O. sativa) cultivars (Yongyou 
12, YY12, a japonica hybrid and Zhongzheyou 1, ZZY1, an indica hybrid) under 
acidity stress for 2  weeks. They recorded low pH stress (pH 3.5) prompted an 
enhancement of MDA in the roots of both rice varieties. In contrast to pH 5.5, the 
low pH considerably augmented the MDA level in YY12 and ZZY1 roots by 48% 
and 74%, respectively. Recently, Long et al. (2017) treated 4 weeks old C. grandis 
and C. sinensis seedlings with different level of acidic pH (2.5, 3, 4, 5, or 6) for 
9 months. Root and leaf EL enhanced as the pH increased from 2.5 to 3, but EL 
remained comparatively steady under rising pH. Root and leaf EL was higher in C. 
grandis than in C. sinensis at pH 2.5, but it was alike between the citrus species 
tested at pH 3–6.

 Photosynthetic Machinery

Extreme pH-induced ROS production might also be involved in the collapse of 
photosynthetic machinery. Inhibition of CO2 assimilation and alteration of photo-
synthetic process including destruction of chl pigments is very common under acid-
ity stress (Zhang et al. 2014). Yang et al. (2011) observed that a low pH decreased 
the chl level in Eucalyptus leaves. Saenen et al. (2014) carried out an experiment 
with A. thaliana under acidity stress (pH 4.5). They found considerable decrease of 
chl a and chl b content of plant at pH 4.5. Zhang et al. (2014) reported that acidic 
growing condition (pH 3.0) for Juglans regia L. decreased the leaf net photosyn-
thetic rate, actual quantum yield of the photosystem II (PSII) electron transport. 
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Rouphael et al. (2015) grown zucchini squash (C. pepo) plants in nutrient solutions 
having different pH levels (Control, 6.0 and stressed/acidic, 3.5). Compared to con-
trol noteworthy reduction of SPAD index and leaf area was observed in response to 
low pH (pH 3.5). Thereafter, Yang et al. (2015) reported that low pH (3.0) decreased 
leaf photosynthesis and chl level in the four vegetatively propagated Eucalyptus 
clones (G9, G12, G3, and G4). Long et al. (2017) observed leaf CO2 assimilation, 
stomatal conductance, and Rubisco activity did not change significantly as the pH 
decreased from 6 to 3, but they greatly decreased at pH 2.5. Moreover, Chl a and 
Chl b content considerably enhanced as the pH raised from 2.5 to 3, after which they 
remained unchanged or were only to some extent changed with increasing pH. But 
their concentrations did not differ significantly between the two citrus species at pH 
3, 4, 5, and 6, but they were lower in C. sinensis leaves than in C. grandis leaves at 
pH 2.5. Similarly, Anugoolprasert et al. (2012) recorded that altering the pH between 
5.7 and 3.6 did not decrease the chl content, photosynthetic rate, and stomatal con-
ductance in sago palm leaves.

 Water Relations and Transpiration

Water status and transpiration of plant altered due to abiotic stress including acidity. 
Martins et al. (2013a, b) observed that proline (Pro) content of P. algarbiensis shoots 
decreased by 28% under acidic stress condition (pH of growing media is 4.0, 7 days) 
in contrast to control (pH of growing media is 5.75), whereas in P. almogravensis 
shoots, Pro content increased by 34% in comparison with control plants. Proline is 
a low-molecular-weight amino acid, well known as osmoregulator and ROS scaven-
ger. Elevated Pro-activity under the acidity stress is attributed for giving protection 
against oxidative injury including maintaining water status (Gill and Tuteja 2010; 
Cvikrová et al. 2013). Kamaluddin and Zwiazek (2004) observed that acidic condi-
tion rapidly reduced the water flow rate and the hydraulic conductivity of paper 
birch (B. papyrifera) roots. H+-sensitive maize cultivar Adour 250 showed the 
reduction of whole-root water conductivity at pH 4.5. But it did not change in the 
H+-tolerant maize cultivar BR 201 F (Gunsé et al. 1997). Yang et al. (2011) observed 
that a low pH decreased the water content in Eucalyptus roots, stems, and leaves. 
Recently, Long et  al. (2017) reported that both pH 2.5 and 3 decreased the root 
RWC, while only pH 2.5 lowered the leaf RWC. Like water content, transpiration 
rate also hampered due to low pH. Acidity stress decreased transpiration rate in 
Eucalyptus (Yang et al. 2015), Juglans regia (Zhang et al. 2014), and sago palm 
(Anugoolprasert et al. 2012).
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 Oxidative Damages

Productions of ROS are very common in plant cells in times of different physiologi-
cal and metabolic activities. Among these, singlet oxygen (1O2), superoxide anion 
(O2

•−), hydrogen peroxide (H2O2), and hydroxyl radical (OH•) are remarkable. 
Normally, this ROS are balanced by plant self-defense activities. Again, these ROS 
also acts as secondary messenger at very low concentration by associating with 
plant growth and developmental processes. But certain environmental stresses cause 
extra ROS production and goes beyond managing capacity. This excess ROS 
induces damage to cellular components and termed as oxidative stress. Oxidative 
damages including oxidation of lipid, proteins, and nucleic acid; enzymatic inhibi-
tion activities and programmed cell death (PCD) impose threat to plant survival 
resulting plant death (Hasanuzzaman et  al. 2018). Under oxidative stress, many 
series events are happened where O2

•− is produced first, turn to H2O2, subsequent 
lipid peroxidation and finally formation of MDA (Hasanuzzaman et al. 2018). Low 
pH induces greater H+ concentration resulting oxidative stress through generation of 
ROS in cell (Shi et al. 2006). Acidic stress causes oxidative damage and indicated 
by higher MDA content which is confirmed by the report of Song et al. (2011) in 
barley. Accumulation of O2

•− and H2O2 causes lipid peroxidation and indicated by 
higher MDA (Zhang et  al. 2015). In O. sativa, Zhang et  al. (2015) found that 
extremely low pH triggers cellular membrane damage in root due to higher H2O2. In 
C. pepo, acidic soil (pH 3.5) caused higher EL (Rouphael et al. (2015), while Shi 
et  al. 2006 found elevated MDA in cucumber under pH 4.5. Thus, acidic stress 
causes oxidative damage to different kinds of plants, for example, Scots pine (Pinus 
sylvestris L.) (Ivanov et al. 2013), legume Lotus corniculatus (Pavlovkin et al. 2009; 
Pal’ove-Balang et al. 2012), and Citrus (Long et al. 2017). Model plant Arabidopsis 
also suffered from acidic conditions and showed excess H2O2 and MDA (Qiao et al. 
2018). Similar result was also reported by Saenen et al. (2013, 2014) in Arabidopsis 
finding increased lipid peroxidation. Acidity-induced oxidative stress causes cell 
membrane damages as well as structural malformation which was found in tomato 
(Gabara et al. 2003). Chen et al. (2013b) conducted a study to evaluate the toxicity 
of acid rain-induced acidic condition (pH 3) on both sensitive (Liquidambar formo-
sana) and tolerant (Schima superb) tree species. They found greater membrane lipid 
peroxidation through higher O2

•− and H2O2 generation. But sensitive one showed 
severe injury compared to tolerant one (Table 4).

 Antioxidative Defense

Plant itself is able to dismutase the excess ROS, when it faces stresses for better 
survival. Like other stresses low pH contributes to higher ROS due to H+ toxicity. 
Naturally, plants have very efficient antioxidative capacity to detoxify surplus ROS 
including enzymatic (SOD, CAT, APX, MDHAR, DHAR, GR, GPX, GST, and 
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POD) and non-enzymatic antioxidant (AsA, GSH) component (Hasanuzzaman 
et al. 2012). Higher activity of antioxidant components counteract oxidative damage 
and give better tolerance to H+ toxicity through detoxification of ROS (Chen et al. 
2013a, b).

Superoxide dismutase acts as first-line defense that dismutase O2
•− by converting 

to H2O2 (Hasanuzzaman et al. 2012). Qiao et al. (2018) stated that very low pH (3.0) 
increased SOD activity above 50% along in Arabidopsis and gave protection. 
Similar result was also recorded from Song et al. (2011) in H. vulgare. Again, CAT 
activity is responsible for H2O2 detoxification. Increased activity of CAT was found 
in H. vulgare (Song et al. 2011). But several report mentioned lower CAT activity in 
different plant such as L. esculentum (Gabara et al. 2003), Arabidopsis (Qiao et al. 
2018), C. sativus (Shi et al. 2006), P. sylvestris (Ivanov et al. 2013), and O. sativa 

Table 4 Acidity-induced oxidative damage in different plant species

Crops
Acidity 
levels Oxidative damages References

Cucurbita pepo L. 
cv. Tempra

pH 3.5 Highest electrolyte leakage was found Rouphael et al. 
(2015)

Cucumis sativus L. 
cv. Jinchun 5

pH 4.5 Increased MDA content significantly Shi et al. (2006)

Arabidopsis 
thaliana

pH 3.0 Higher H2O2 content along with MDA
Enhanced soluble protein significantly

Qiao et al. (2018)

Hordeum vulgare L. pH 4.5 Higher level of MDA content was recorded
O2

·– and H2O2 highly accumulated 
confirmed by staining

Song et al. 
(2011)

Lycopersicon 
esculentum Mill.

pH 1.8 Malformed chloroplast and mitochondria 
at 13% and 95%, respectively

Gabara et al. 
(2003)

Pinus sylvestris L. pH 4.5 Increased activity of SOD and CAT stated 
the higher accumulation of O2

•– and H2O2

Ivanov et al. 
(2013)

Lotus corniculatus pH 4.0 Induced rapid membrane depolarization in 
root
Decreased diffusion potential

Pavlovkin et al. 
(2009)

Liquidambar 
formosana
Schima superba

pH 3.0 Hastened O2
•– and H2O2 production

Provoked membrane lipid peroxidation
Enhanced H2O2 production in L. 
formosana
Increased MDA content significantly
Detected severe injury by H2O2 by S-SiAR

Chen et al. 
(2013a, b)

A. thaliana pH 4.5 Increased lipid peroxidation confirmed by 
thiobarbituric acid reactive substances 
(TBARS)

Saenen et al. 
(2014)

L. corniculatus pH 4.0 Reduced membrane potential
Suffered from membrane depolarization
Severe damage to cytoplasm

Pal’ove-Balang 
et al. (2012)

Oryza sativa L. pH 3.5 Increased H2O2 up to 47% and MDA by 
74%

Zhang et al. 
(2015)

Citrus sinensis
Citrus grandis

pH 2.5 Increased both leaf and root H2O2

Enhanced EL
Long et al. 
(2017)
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(Zhang et al. 2015). These results indicated that H2O2 scavenging capability in these 
crops is low through CAT, which again shows involvement of other antioxidants. 
Here AsA-GSH cycle also contributes actively in detoxification of H2O2. Hence, 
Zhang et al. (2015) found up-regulated APX activity due to low pH besides of low-
ered CAT activity and concluded APX abolish accumulated H2O2. In addition, both 
APX and AsA work together to detoxify H2O2. In Arabidopsis, acidic condition 
causes increased AsA concentration along with lowered CAT activity (Saenen et al. 
2013, 2014). Chen et al. (2013a, b) reported increased GSH content under acidity 
stress. Similar result was also found from Qiao et al. (2018) in Arabidopsis. On the 
other hand, GSH also works by GPX and GST activity in scavenging H2O2 to 
H2O. In C. sativus, increased GPX, DHAR, and GR activity was mentioned at low 
pH (Shi et al. (2006) and in L. esculentum increased GST activity was found (Gabara 
et al. 2003). Thus, enhanced activity of antioxidants stimulates antioxidant defense 
system in plant to scavenge ROS and bestow tolerance to low pH (Table 5).

 Mechanisms of Acid Stress Tolerance in Plants

Low pH or acidity of growing media significantly affects the plant nutrients avail-
ability, increases toxic metals solubility, decreases soil microorganism activity, 
destroys root cells, and alters cation exchange (EC) capacity of rooting media. The 
toxic effects of acidity stress can be classified as either morphological or physiolog-
ical, both of which lead to poor plant development, consequent yield loss as well as 
plant death (Martins et al. 2011; Zhang et al. 2015; Long et al. 2017).

Acidity stress is caused by a high concentration of H+ ions in rooting media or 
soil, which has not been considered for many decades (Kinraide 1993), along with 
combinations of metal/metalloid toxicity, as well as lack of available essential nutri-
ents (Foy et al. 1978). The large quantity of H+ ions present in the acidic growing 
media adversely affects plant nutrient availability, which is negatively correlated 
with a decrease in soil pH (Kasai et al. 1992); contrary a positive correlation between 
low pH and metals (Fe, Cu, Mn, Zn, Al) solubility was reported, those intern become 
toxic for plants (Ginocchio et al. 2009). Excessive H+ ions compete with other min-
eral elements (P, Mg, Ca, and Fe) for plants’ uptake and alter their transportation as 
well as uptaking of other essential nutrients (Poschenrieder et  al. 1995). Hence, 
many of the researchers emphasized H+ rhizotoxicity (low pH toxicity) as the most 
important limiting factor that make the plants susceptible in acidic growing media. 
A high concentration of H+ eventually leads to the gradual shutdown of PM H+- 
ATPase activity in root cells and other enzymes throughout the entire plant, result-
ing in cessation of plant growth and stagnation (Dyhr-Jensen and Brix 1996).

Moreover, some researchers stated about the Al toxicity as the major limiting 
factor for plant growth in acidic condition as acidity stress (H+ toxicity) and Al tox-
icity occurred simultaneously and difficult to separate since acidic growing media 
facilitate Al solubility. Kinraide (1993), when screening different Holcus lanatus L. 
and B. pendula, grasses, reported that H+ toxicity is dominant over Al toxicity at a 
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Table 5 Acidity-induced up-regulation of antioxidant defense system in different plant species

Crops Acidity levels Antioxidant defense References

Cucumis sativus 
L. cv. Jinchun 5

pH 4.5 Decreased CAT activity, 
while increased GPX, APX, 
DHAR, and GR activity

Shi et al. 
(2006)

Arabidopsis 
thaliana

pH 3.0 Increased SOD activity up 
to 58.51% where activity of 
CAT was reduced
GSH and POD activity 
were higher
NiR activity was decreased, 
while NR activity also 
showed significant variation

Qiao et al. 
(2018)

Hordeum vulgare 
L.

pH 4.5 and 5 Increased SOD, CAT, and 
POD

Song et al. 
(2011)

Lycopersicon 
esculentum Mill.

pH 1.8 (acid rain) Increased SOD and 
CuZnSOD activity at 72 
and 96 h of exposure
Decreased GSH-Px and the 
activity of CAT after 24 h 
of treatment
Exacerbated APX activity 
while found highest GST 
activity at 0.5, 48, and 72 h

Gabara et al. 
(2003)

Pinus sylvestris 
L.

pH 4.5 Stimulated the SOD 
activity at 2.6 times and 
lowered CAT activity about 
2.9 times
Lowered ascorbate 
peroxidase (APO) and 
guaiacol peroxidase (PO) 
activity

Ivanov et al. 
(2013)

Liquidambar 
formosana;
Schima superba

Sulfuric-rich (S-SiAR), 
nitric-rich (N-SiAR), sulfate, 
and nitrate mixture (SN-SiAR)-
induced pH 3.0 (acid rain)

Increased soluble protein 
content up to 53.4%
Increased proline content 
up to 70.3%
Decreased CAT activity by 
75.72% and SOD activity 
by 60.69% in L. formosana
Increased GSH content

Chen et al. 
(2013a, b)

A. thaliana pH 4.5 Increased total AsA and 
decreased GSH 
concentration
Enhanced SOD activity 
while CAT activity was 
decreased

Saenen et al. 
(2014)

Oryza sativa L. pH 3.5 Decreased SOD and 
activity by 48%
Enhanced APX activity by 
74%

Zhang et al. 
(2015)
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low Al concentration. While Kidd and Proctor (2001) concluded that plant species 
collected from acid organic soils were H+ tolerant, whereas those collected from 
acidic mineral soils were Al3+ tolerant but not necessarily H+ tolerant.

Plants species even strains within species vary significantly in terms of acid soil 
tolerance. Hence, it gives us the opportunity to breed acid-tolerant cultivars, which 
mainly depends on the proper understanding of the physiology, genetics, and gene 
regulation responsible for acid tolerance. Studies revealed that the acidity stress 
tolerance is governed by both internal and external mechanisms. For example, 
among the external mechanisms, organic acid exudation is very common in higher 
plants. But the matter of regret is that most of the acidity stress tolerance mecha-
nisms only focused on the Al toxicity, and hence H+ rhizotoxicity was overlooked 
for decades and there are a few available information on the H+ toxicity tolerance. 
Thus, we have tried to mine the information and presented them in a row.

There are significant interspecific variations among plants in terms of critical pH 
ranges for optimal growth, development, and consequent tolerance to acidity or H+ 
rhizotoxicity stress (Foy 1984; Ring et al. 1993; Nuruddin and Chang 1999; Tang 
et al. 2003). For instance, Cistus salvifolius L.—the Mediterranean shrub can adopt 
or tolerate extreme acid soils and grow normally (Bartoli et al. 2014), whereas most 
common crop species are more sensitive to acidity. Higher natural variations for the 
H+ rhizotoxicity response and tolerance were observed among 260 accessions of A. 
thaliana, in terms of relative root growth compared with a non-acid medium along 
with a very high heritability (0.94), when the pH was dropped down by only 0.3 units 
(Ikka et al. 2007; Lefebvre et al. 2009). Genetic polymorphism was also found in 
many other experiments with various plants, for instance, in trees (Beech, Birch, 
Spruce), P. vulgaris, O. sativa, and even weed species in response to acidic stress in 
growing media (Murach and Ulrich 1988; Kidd and Proctor 2001; Rangel et  al. 
2005; Cha-Um et al. 2009; Martins et al. 2013a, b; Zhang et al. 2015). Actually, the 
genetic polymorphism for the high H+ concentration tolerance within species can be 
wider compared to non-related species. For example, in legumes, sensitivity to low 
pH stress among two contrasting P. vulgaris genotypes was much higher than 
between selected cultivars of P. sativum and G. max (Lazof and Holland 1999). 
Slootmaker (1974) identified a contribution from the A and D genomes, which 
potentially carries one or more genes controlling tolerance to acidity in Triticum and 
Aegilops.

Most plants can manage in moderately low pH environments, but if the external 
environment is highly acidic the plants responded adversely. When the pH of exter-
nal growth medium is decreased to 1 unit, the root cell cytoplasmic pH also dropped 
down by 0.1 units (Felle 1988; Wilkinson and Duncan 1989); as a result, the plasma 
membrane H+–ATPase activity reduced (Dyhr-Jensen and Brix 1996), but vacuolar 
H+–ATPase and vacuolar–PPase continue to force excessive H+ from the cytoplasm 
to the vacuole, together with the pH-stat (Davies 1973, 1986; Sakano 1998), which 
also supports cellular pH homeostasis, but their efficiency to support cytoplasmic 
pH homeostasis reduced gradually, meanwhile external environment becoming 
more acidified (Shavrukov and Hirai 2016). Experiments with Z. mays (Yan et al. 
1998) and O. sativa (Zhu et al. 2009) indicate that root H+–ATPase activity increases 
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under acidic growth conditions, which confers acidity tolerance. Consistent with 
this, a number of genes encoding ATPase subunits were up-regulated in Arabidopsis 
under acidity stress (Lager et al. 2010). It has been reported that root plasmalemma 
H+–ATPases contribute significantly for the adaptation of Z. mays at low pH, which 
is the character to tolerate acidic growth environments (Yan et al. 1998).

Some transcription factors (TF) are also responsible for H+ rhizotoxicity toler-
ance as well as regulate some downstream genes. The STOP1 gene, encoding a 
Cys2His2 zinc-finger protein, was identified in Arabidopsis (Iuchi et al. 2007), which 
contributes to root growth at pH 4.3 in MS media compared with wild-type plants. 
This TF is only expressed when plants are exposed to low pH and regulate the 
Al-activated malate transporter AtALMTl (Iuchi et al. 2007). STOP1 also regulates 
multiple downstream genes responsible for ion transport and pH regulation in 
Arabidopsis (Sawaki et al. 2009). Another TF, STOP2 also partially able to restore 
root growth when STOP2 mutant was grown in acidic growth solution, and this TF 
further activated the transcription of several genes involved in low pH and Al3+ 
stress tolerance, which are regulated by STOP1. Being localized in nucleus STOP2 
is less expressed than STOP1. On the other hand, STOP2 could not regulate the 
expression of Al-induced AtALMT1 expression, thus could not contribute in Al tox-
icity (Kobayashi et al. 2014). Orthologs of STOP1 were also identified in T. aesti-
vum, and three homologs of TaSTOP1 are found on chromosomes 3AL, 3BL, and 
3DL (Garcia-Oliveira et al. 2013), which are both genome and genotype specific in 
T. aestivum and might be responsive to acid growing media (Garcia-Oliveira et al. 
2013). The large number of responsive TFs identified by Lager et al. (2010), and 
probable cell-type-specific responses as discovered for DREB family members 
(Iyer-Pascuzzi et al. 2011), implies that there is a complex process of transcriptional 
regulation of genes in response to acidity stress in Arabidopsis. The involvement of 
TFs other than STOP-like genes in the response of other plant species to acidity has 
not yet been reported.

As mentioned earlier, biochemical pH-stat regulates cellular pH, either produc-
ing or consuming protons during metabolic reactions with organic acids (Sakano 
1998). Genes from biochemical pH-stat cooperatively regulate the cytoplasmic pH 
in conjunction with the proton pump H+–ATPase and alternative oxidation (AOX) 
mechanism to reduce ROS in mitochondria (Sakano 1998). However, pH-stat genes 
are also strongly regulated by TFs like STOP-1 (Sawaki et al. 2009).

Basically, the alternative oxidases (AOX) in plant cell mitochondria transfer 
electrons from the ubiquinone pool to oxygen without energy conservation. 
Evidence of alternate oxidation mechanism in mitochondria is involved in the toler-
ance of plants to Al stress, by means of organic acids, such as malate secretion that 
deactivate ROS (Kochian et al. 2004). But, it is still unclear how AOX is involved 
with respect to low pH stress alone and need further investigation. However, it has 
been reported that accumulation of ROS increases following acidification of the pH 
from 5.0 to 4.5 in growing media without the presence of toxic metal/metalloids in 
seedlings of H. vulgare, P. sylvestris, O. sativa, C. sinensis, and C. grandis (Song 
et al. 2011; Ivanov et al. 2013; Zhang et al. 2015; Long et al. 2017). The major 
enzymes catalyzing the reduction of hydrogen peroxide, detoxification of ROS, and 
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protection of cells from ROS toxicity are SOD, POD, CAT, APX, MDHAR, DHAR, 
GR, GPX, and GST (Hasanuzzaman et  al. 2017), are gradually but significantly 
regulated in plants under acidified liquid solution and medium, indicating the anti-
oxidant defense that is directly involved in the response of plants to H+ rhizotoxicity 
stress (Song et al. 2011; Ivanov et al. 2013; Martins et al. 2013a, b; Zhang et al. 
2015). Similar results were found in C. sativus and Arabidopsis roots, in terms of 
the higher activities of other antioxidant enzymes, GPX and APX, in acidic growth 
solution (pH 4.5) compared with control pH of 6.5 (Saenen et al. 2013). At least 11 
genes encoding toxic metal transport/detoxification proteins were identified by 
Lager et al. (2010). The expression of these genes was modulated by acidity stress 
only without the presence of any toxic metals, which indicates that these genes have 
multiple functions, with low pH being only one of the conditions implicated.

Another phenomenon named acid growth is one of the strategies to tolerate acid-
ity is cell-wall extension, which is mediated by expansin genes that denature cell- 
wall proteins and increase cell-wall growth and extensibility, in low pH soils 
(Cosgrove 1999). Cell-wall acidification can promote expansin expression, induc-
ing cell elongation and extension. However, it has been reported that the total length 
of coleoptiles of two cultivars of wheat was slightly increased, but not significantly, 
after the buffer pH was changed from 6.5 to 4.5 (Zhao et al. 2011).

 Conclusion and Future Perspectives

With the increase of anthropogenic activities, the problem of soil acidification has 
been increasing. Due to soil acidity, a wide range of land area has become unsuit-
able for plant growth and productivity. Disruption of membrane integrity, photosyn-
thetic machinery, water relations, transpiration, and oxidative damages are common 
direct detrimental effects of acidity stress. Making the soil nutrients unavailable, 
soil acidity creates nutrient deficiency stress, which then generates other damaging 
effects. Soil acidity is a major problem in different continents of the world. Cultural 
practices related to soil management are being executed to reclaim the soil fertility 
for normal plant growth. Due to pressure of increased population throughout the 
world, the crop intensification should be increased bringing the acidic land under 
cultivation. Use of lime is common practice to manage the acidic soil, which has 
limited effect and is considered as short term, and it may create adverse side effects. 
So, integrated management should be practiced combining agronomic, cultural, and 
biological practices and use of inorganic fertilizers. Although the standing crop in 
an acidic soil is brutally affected, progress on development of acidity-tolerant crop 
cultivar is not so forwarded. Even to understand the mechanism of damage caused 
by acidity; broad spectrum, depth and intensive research is needed. Moreover, exog-
enous use of phytoprotectants should be considered as a short gun approach to con-
fer acidity stress tolerance in crop plants. Nonetheless, the anthropogenic reasons 
for increasing acidity stress should be minimized to prevent further increase of 
acidic land.
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Salinity: A Major Agricultural Problem—
Causes, Impacts on Crop Productivity 
and Management Strategies

Abdul Majeed and Zahir Muhammad

 Introduction

Global food security is greatly reliant on agricultural crops and their products which 
need substantial increases for maintenance of the gap between production and con-
sumption. The significance of enhancing crop productivity is even more emergent in 
recent times because of the growing population of humankind which currently 
stands at 7.6 billion and is projected to exceed 9.7 billion by the year 2050 (FAOSTAT 
2018). Undoubtedly, the increase in population will exert pressure for production of 
more crops and food resources which seems a challenging task for plant biologists. 
Concurrently, climate change and several biotic and abiotic stresses challenge the 
growth and production of agricultural crops. Among abiotic stresses, salinity is con-
sidered as one of the leading limiting factors responsible for growth and production 
decline of agricultural crops throughout the world principally in arid and semiarid 
regions (Kaashyap et al. 2018). About 20–33% of the cultivated and irrigated land 
throughout the world is affected by salinity, and the adverse effects are expected to 
reach to 50% in the year 2050 (Soda et al. 2016; Machado and Serralheiro 2017).

The problem of salinity emerges when ion concentration of different salts (pre-
dominantly NaCl) elevates in soils beyond threshold level required for normal ger-
mination, growth, and physiological activities of plants in root zones. Standard 
agricultural soils which promote the growth of cultivated crops have salinity level 
~4 dS m−1 which is equivalent to 40 mM NaCl generally determined as the electrical 
conductivity of the saturated extract (Shrivastava and Kumar 2015). Ionic concen-
tration exceeding 4 dS m−1 in rhizosphere result in stress conditions which challenge 
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the growth of crops in several ways. Leading causes of salinity may be the natural 
addition of salts from rocks and minerals through weathering process (primary 
salinity) or extensive human activities like irrigation, agricultural intensification, 
and deforestation (secondary salinity) (Athar and Ashraf 2009). In addition, high 
evaporation rate in tropics also seems to increase the level of salts in  agricultural 
land. Salinity has drastic consequences on water availability in the soil for plants, 
the rate of transpiration and photosynthesis, stomatal opening and closures, and 
functional activities of plant roots (Khataar et al. 2018). The discrepancies triggered 
by salinity stress result in impaired growth, physiological functions, and low yield 
outputs of crops. Annual expenditures associated with crop losses as a result of 
salinity are documented as 27 Billion US dollars (Singh et al. 2016). Coupled with 
drought, salinity triggered crop losses range between 20 and 50% in documented 
studies (Shrivastava and Kumar 2015) while losses may even be much higher as a 
result of salinity stress in areas out of scientific investigations. From physiological 
aspects, almost all crops show sensitivity to the salinity stress albeit variation in 
responses to the imposed stress in different crops does exist based on their tolerance 
level. Major concerns about the adverse effects of growing salinity stress are associ-
ated with crops which have a substantial contribution to global food supply. Rice, 
maize, wheat, barley, sorghum, and potato are considered as key drivers in the ful-
fillment of food needs throughout the world, while their growth and productivity are 
considerably affected by salt stress in many parts.

To maintain a sustainable production of agricultural crops and to ensure future 
food sanctuary, efforts have been made over decades to address the adversities 
caused by salinity stress on crops. One of the basic approaches to prevent crop 
losses triggered by salinization is to induce salinity tolerance in salt-sensitive crops. 
Genomic and molecular approaches to understand the possibilities of salt resistance 
induction in crops have proven effective in further elaboration of making crops 
adaptable to saline conditions (Luo et al. 2017). In addition to molecular methods, 
breeding for salt tolerance, proper agronomic practices in irrigation, and search for 
cost-effective and feasible methods to reduce drastic effects of salinity on principal 
crops are crucially needed to be employed. This chapter presents an overview of the 
salinity imposed effects on crops, and employment of agronomic approaches, seed 
priming and plant growth promoting bacteria (PGPB) to induce tolerance in crops 
to salinity.

 Causes of Salinity and General Effects

Root sphere is the zone of soil which provides water and minerals to plants in addi-
tion to harboring diverse beneficial microbial communities and plays a determining 
role in successful germination and the consequent establishment of growth and 
reproductive phases of plants. Imbalance in water contents and minerals in the rhi-
zospheric soil can lead to deteriorated effects on plant growth and productive out-
puts. Soil salinity alters water and mineral contents and microbiota and results in 
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poor germinability and growth of sensitive crops. Salinity is a physiological state of 
soil where the concentration of active ions of salts principally NaCl increases the 
threshold levels. It is established that salt concentration up to 4 dS m−1 (~40 mM) of 
NaCl in soils represent a suitable environment for most of the plant species; how-
ever, some plants known as halophytes can withstand salinity stress up to 100 mM 
(examples include Vesicaria, Atriplex, Chenopodium spp.) while most of the culti-
vated crops including cereals (known as glycophytes) show differential sensitivity 
to salinity stress and prefer to grow at ≤40 mM salt concentration (Rasool et al. 
2013; Ismail and Horie 2017; Yang et al. 2018). Causes of salinity stress in the natu-
ral ecosystem and managed agriculture are both natural and anthropogenic. 
Naturally, the problem of salinity occurs when minerals and salty rocks are weath-
ered and ion concentration accumulates in soil (Athar and Ashraf 2009). 
Transportation of salt contents to root growing zones from parent rocks (rich in 
salts) as a result of several types of weathering and from groundwater may result in 
an increased level of salt stress and could contribute to primary salinity 
(Daliakopoulos et  al. 2016). Agricultural lands located near coastal regions are 
exposed to high salinity stress because of the presence of high concentrations of 
salts in seawater. In tropical regions, high temperature can stimulate evaporation 
rate and hence more salt ions in soils accumulate giving rise to salinity stress. 
Moreover, flooding and wind erosion may be regarded to some extent as natural 
causes of salinity due to the imbalanced flow of minerals and salts from one region 
to another. Shallow groundwater may also serve as a source of salinization when 
upward migration of salts occurs (Shrivastava and Kumar 2015). Land cover and 
climatic conditions are also thought to contribute to salinity (Fan et  al. 2012). 
Anthropogenic salinity, representing a significant proportion of the overall global 
salinity, is caused by massive agricultural activities, poor irrigation, use of imbal-
anced fertilizers, soil degradation, and poor drainages (Shrivastava and Kumar 
2015; Sandhu et al. 2017). Mining activities and the use of wastewater and indus-
trial effluents enriched in diverse salt contents in addition to other hazardous materi-
als may lead to agricultural salinity (Daliakopoulos et al. 2016). Deforestation is an 
imminent threat to changes in rainfall patterns and soil erosion which would lead to 
consequent salinity problems. Rhizospheric soils whether salinized by natural pro-
cesses or human activities are generally classified on the basis of electrical conduc-
tivity (EC) as: (1) non-salinized (EC  =  0–2  dS  m−1), (2) marginally salinized 
(EC = 2–4 dS m−1), (3) moderately salinized (EC = 4–8 dS m−1), (4) strongly sali-
nized (EC = 8–16 dS m−1), (5) rigorously salinized (EC =16–32 dS m−1), and (6) 
exceptionally salinized (EC >32 dS m−1) (Rasool et al. 2013). According to Munns 
and Gilliham (2015), the economic costs associated with salinity are variable in dif-
ferent regions which may range between 300 and 600 US dollars ton−1. Daliakopoulos 
et al. (2016) stated that soil salinity may impart an economic burden of up to 600 
million euros in European countries due to reduced crop yields and agricultural 
degradation. According to FAO and ITPS, African continent is the most salt-affected 
region where salinized area exceeds 122 million hectares followed by north and 
central Asia which represent almost 91.5 Mha of salt-affected land (Table 1).
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 Effects of Salinity on Crops

In general, plants are broadly categorized as glycophytes (sensitive to salinity) and 
halophytes (exhibit some degree of tolerance to salinity stress) on the basis of their 
tolerance in response to salinity stress. Halophytes are plants with typical examples 
Vesicaria, Atriplex, Chenopodium spp., and several others that can withstand high 
salt concentration while our major cultivated crops are glycophytes which show dif-
ferential sensitivity to salinized soils (Borsani et al. 2003; Rasool et al. 2013; Yang 
et al. 2018). Differential responses of cultivated glycophytes depend on their growth 
phases, the soil characters, level of salinity, and agricultural practices (Daliakopoulos 
et al. 2016). Salinity stress primarily affects crops by causing water deficit condition 
in soils termed as “osmotic stress” while secondarily due to the accumulation of 
toxic ions which consequently lead to a poor or delayed germination and post- 
germination growth abnormalities (Läuchli and Grattan 2007; Munns and Tester 
2008). The primary osmotic stress is considered as hastened in its effects to which 
plants show abrupt responses while the secondary effects of salinity exposures are 
relatively slower and the adverse effects appear at later stages when sufficiently 
larger amounts of sodium ions gather in plant tissues and correspond to photosyn-
thetic abnormalities, damage to cells, and many metabolic malfunctions (Munns 
and Tester 2008; Parihar et al. 2015; Hanin et al. 2016). Tuteja (2007) asserted that 
when Na ion accumulation in plant tissues increases 100 mM, enzymes’ functions, 
cell membrane structure, and cell division are severely influenced which result in a 
reduced growth. In leaves where transpiration proceeds, high level of ions may 
result in cell injuries and consequent retardation in growth (Parihar et  al. 2015). 
Other drastic effects of salinity exposures on plants are misappropriated opening 

Table 1 Salt- and sodic-affected soils in different continents of the world

Region
Salt-affected area 
(Mha)

Sodic-affected 
soils (Mha)

Total soil affected 
(salinity + sodicity) (Mha)

Africa 122.9 86.7 209.6
South Asia 82.3 1.8 84.1
North and Central Asia 91.5 120.2 211.7
Southeast Asia 20.0 – 20.0
South America 69.5 59.8 129.3
North America 6.2 9.6 15.8
Mexico/Central America 2.0 – 2.0
Australasia 17.6 340.0 357.0

Source: FAO and ITPS. 2015. Status of the World’s Soil Resources (SWSR)—Main Report. Food 
and Agriculture Organization of the United Nations and Intergovernmental Technical Panel on 
Soils, Rome, Italy
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and closing of stomata, which lead to altered gaseous exchange, photosynthesis, and 
the rate of transpiration (Munns and Tester 2008; Hanin et al. 2016). Furthermore, 
it is strongly evident that higher concentration of salts’ ions in soil negatively affects 
the uptake of other necessary ions which plants require for several metabolic and 
enzymatic activities (Hanin et al. 2016). The high buildup of toxic ions in leaves 
outside threshold levels causes eventual death of many cells which are actively 
involved in photosynthesis with a net result in limited photosynthetic activity 
(Läuchli and Grattan 2007). The altered ratio of potassium and sodium ions signifi-
cantly influence the entry of former into plant tissues and intercellular vicinities 
which lead to drastic consequences on ionic balance inside plants (Tuteja 2007). 
These abnormalities in physiological and biochemical processes of exposed plants 
are generally associated with salt stress symptoms which may range from reduced 
and/or delayed germination, plant growth, reproductive parameters, and yield out-
puts. In sum, osmotic stress developed due to higher salts concentration, accumula-
tion of Na+ in plants, ion toxicity, altered ratio of Na+ and K+ results collectively in 
deficit water and nutrient uptake by germinating seeds and seedling roots, cell inju-
ries, changes in vital enzymes and hormones, irregular stomatal opening and clos-
ing with disturbed gaseous exchange, rate of transpiration and photosynthesis; thus 
imposing stress environment for seed to properly germinate and for seedlings to 
properly grow. The overall result would be a reduction in growth and yields plants 
exposed to salinity.

In several studies, drastic consequences of salinity on germination, growth, 
yield, and physiological activities of major cultivated crops have been proven 
(Table 2). Cha-Um and Kirdmanee (2009) applied 100–400 mM NaCl stress to dif-
ferent genotypes of maize which responded to the imposed stress with reduced 
synthesis of chlorophylls while increased proline contents. Even lower salinity 
stress ranging between 3.5 and 8.5 dS m−1 caused a significant retardation in oil 
content and yield of safflower (Yeilaghi et  al. 2012). In our previous study, we 
recorded a significant decline in germination and seedling length of wheat cultivars 
which were exposed to 8 dS m−1 NaCl stress (Muhammad et al. 2015). In okra, 
reduced germination and growth at 75 mM (Habib et al. 2016), while in chickpea 
arrested germination, growth, and biomass at 40 mM NaCl was observed (Atieno 
et al. 2017). In response to different level of salinity stress, reduced growth and 
biomass, leaf area, chlorophyll degradation, altered water status, defective stomatal 
functions, altered rate of transpiration and respiration, and imbalanced ion ratios in 
maize (Gul et al. 2017; Konuşkan et al. 2017), rice (Krishnamurthy et al. 2016); 
Islam et al. 2017; Shahzad et al. 2017; Radanielson et al. 2018), wheat (Gul et al. 
2017; Fathi et al. 2017; Bajwa et al. 2018; Khataar et al. 2018), tomato (Rubio et al. 
2017; Martinez et al. 2018), faba bean and common bean (Benidire et al. 2017; 
Hussein et al. 2017; Ahmad et al. 2018; Khataar et al. 2018), barley (Allel et al. 
2018), tomato, cotton, and several other crops have been well documented (Meloni 
et al. 2003; Zhang et al. 2006; Sarabi et al. 2017; Sandhu et al. 2017; Martinez et al. 
2018; Ahmadi et al. 2018).
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Table 2 Effect of salinity on growth and physicochemical characters of different crops

Crop species
Salinity level/
concentration

Type of 
experiment Crops’ response References

Corn (Zea mays) 100–400 mM Laboratory 
assay

Decreased 
chlorophylls, increased 
proline

Cha-Um and 
Kirdmanee 
(2009)

Alfalfa (Medicago 
sativa)

30–
150 mmol L−1

Lab Decreased K+, water 
content, stomatal 
conductance, 
chlorophyll pigments, 
transpiration, and 
photosynthesis

Li et al. (2010)

Wheat (Triticum 
aestivum)

150 mM Pot 
experiment

Decreased CO2 
assimilation, rate of 
transpiration, dry 
biomass

Perveen et al. 
(2010)

Rice (Oryza sativa) 4–20 dS m−1 Lab Arrest in germination, 
growth of seedling, 
and biomass

Hakim et al. 
(2010)

Safflower 
(Carthamus 
tinctorius)

3.5–8.5 dS m−1 Field trials Reduced oil content 
and yield (7–29%)

Yeilaghi et al. 
(2012)

Tomato (Solanum 
lycopersicum)

120 mM Growth 
chamber

Negative effects on 
root and shoot growth

Rivero et al. 
(2014)

Wheat (T. aestivum) 25–50 mM Greenhouse Reduction in growth 
and yield

Akhtar et al. 
(2015a, b)

Wheat (T. aestivum) 8 dS m−1 Laboratory 
assay

Reduced germination 
and plumule length

Muhammad 
et al. (2015)

Okra (Abelmoschus 
esculentus)

75 mM Pot 
experiment

Lower germination and 
plant growth

Habib et al. 
(2016)

Rice (O. sativa) 10 dS m−1 Pot culture 44–97% reduction in 
grain yield

Krishnamurthy 
et al. (2016)

Rice (O. sativa) 4–8 dS m−1 Pot culture Retarded root growth, 
oxidative stress, and 
membrane damage

Islam et al. 
(2017)

Chickpea (Cicer 
arietinum)

40 mM NaCl Greenhouse 15–32% reduction in 
plant growth, plant 
height, dry biomass, 
and yields

Atieno et al. 
(2017)

Maize (Zea mays) 100 mM Growth 
chamber

Reduced fresh and dry 
biomass, chlorophyll 
degradation

Kaya et al. 
(2017)

Tomato (S. 
lycopersicum)

50–150 mM Pot Reduced leaf area, 
photosynthesis, and 
CO assimilation

Bacha et al. 
(2017)

Alfalfa (M. sativa) 18.3 and 
24.5 dS m−1

Greenhouse Reduced biomass, 
shoot length, leaf area, 
stomata conductance

Sandhu et al. 
(2017)

Tomato (S. 
lycopersicum)

300 mM Pot culture Abnormal growth, 
gaseous exchange, 
fresh and dry weight

Rubio et al. 
(2017)

(continued)
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Table 2 (continued)

Crop species
Salinity level/
concentration

Type of 
experiment Crops’ response References

Wheat (T. aestivum) 100–200 mM Pot Decreased yield and 
growth

Ahanger and 
Agarwal (2017)

Maize (Z. mays) 40–80 mM Pot Altered biochemical 
parameters

Gul et al. (2017)

Rice (O. sativa) 120–250 mM Lab assay Growth discrepancy at 
high salinity stress

Shahzad et al. 
(2017)

Wheat (T. aestivum) 75–150 mM Growth 
chamber

Reduced 
morphological traits 
and dry biomass

Fathi et al. 
(2017)

Melon (Cucumis 
melo)

30–90 mM Greenhouse Abnormalities in leaf 
water content, leaf 
area, K+ ions, 
chlorophylls

Sarabi et al. 
(2017)

Maize (Z. mays) 4–12 dS m−1 Greenhouse Reduction in 
emergence and early 
seedling growth by 
57.9%

Konuşkan et al. 
(2017)

Faba bean (Vicia 
faba)

60–120 mM Pot Growth, biomass, 
nodulation capacity 
reduced

Benidire et al. 
(2017)

Faba bean (V. faba) 50–150 mM Plastic trays Biomass, 
photosynthesis, water 
content, stomatal 
conductance reduced

Hussein et al. 
(2017)

Faba bean (V. faba) 50–100 mM Pot Decrease in root and 
shoot length, dry 
biomass decreased by 
67%

Ahmad et al. 
(2018)

Barley (Hordeum 
vulgare)

100–200 mm Pot 
experiment

Growth and 
photosynthetic 
abnormality

Allel et al. 
(2018)

Tomato (S. 
lycopersicum)

75 mM Growth 
chamber

45–60% reduction in 
biomass

Martinez et al. 
(2018)

Bean (Phaseolus 
vulgaris), wheat (T. 
aestivum)

2–20 dS m−1 Closed 
growth 
chamber

Reduced shoot 
biomass and yield 
index at salinity 
≥8 dS m−1

Khataar et al. 
(2018)

Rice (O. sativa) 2–12 dS m−1 Greenhouse 
and field

Up to 50 reduced 
growth, transpiration, 
photosynthesis

Radanielson 
et al. (2018)

Rapeseed (Brassica 
napus)

110–
330 dS m−1

Greenhouse Disturbance in growth, 
respiration, 
photosynthesis

Ahmadi et al. 
(2018)

Wheat (T. aestivum) 4–10 dS m−1 Pot Growth, chlorophyll, 
and biochemical 
attributes drastically 
suffered

Bajwa et al. 
(2018)
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 Salinity Management Approaches

 Modifications in Agricultural Practices

Rengasamy (2006) categorized three major types of salinity: (1) salinity associated 
with groundwater, (2) salinity associated with non-groundwater, and (3) salinity 
associated with irrigation. All the three types of salinity are manageable if preven-
tive measures, depending on the types of salinity and location, are taken into 
account. Although it seems difficult to employ a particular method in agro farming 
systems for salinity management, a combination of several techniques would suffi-
ciently help in reducing the drastic impacts of salinity on crops. As for natural fac-
tors responsible for salinity, man has little influence on bringing them under control. 
Since leading causes of anthropogenic salinity include land degradation, poor drain-
age, and use of substandard water and excessive irrigation, employment of appro-
priate practices will satisfactorily manage the salt menace. Foremost, increasing 
population pressure in urban areas stimulate migrations to rural areas—the main 
hub of agricultural activities—which consequently results in the utilization of agri-
cultural land for dwelling purposes. In parts of fertile land destruction as a result of 
building constructions, the household outflow of water may cause disturbances in 
the quality of irrigated water. Thus, restoration and protection of fertile land would 
limit the potential secondary salinization. Rise in water table caused by irrigation 
practices, rainfall, and leaching of water which are perceived to be linked with the 
salinization process can be maintained by surface drainage. The exclusion of excess 
of water from rhizosphere is also an effective tool to maintain the permanent water 
table and avoid its rising (Tiwari and Goel 2017). Drainage can be achieved by mak-
ing trenches in agricultural soils which are saturated with plenty of water or by 
installation of a drainage system although the latter one cannot be afforded by 
resource-poor farmers in many countries. Hanson and May (2004) stated that sub-
strata drip irrigation could maintain water table in shallow water regions and cor-
respond to better salinity management and improvement in crops in such adopted 
system. Ayars et al. (2006) proposed that subsurface drainage and management of 
water at specific depth in agricultural lands could significantly improve soil profile 
and salinization problems. They further suggested that proper design and post- 
installation maintenance of drainage system would be required for getting better 
results in arid soils with the saline profile. In a study conducted in Pakistan on the 
importance of different drainage projects in irrigated areas for salt, management 
revealed a 14–20% decrease in soil salinity (Azhar 2010). Valipour (2014), in a 
comprehensive review, presented the advantages of the drainage systems in reduc-
ing salinity problems in many countries where the problem prevails. He outlined 
that in Europe the drainage system was the most effective measure in controlling 
salinity stress; however, such systems were not recommended for areas where phos-
phorus deficiency remained a challenging problem. Hou et al. (2016) advocated the 
use of mulch-drip irrigation in soils enriched with salts to minimize salinity concen-
tration and to promote plants’ growth. Besides artificial drainage systems, 
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cultivation of deep-rooted trees such as Eucalyptus sp. may prevent rise in the water 
table and consequent salinization. Canal system in different countries, particularly 
in Pakistan and other developing countries, is extensively used for irrigation pur-
poses. Inappropriate designs of canal systems and lack of protective lining in most 
of the developing countries due to high costs result in water seepage. The seeped 
water move through different soil zones and lead to the solubility of minerals and 
their accumulation in the fertile agricultural land which consequently result in soil 
salinity and water logging.

Another leading cause of salinization throughout the world is excessive irriga-
tion and the use of substandard water for the stated purpose. In areas with arid and 
semiarid conditions, irrigation processes facilitate the mobility of salts to non-saline 
areas where secondary salinization occurs and disturb the growth parameters of 
cultivated plants (Smedema and Shiati (2002). Rietz and Haynes (2003) debated 
that irrigation with poor water coupled with unmanaged drainage results in water 
level rise and accumulation of salts in the soil surface layer where plants are grown. 
The scarcity of fresh water for irrigation and other purposes in many parts of the 
world coerce farmers to use low standard water which mainly contains municipal 
wastes and salts, thereby reducing soil quality and elevating salinity and sodicity 
levels (Qadir and Oster 2004). It is the prime priorities of agricultural stakeholders 
to stimulate scientific practices in irrigation. This may include drip irrigation (Hou 
et al. 2016; Ortega-Reig et al. 2017), installation of tube wells (Memon et al. 2017), 
sprinkler irrigation (Rudrapur et al. 2017), and proper drainage by making drenches 
and installing water removal equipment. Although it seems costly particularly in 
developing countries, comparisons with crops losses and land degradation as a 
result of salinity and poor irrigation can highlight the potential benefits of sustain-
able irrigation methods for the long term. To minimize energy consumption costs 
incurred by tube wells irrigation, deployment of solar panels can be specifically 
useful. Cultivation of deep-rooted trees such as Eucalyptus, Acacia, and Sesbania 
species can efficiently manage water table and consequently avoid salinity prob-
lems. Deforestation and overgrazing are also some of the important indirect contrib-
uting factors towards salinization because of changes in climatic condition, altered 
rainfall, elevated evaporation, and flooding; thus, maximum vegetation and protec-
tion of forests can be helpful in long-term salinity management.

 Seed Priming and Plant Growth Promoting Bacteria  
(Bio- Priming) for Salinity Management

Pre-germination soaking of seeds with different solutions (or pure water) for the 
different duration is termed as “seed priming” (Song et al. 2017). Solutions of dif-
ferent compounds, both of natural and synthetic origins, are usually used as pre- 
soaking materials to prepare seeds for better performance under stressful 
environment. Seeds may be primed either with water, or salts, hormones, and 
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natural metabolic substances although different priming agents have variable effects 
on treated seeds in terms of their responses to exposed stress. Soaking duration with 
priming agents is also a necessary factor which enables seeds to architect stress- 
combating machinery. In practice, halo priming (treatment of seeds with different 
concentration of salts) and hydropriming (water treatment) seem economical 
because of low cost and easy availability of soaking gents (Jisha et al. 2013) although 
other priming compounds such as polyethylene glycol (PEG), auxins, gibberellins, 
cytokinins, salicylic acid, jasmonic acid, kinetin, urea, and several natural metabolic 
substances have been well proven in inducing defense and stress tolerance to sub-
jected seeds (Islam et al. 2015; Salah et al. 2015; Savvides et al. 2016). Primary 
mechanism underlying the priming-induced stress tolerance in crops is the activa-
tion of enzymes, hormones, homeostatic regulation, synthesis of new messenger 
RNA, improvement in imbibition potential and dormancy, detoxification of reactive 
oxygen species, enhanced antioxidant systems, and induction of “pre-stress mem-
ory” (Bruce et al. 2007; Varier et al. 2010; Hussain et al. 2016) (Fig. 1). Primed 
seeds perform better than non-primed ones when sown either under normal condi-
tions or in a stressed environment. Many studies suggest that priming cause better 
germination, seedling emergence, and vigor (Salah et al. 2015; Hussain et al. 2016). 
Ajouri et  al. (2004) have documented that priming-induced salinity resistance in 
barley and better germination was achieved. Kaya et al. (2006) observed improved 
germination and growth of sunflower seedling in saline and drought conditions as a 
result of hydropriming. Under 100 mM NaCl stress, halopriming, and hydropriming 
invigorated wheat growth, yield, antioxidant activities, and ions regulation (Islam 
et al. 2015). Improved germination and reduced mean germination time of Nigella 
sativa were also recorded under 40 mM NaCl when seeds were treated with 1–2% 
NaCl and several other priming agents (Gholami et al. 2015). Khaliq et al. (2015) 
treated seeds of rice with 15–105 μmol L−1 concentrations of selenium and evalu-
ated the primed seeds for germination, growth, and enzymatic activity under salinity 
stress. They observed the better performance of primed seed than control under 
stress conditions for all the studied parameters. Osmopriming of bread wheat seeds 
with CaCl2 resulted in enhanced tolerance to salinity (100 mM) resulting in improved 
leaf area, Na/K ion ratio, and grain yield (Tabassum et al. 2017). Pretreatment of 
broccoli sprout with methyl jasmonate and KCl induced salt-stress tolerance  in 
tested plants which resulted in growth and biochemical parameters elevation under 
salinity stress (Hassini et al. 2017). Recently, Bajwa et al. (2018) effectively induced 
salt tolerance in wheat by pre-soaking seeds with sorghum extracts and benzyl 
amino-purine. Germination, growth, and biochemical attributes exhibited improved 
performance in salinity imposed stress.

In addition to wide applicability of seed priming in agriculture, plant growth 
promoting bacteria (PGPB) have also a potential role in improving crops’ stress 
responses. PGPB can manage drastic effects of salinity and other stress conditions 
on cultivated crops by several mechanisms. They may stimulate the production of 
specific proteins and osmoprotectants in crops exposed to stressful environment 
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thereby reducing the adverse effects of stresses and protecting crops from stress 
injuries (Grover et al. 2011). Saleem et al. (2007) argued that one of the leading 
factors associated with stress is the elevated production of ethylene—a growth regu-
lator produced indigenously by plants when they are challenged with stress condi-
tions—is regulated by several strains of PGPB. It is established that many PGPB 
produce ACC deaminase and regulate the production and functions of cytokinins, 
antioxidants, and ethylene which not only help crops to take nutrient and water 
properly but also induce in them systemic resistance to salinity stress which imparts 

Fig. 1 Mechanism of stress tolerance induction in seeds by priming (after Varier et al. 2010 and 
Mahmood et al. 2016)
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stimulatory effects on the growth and yield under such stresses (Yang et al. 2009). 
According to Glick (2012), plant growth suppression in fields is either caused by 
biotic (pathogenic interaction) or abiotic (salinity, intensive light, drought, tempera-
ture, etc.) stresses which are generally correlated with abnormal production of stress 
hormones, fluctuation in metabolic machinery. He provided evidence that many 
PGPB can manage the required production of ethylene, indole acetic acid (IAA), 
trehalose, cytokinin, and several other stress components. Shrivastava and Kumar 
(2015), in a comprehensive review, highlighted the role of PGPB in conferring 
salinity resistance to crops. They commented that PGPB induces systemic tolerance 
in crops besides their active role in the provision of nutrients, soil fertility, and dis-
ease suppression. Bharti et al. (2016) documented that Dietzia natronolimnaea, a 
plant growth promoting bacterium, was involved in regulating transcriptional fac-
tors which confer salt resistance to plants and protect them from salinity-induced 
injuries. Del Cerro et al. (2017) suggested that certain strains of Rhizobium tropici 
are involved in the production of nodulating factors under high salt concentration 
which promotes root nodulation in legume crops and helps in avoiding salinity 
stress. Some species of Streptomyces are recognized for their ability to produce 
1-aminocyclopropane-1-carboxylate deaminase and promote the growth, ion 
uptake, and chlorophyll functions of rice under 150 mM NaCl stress (Jaemsaeng 
et al. 2018).

In the previous study, salinity tolerance and improved growth of tomato were 
recorded in response to PGPB (Achromobacter piechaudii) under 43  mM NaCl 
stress (Mayak et al. 2004). Tank and Saraf (2010) reported 50% increase in tomato 
growth and biomass under salt stress when plants were inoculated with different 
strains of Pseudomonas sp. under greenhouse conditions. Wheat seeds inoculated 
with Arthrobacter sp. exhibited efficient resistance to salt stress and yielded better 
than non-inoculated plants (Upadhyay and Singh 2015). Wheat inoculated with 
PGPB Klebsiella sp. (SBP8) and grown in 150–200 mM NaCl stress showed higher 
growth and chlorophyll activity than non-inoculated control (Singh et  al. 2015). 
Edible peas grown under 70–130 mM NaCl stress after pretreatment with Variovorax 
paradoxus showed improved growth, photosynthetic performance and ion uptake 
(Wang et al. 2016). Bharti et al. (2016) reported that wheat inoculation with Dietzia 
natronolimnaea resulted in a significant elevation of plant height and dry biomass 
when salinity stress (150 mM NaCl) was imposed on test crop. Under similar salin-
ity stress, Streptomyces sp. (strain GMKU 336) promoted plant growth, water sta-
tus, chlorophyll and proline contents, and ion ratios of rice (Jaemsaeng et al. 2018). 
In other similar studies under high salt concentrations, Burkholderia and 
Enterobacter sp. stimulated the growth and physicochemical attributes of maize and 
wheat (Akhtar et al. 2015a, b), Bacillus cereus improved mung bean (Islam et al. 
2016), and Enterobacter sp. promoted rice growth (Sarkar et al. 2018). These and 
dozens of other studies employing PGPB in salt stress environment indicate that 
several PGPB strains have a prospective role in inducing salt-stress tolerance  to 
cultivated crops and enhancing their yield outputs.
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 Conclusions

Cultivated crops are challenged with several constraints among which salinity is an 
important one responsible for limited growth and crop production. Salinity stress 
imposes ion toxicity, water deficit conditions, imbalanced ion uptake, cellular dam-
age, and degradation of chlorophylls, transpiration and respiration activities which 
definitely influence overall growth attributes of challenged plants. Both natural and 
man-triggered activities cause salinization in agriculture. Extensive irrigation, poor 
drainage, low-quality water for irrigation purposes are directly contributing to the 
problem of salinity. Employment of mechanisms and techniques to diminish the 
adverse effects of salinity and make crops adapted to withstand salinity would help 
in crop losses management. Thus, scientific approaches in agriculture such as sprin-
kler irrigation drench and pumping surface and groundwater, and lining of irrigating 
canals can significantly lower salinity levels in cultivated land. Seed priming with 
water, salts, hormones, and other chemicals induces stress adaptability in them and 
can prove effective tools to divert the adverse effects of salinity on crops. Bio- 
priming with plant growth promoting bacteria has also been well recognized for 
their ability to induce salinity tolerance in crops. To make the maximum use of seed 
priming agents and PGPB for salt management in cultivated crops, commercial 
availability, economic accessibility, and safety issues concerned with priming 
chemicals and PGPB strains must be ensured by stakeholders. Since farmers repre-
sent a basic component agricultural system, their awareness about the significance 
of seed priming and PGPB in salinity can contribute to further expansion of these 
techniques in agricultural areas which are challenged with salinity.
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 Introduction: An Overview on Salinity

Plants are always exposed to the environmental changes. Due to the lack of mobility, 
they must be equipped with the mechanisms that respond appropriately to some of 
the acute changes that are called stresses (Rejeb et al. 2014). The stresses are divided 
into two distinct groups, biotic and abiotic. The biotic stresses include allelopathy, 
bacteria, competition, fungi, insects, weeds, viruses, and human activity (Pedrol 
et al. 2006). The abiotic stresses include increased salinity, drought, and tempera-
ture, decreased soil oxygen content, mineral nutrient deficiency, heavy metals, pol-
lutants, and high UV radiation (Kanojia and Dijkwel 2018). A significant portion of 
available water resources in arid and semiarid regions, including underground saline 
water and run-off water results from the downstream drainage areas which should 
be managed and used appropriately (Misra 2014).

In arid and semiarid areas, water is the main limiting factor for agriculture. In 
these areas, due to the shortage of surface currents, there is a major pressure on 
groundwater. Failure to comply with technical points in the exploitation of under-
ground water and overuse of them has caused the loss of groundwater in many areas 
(Calow et al. 2018). Plenty of lands around the world are affected by salinity and 
this issue is increasing. Salinity has affected more than 30% of irrigated land and, in 
total, 6% of the total world’s land (Chaves et al. 2009; Parihar et al. 2015).
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 Definition of Salinity

Salinity is an increase in the concentration of dissolved inorganic salts in the soil 
(soil solution) or water. The main cations include K+, Mg2+, Ca2+, and Na+, and the 
main anions are NO3

−, HCO3
−, SO4

2−, Cl−, and CO3
2−. Other components in the 

highly saline soils and water are SiO2, Al3+, Sr2+, B, Mo, and Ba2+ (Manchanda and 
Garg 2008). These compounds are reported individually in mg  L−1 (ppm), 
mmo1 L−1, or meq L−1, while salinity is considered as the total concentration of 
total dissolved solids (TDS) in mg L−1 (Niu and Cabrera 2010). However, in the 
agricultural and horticultural section, the more common term and simpler mea-
surement of total salinity is the determination of the electrical conductivity of 
water (ECw) or the soil extract (ECe) (Hardie and Doyle 2012). Water or solvent 
ability to conduct the electricity is directly related to the concentration of salts 
contained in it and units used for reporting EC (including mmhos cm−1 or dS m−1) 
have the same unit value, while there is no exact relationship between TDS and 
EC. However, some relationships with approximate transformation are applicable, 
so that for water or solutions with EC up to 5 dS m−1, the TDS value is obtained by 
multiplying EC (dS  m−1) by 640 and for solutions with a salinity greater than 
5 dS m−1, the TDS value is obtained by multiplying EC by 800 (Tanji 2002). In 
general, irrigation water is classified according to their salinity values as follows: 
water with electrical conductivity (ECW) less than 0.7 dS m−1 or a salt concentra-
tion less than 500 mg L−1 is classified as drinking water and because it is non-
saline, it is considered as high-quality water for irrigation. While water with ECW 
between 0.7 and 2 dS m−1 or salt concentration between 500 and 1500 mg L−1 is 
considered as a little saline water for irrigation. And also, groundwater with ECw 
between 2 and 10 dS m−1 or salt concentration between 1500 and 7000 mg L−1 is 
considered as fairly saline, the water with ECW between 10 and 25 dS m−1 or salt 
concentration between 7000 and 25,000 mg L−1 is considered as very saline and the 
water with ECw between 25 and 45 dS m−1 or salt concentration between 15,000 
and 25,000 mg L−1 is considered as extremely saline. In comparison, sea water has 
ECw more than 45 dS m−1 or salt concentration more than 45,000 mg L−1 (Rhoades 
and Chanduvi 1999).

On the other hand, the soils affected by the salt stress vary widely in terms of 
physical and chemical properties, and can be classified into the following groups 
(Hanin et al. 2016):

 (a) Saline soils: pH is less than 8.5, ESP less than 15%, and EC more than 
4 dS m−1.

 (b) Saline-sodic soils: pH is about 8.8, ESP is more than 15%, and the EC is more 
than 4 dS m−1.

 (c) Sodic soils: SAR is more than 15, pH higher than 8.5, ESP is more than 15%, 
and EC is less than 4 dS m−1.
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 Types of Salinity and Its Causes

 Primary or Natural Salinity

The accumulation of salts over the long periods through natural processes in the soil 
or underground waters causes initial salinity. Two natural processes created this 
event. The first factor is the weathering of native rocks containing soluble salts. The 
breakdown of rocks and the release of soluble salts of different types, mainly mag-
nesium sodium, and calcium, and in lesser quantities, sulfates, and carbonates are 
caused by weathering processes. NaCl is the most abundant soluble salt. The second 
factor is the precipitation of ocean salt by rain and wind. “Cyclic salt” is the salt of 
the ocean, which is carried by wind and rain to other areas of the earth and is mainly 
sodium chloride (Munns 2002; Manchanda and Garg 2008; Munns and Tester 2008; 
Parihar et al. 2015).

 Secondary Salinity or Salinity Created by Humans

Human activities cause the secondary salinity that change the soil’s hydrological 
balance between primary water (rainfall or irrigation) and the transpiration (Dawood 
2018). Clearing the land and replacing perennial crops with annual ones and irriga-
tion schemes using salt-rich irrigation water or lack of adequate drainage are the 
most common causes of secondary salinity (Parihar et al. 2015). Irrigated systems 
are more willing to salinization, and now half of the irrigated crops in the world are 
affected by salinity or flooding due to the poor water or excessive drainage and ris-
ing water from underground aquifers (Hatfield et  al. 2017). Irrigation programs 
account for about 15% the world’s agricultural lands, but these lands have at least 
twice as much yield as drylands and produce about one-third of the world’s food, 
and this fact highlights the importance of secondary salinity by humans and its 
impact on the food production (Scherr and McNeely 2008).

 Problems Caused by Salinity in Plants

Most of the problems caused by salinity in plants are due to an increase in sodium 
chloride, which occurs in dry and coastal soils where their water sources have 
expanded. The high salinity of sodium chloride generates at least three specific 
problems in higher plants:

 (a) Osmotic effect: The dissolved materials in the root developmental zone pro-
duce a negative osmotic potential, which reduces the water and soil potential 
(Mahajan and Tuteja 2005). When the water potential of the cells becomes less, 
the plant’s ability to absorb the water decreases and this leads to a decrease in 
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growth, which is called osmotic effect or physiologic dryness due to salinity 
(Kafi 2009).

 (b) Specific ion effect: When the accumulation of SO2, Na+, or Cl− concentrations 
in the cells reaches the threshold of damage, the specific ion effect occurs 
(Chartzoulakis 2011). At high concentrations, Na+ can be replaced with Ca2+ in 
the plasma membrane of root hairs of cotton. As a result, a change in the perme-
ability of the plasma membrane can occur, which can appear as K+ leakage to 
the surrounding solution. Salinity causes inactivation of enzymes, cell death, 
and eventually whole plant death (HanumanthaRao et al. 2016).

 (c) Nutritional imbalance: The nutritional balance of the plant depends on impor-
tant elements such as zinc, potassium, iron, and calcium. The concentration of 
these elements in the plant is affected by sodium and calcium. Increasing 
sodium reduces other cations in the plant and disrupts the cationic balance of 
the plant. This increase also reduces the amount of calcium, magnesium, and 
potassium in the plant (Acosta-Motos et al. 2017). Therefore, the main reason 
for inhibiting growth (by sodium chloride) is the problems that arise in absorb-
ing other minerals in competition with sodium (Gupta and Huang 2014).

In different references, the effects of salinity stress on plants are related to 
(Rasool et al. 2013):

 1. Water stress or reduction of osmotic potential
 2. Imbalance in nutrients
 3. Salt stress or specific ionic effects
 4. A combination of the above items

The above-mentioned factors have negative effects on the growth and development 
of plants at physiological, biochemical, and molecular levels (Pandey et al. 2017). 
In the review articles, the effects of salinity stress on plants such as effect on plant 
water status, leaf anatomy, proteins, photosynthetic pigments, lipid and carbohy-
drates metabolism, gas exchange, photosynthesis, chlorophyll fluorescence, anti-
oxidant molecules and enzymes, and nitrogen  metabolism have been reported 
(Munns and Tester 2008; Wani et al. 2013).

 Effects of Salinity

The most important result of salinity stress is the apparent stop in plant growth 
(Negrão et al. 2017). The immediate response to salinity stress is the decrease in the 
rate of leaf area expansion, which results in stopping the increase in salt concentra-
tion in the plant. Salinity stress results in a significant reduction in the dry and fresh 
weight of leaves, stems, and roots (Qados 2011). Plant response to salinity is carried 
out in two steps over time: In the early stages of salinity stress (first phase), the 
decrease in growth is actually due to the water stress, which is due to the osmotic 
effects of salinity. Osmotic effects occur after salt increase outside the root 
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environment and with increasing the levels of tolerance threshold (Munns 2002; 
Munns and Tester 2008). Reducing water absorption leads to a decrease in water 
pressure in the cell, resulting in a reduction in the size of the cell, which ultimately 
reduces the size of the plant (Acosta-Motos et al. 2017). The decrease in water entry 
to the plant due to its low osmotic potential and salinity stress leads to the stomatal 
closure in order to minimize the plant transpiration. The reduction in stomatal con-
ductance reduces the amount of available carbon dioxide for carboxylation, reduces 
photosynthetic assimilation, and thus reduces the production of sufficient assimi-
lates to grow (Geissler et al. 2009; Gupta and Huang 2014). With the continuation 
of salinity stress (Phase II), ionic effects arise from the accumulation of salts in the 
plant (Munns and Tester 2008). The entry of harmful salt into the plant causes toxic-
ity in the leaves that are associated with yellowing and aging of them. The second 
stage occurs when salts accumulate in toxic levels in the old leaves, which is due to 
the lack of salt transfer for long periods of time to vacuole. This stage requires more 
time to develop than an osmotic phase. It has a negative effect on growth by reduc-
ing the supply of carbohydrates to the growing cells. This results in a further reduc-
tion in photosynthesis and ultimately a further decline in growth (Munns et al. 2006; 
Munns and Tester 2008).

 Effect of Salinity on Plant Germination

The germination stage is very important because of the direct impact on the plant 
density (Hatfield and Prueger 2015). Ions in the soil or water can act as a stimulant 
or inhibitor in germination at this stage. Salinity can affect the seeds germination by 
reducing the osmotic potential of the growth medium, the toxicity of certain ions, 
such as sodium, chlorine, and reduced nutrient ions such as calcium and potassium 
(Afzali et al. 2011). These factors change the biochemical and physiological activity 
of the seed by preventing aerobic respiration or stimulating the catabolic stages. 
Plant tolerance to salinity is not a fixed feature and may vary in different stages of 
growth for different species (Shrivastava and Kumar 2015). According to the 
researches, by increasing the concentration of NaCl, the germination of many plants 
will decrease (Seffino 1998; Bae et al. 2006; Almodares et al. 2007).

 Effects of Salinity on Plant Morphology

Salinity causes the stop in the vegetative growth of plants (Newell 2013). Munns 
(2002) generally proposed two phases of growth reduction in plants exposed to 
salinity. In the first phase, the decline in growth is very rapid and this is due to a kind 
of osmotic effect. In the second phase, the growth retardation is very slow and this 
is due to the accumulation of salt in the leaves, which leads to the toxicity of salts in 
the plants. In the case of salinity continuity, it may lead to the death of leaves, the 
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reduction of the photosynthetic leaf area, the reduction of photosynthetic reserves in 
plants and, consequently, reduction of the yield. Colorless leaves and dry weight 
loss are the significant symptoms of salinity stress (Asghari and Ahmadvand 2018) 
because high concentrations of sodium in chromoplasts can stop photosynthesis. 
The effects of salinity appear more often in the old leaves. The lack of growth of the 
roots is another sign of salinity. Salinity also led to the suspension of the apical 
meristem, reduction in the diameter of the roots and their vascular tissue (Otitoloju 
2016). One of the rapid effects of salinity stress in plants is the reduction of leaf 
area, which inhibits leaf growth and associated with an increase in salt concentra-
tion (Acosta-Motos et al. 2017). Salinity stress significantly reduces the fresh and 
dry weight of shoots, roots, and leaves (Chartzoulakis and Klapaki 2000). Salinity 
also reduces the intracellular space in the leaves (Chaves et al. 2009). In a research 
on rooted cuttings of kiwifruit under hydroponic conditions exposed to different 
levels of salinity (5, 10, 15, 20, and 30 mM sodium chloride) for 2 months, it was 
observed that leaf area and number of leaves, shoot growth, and plant dry weight 
decreased with increasing salt concentration (Chartzoulakis et al. 1995). In a study, 
Fisarakis et al. (2001) investigated the effect of different salinity concentrations (5, 
25, 50 and 100 mM) on “Sultana” grapes cultivar in a 70-day period, they observed 
that shoot growth, leaf area, leaf number, and total dry weight were decreased at all 
salinity levels.

 Effect of Salinity on Vegetative Growth

The most important effect of salinity is plant growth disturbance (Jouyban 2012). In 
spite of the study of the effect of salinity on the growth and metabolism of plants at 
the large level by researchers, there are two views in this regard. Some researchers 
have reported that salinity damage on the plant is due to the reduction of soil water 
potential due to the accumulation of salts (osmotic damage) and the formation of 
physiological dryness in the root environment, and another group considers the tox-
icity of ion as a cause of salinity damage (Gupta and Huang 2014). Munns (2002) 
states that salinity-resistant plants do not allow sodium and chloride to be trans-
ported to leaves and they have the ability to embed these ions in the vacuole to 
prevent accumulation in the cytoplasm or cell wall, thereby preventing ionic 
toxicity.

In the presence of high levels of salts in the plant environment, available water is 
reduced and on the one hand, it restricts the cell division and the volume of cells. In 
this way, leaf area expansion decreases and this decrease also affects the reduction 
in light absorption (Wang et al. 2001; Shrivastava and Kumar 2015). Salt damage to 
the leaves is one of the first signs of NaCl toxicity. In the salt-sensitive plants such 
as rice, even a small amount of foreign salt (50 mL of salt) can accumulate large 
quantities of salt (500 mmol) in the leaf apoplasts and cause damage to it. The rea-
son for this is poor salt control in the transpiration route (Ahmad and Sharma 2008).
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 Effect of Salinity on Chlorophyll and Carotenoids

Leaf chlorophyll and carotenoid contents are generally decreased under salinity 
stress (Parida and Das 2005; Ashraf and Harris 2013). The oldest leaves begin to 
develop chlorosis, and they will fall with the prolonged stress. Sodium has been 
reported to cause chlorophyll degradation (Pinheiro et al. 2008; Li et al. 2011; Yang 
et  al. 2011). Although salt stress reduces chlorophyll content, this reduction 
depends on the tolerance and resistance of the plant species (Ashraf and Harris 
2013). As salt stress increases the chlorophyll content in the tolerant plants, while 
in the sensitive ones, it decreases chlorophyll content significantly (Khan et  al. 
2009; Akram and Ashraf 2011). Some researchers have reported the amount of 
chlorophyll as an indicator for salt tolerance, while in a number of studies, the cor-
relation between salt tolerance and chlorophyll content was not observed (Ashraf 
and Harris 2013). Gomathi and Rakkiyapan (2011) reported that carotenoids were 
reduced by salinity stress, but resistant cultivars had more carotenoids than suscep-
tible ones. In another study, the level of carotenoids was positively correlated with 
the salinity stress tolerance and was introduced as an index for assessing the salt 
tolerance (Ziaf et al. 2009).

 Effect of Salinity on Photosynthesis

Environmental stresses degrade the photosynthetic pigments, resulting in reduced 
photo-reception efficiency of photosystems (PSI and PSII) which reduces photosyn-
thesis (Geissler et al. 2009; Zhen-hua et al. 2012). Absorbed light by chlorophyll is 
consumed for photosynthesis, or converted to thermal energy or released as chloro-
phyll fluorescence. These three processes compete together so that the increase in 
one is accompanied by a decrease in other processes (Maxwell and Johnson 2000). 
Part of the light energy absorbed by chlorophyll which converts to chlorophyll fluo-
rescence is not more than 1–2% of the total light absorbed by chlorophyll. But its 
measurement, especially in the stressed plants, provides valuable insights into the 
use of energy excited by photosystem II and other thylakoid membrane proteins. 
This method is also a fast and nondestructive method for the plant (Ashraf and 
Harris 2013).

Since chlorophyll a fluorescence analysis is an efficient, rapid, and sensitive 
method, it is widely used as a tool for nondestructive examination of plant photo-
synthesis, under different abiotic stresses like temperature, high light intensity, 
drought, salinity, nutrient deficiency, herbicide or toxicity of air pollutants, and 
heavy metals (Venkatesh et al. 2012). Fluorescence induction parameters, such as 
initial fluorescence (F0), maximum fluorescence (Fm) and variable fluorescence 
(Fv), and especially their ratio, are commonly used to determine the number of 
metabolic disorders in the leaves of many plant species under different environmen-
tal stresses (Baker 2008; Kalaji et al. 2012). The maximum quantum efficiency of 
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the photosystem II, which is shown by the Fv/Fm ratio, is an important parameter 
used to measure the linear transmission rate of an electron and is an index of total 
photosynthetic capacity (Balouchi 2010). Fv/Fm in healthy leaves under the stress 
conditions in many plants is about 0.8, and the decrease in this ratio indicates that 
part of the photosystem II reaction center is damaged and this event, called photo- 
inhibition, is usually observed in plants under stress (Vaz and Sharma 2011).

There are many reports that salt stress has an adverse effect on plant growth and 
has attributed this phenomenon to reduced photosynthetic efficiency (Wu et  al. 
2010; Akram and Ashraf 2011; Silva et al. 2011). Still, its mechanisms are not com-
pletely clear, but because of the fact that photosystem II plays a key role in the 
plant’s photosynthetic response to environmental conditions, the effect of salinity 
stress on photosystem II has been studied in a large number of studies (Ashraf and 
Harris 2013). Some studies have shown that salinity significantly reduces the activ-
ity of photosystem II (Akram and Ashraf 2011; Saleem et al. 2011), but in another 
study, such a significant decrease has not been observed (Abdeshahian et al. 2010). 
The effect of salinity stress on Fv/Fm depends on tolerance to salinity and varies 
between species or even among cultivars of a species. Some researchers report that 
in the early stages of salt stress, there is no major change in the maximum quantum 
yield because salinity initially decreases stomatal conductance, photosynthesis is 
reduced as a result, and therefore the photosystem II is not affected (Baker and 
Rosenqvist 2004; Morales et al. 2008).

 Effect of Salinity on Nutrients

Several reports indicate that salinity reduces the absorption and accumulation of 
nutrients in plants. Nutrition disturbances may result in effects of salinity on the 
availability of nutrients, competitive absorption, transport, or distribution in the 
plant (Parihar et al. 2015). The lack of micronutrients under salt stress is very com-
mon due to high pH (Das 2014). Numerous studies have shown that salinity can 
reduce nitrogen accumulation in plants. Decreasing nitrogen absorption that occurs 
under salinity stress is due to the interaction between Na+ and NH4+ or between Cl− 
and NO3, which ultimately leads to reduced plant growth and yield. This decrease in 
NO3 adsorption can be due to the antagonism effects of NO3 with chlorine or due to 
reduced absorption of water under salt stress conditions (Parihar et al. 2015).

The availability of phosphorus also decreases in saline soils, which can be due to 
the effects of ionic strength that decreases PO4

3− activity, or because of controlling 
the concentration of phosphate in the soil solution controlled by adsorption pro-
cesses or the low solubility of calcium phosphate minerals. Hence, phosphate con-
centration in crops decreases with increasing salinity (Prapaga et al. 2015).

With increasing salinity stress, potassium, calcium, and nitrogen decrease in 
leaves (Tuna et al. 2007). High levels of sodium chloride in the root environment 
can reduce the absorption of nutrients, especially potassium and calcium, resulting 
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in imbalances in potassium, calcium, and magnesium ions (Keutgen and Pawelzik 
2009). In other words, rising salt concentrations (especially sodium chloride) may 
have antagonistic effects with other important ions to feed the plant (Tavakkoli et al. 
2011) or change important cationic and anionic ratios such as Na+/K+, Na+/Ca2+, and 
Cl−/NO3

− (Pessarakli 2016). Recently, it has been reported that in response to the 
salinity of sodium chloride, the concentration of calcium and magnesium in all plant 
organs has been declined steadily (Hussin et al. 2013).

Due to competition between Na+ and Cl− with nutrients such as K+, Ca2+, and 
NO3

−, salinity may cause nutrient imbalances or deficiencies (Jouyban 2012). 
Increasing salt absorption leads to the toxicity of certain ions, such as Na, Cl, or S, 
which reduces the absorption of essential nutrients such as P, K, N, and Ca (Jouyban 
2012; Parihar et al. 2015). It has been reported that plant growth decline in high 
sodium concentrations is due to a lack of potassium and calcium uptake (Mousa 
et al. 2013; Juan et al. 2005). Potassium is known as a sodium ion exchangeable ion 
in the cell membrane system (Akram et  al. 2009) since sodium excretion in the 
cortex is associated with potassium entry. The presence of large amounts of Na 
prevents the absorption of nutrients such as K by plant tissues, which leads to an 
increase in the Na+/K+ ratio (Benlloch et al. 1994). Munns (2002) stated that, under 
salt stress conditions, increasing sodium entry to the plant and its accumulation in 
the cytoplasmic sodium to replace potassium and produce ionic toxicity. Maintaining 
a high ratio of K+/Na+ in plant tissues is essential for salinity tolerance and the cell 
requires a high K+/Na+ ratio to perform its natural activities (Khan et  al. 2009; 
López-Aguilar et al. 2012).

 Effect of Salinity on Na+ and K+ Concentration in Plant and Its 
Relation with Salinity Tolerance

Many researchers have suggested that salinity increases sodium in the shoots and 
roots and reduces potassium in various plant organs. From the results of these stud-
ies, it seems that the basis of the tolerance of different cultivars is their ability to 
regulate sodium and chlorine adsorption so that the plant’s ability to prevent sodium 
and chlorine adsorption is higher, its resistance will also be higher (D’Amelia et al. 
2018). One of the effective mechanisms in salinity tolerance is the low Na/K ratio 
in root and shoot under salinity, which is obtained through the ability of seedlings 
to absorb potassium and prevent sodium entry to root (Kordrostami et al. 2016). So 
that, salinity-tolerant cultivars have different Na/K ratios in different organs and at 
different growth stages compared to salinity-sensitive cultivars (Sutcliffe and Baker 
1981). The higher K/Na ratio increases plant salinity tolerance (Kordrostami et al. 
2017). Salinity reduces the K/Na ratio in the plant, and there are significant differ-
ences between salinity-sensitive and salinity-tolerant cultivars for this trait 
(D’Amelia et al. 2018). In a study on rice in hydroponic conditions, Kordrostami 
et al. (2016) reported that under salinity conditions, the accumulation of sodium in 
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seedlings of all genotypes doubled, and the accumulation of other elements, such as 
potassium, decreased significantly. However, as mentioned earlier, in this study, the 
tolerant cultivars accumulated less Na content in their shoots and roots.

 Effect of Salinity on Osmolites and Osmoprotectants

During the stress period, plants need to keep down their internal water potential to 
maintain the turgor pressure of their cells and absorb water from the soil to continue 
their growth (Negrão et al. 2017). To do this, the plant needs to provide osmotic 
regulating agents either from a soil solution or by itself synthesizing these materials. 
To maintain ionic balance in vacuoles, plants accumulate low-molecular-weight 
compounds in the cytoplasm, which are called compatible solutes (Hayat et  al. 
2012). The reason for this naming is that they do not interfere with the normal bio-
chemical reactions of the cell (Zhifang and Loescher 2003). Potassium ion (K+) is 
one of the most important compatible osmolytes (Yokoi et al. 2002).

The most commonly used compatible osmolytes include simple sugars (mainly 
glucose and fructose), complex sugars (raffinose, trehalose, and fructan), alcoholic 
sugars (methylated inositol and glycerol), Quinine amino acid derivatives (pyrimi-
dine, glycine betaine, proline betaine, proline, and beta-alanine betaine), and sul-
fonamide compounds (dimethylsulfonium propionate and choline sulfate) 
(Pessarakli 2016). In glycophyte plants, from different compatible osmolytes, sug-
ars up to more than 50% provide a total osmotic potential in salt stress conditions. 
Despite a decrease in the rate of photosynthesis, there are several reports about the 
accumulation of soluble carbohydrates in plants in response to salinity or drought 
stress (Ahmad and Sharma 2008). Carbohydrates, such as sucrose, fructose, glu-
cose, and fructan, accumulate under the salinity stress and play an important role in 
osmotic regulation, osmotic protection, carbon storage, and also as free radicals 
scavenging (Sami et al. 2016). It has also been reported that in plants under salinity 
stress, amino acids (such as glycine, arginine, alanine, serine, leucine, valine, pro-
line, ornithine, and citrulline) and amides (such as asparagine and glutamine) accu-
mulate (Ahmad et al. 2013).

Proline is the key amino acid in osmotic regulation. In addition, proline is con-
sidered as a source of carbon and nitrogen, as well as a free radical scavenger (Hayat 
et al. 2012). Proline is more effective in protecting against the stress compared with 
other commonly compatible osmolytes (especially sugars and alcoholic sugars) 
(Hossain et al. 2014). In plant species, there is a positive correlation between the 
osmotic potential of the leaf and the accumulation of alanine betaine, proline beta-
ine, and glycine betaine. These organic compounds have osmoprotective effects in 
the cells. Among these ammonium compounds, glycine betaine is more likely to 
accumulate in the cells (Slama et al. 2015). Glycine betaine is predominantly pres-
ent in chloroplasts and plays an important role in protecting thylakoid membranes 
in the chloroplast, thereby enhancing photosynthesis efficiency and maintaining the 
health of plasma membranes (Fariduddin et al. 2013).
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 Effect of Salinity on Proline Content in Plants

Proline accumulates in plants that are exposed to severe drought and salinity con-
ditions. Possibly, the production of proline in the plant should be the result of a 
nonspecific reaction to the low water potential. Proline is probably involved in 
osmotic regulation and maintenance of the enzymatic activity of the plant under 
salinity stress. In addition to the osmotic adjustment, this amino acid plays a role 
in stabilizing cellular components, absorbing free radicals, and various processes 
against stresses (Kordrostami et al. 2017; Saleem et al. 2011). The effect of salin-
ity on proline accumulation has been reported in many plant species such as cape 
gooseberry (Miranda et al. 2014), okra (Saleem et al. 2011), and rice (Kordrostami 
et al. 2017).

 Effect of Salinity on Cell Membrane Stability

The stability of cell membranes under stress conditions is considered as the main 
cause of osmotic stress tolerance. As a result of the oxidation of fatty acids that 
occur following salinity, cell membranes are damaged. As a result of damage to the 
cell membrane, the permeability of the membrane is elevated and thus the electro-
lyte leakage from the cell causes the plant to wilt (Liang et al. 2003). Singh et al. 
(1992) reported a negative relationship between the percentage of damage to cell 
membrane with seed yield. The results of Kordrostami et al. (2017) research on rice 
under salt stress showed that the relative water content of the leaves and stomatal 
conductance of plants decreased with increasing salinity and electrolyte leakage 
increased significantly in the same situation. Tuna et al. (2008) reported an increase 
in the electrolyte leakage of leaves in corn under salt stress conditions.

 Salinity Tolerance in Plants

Salinity tolerance in plants not only varies widely among different species but is 
also strongly influenced by the environmental conditions. Many factors related to 
plant, soil, water, and environment interact with each other and affect the salinity 
tolerance in plants. As a result, the plant’s reaction to a specific salt concentration 
cannot be fully predicted.

Salinity tolerance in plants is usually investigated in one of the three ways (Gupta 
and Huang 2014):

 – The plant’s ability to survive in saline soils
 – Growth or absolute yield of the plant
 – Relative growth or relative yield of the plant in a saline soil and comparison with 

non-saline soil
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The salinity factor affects the plant during all the growth stages. But in some 
cases, the sensitivity of a growth stage varies from one stage to another. Comparison 
of plant tolerance to salinity at seed germination stage with other growth stages 
would be difficult to consider different criteria for testing the plant response. Tolerance 
in the emergence stage is based on the survival of the plant, whereas this stage is 
determined on the basis of reduction in growth or yield (Gregorio et al. 1997).

 Salt Tolerance Mechanisms

The salinity tolerance mechanisms of the plant are investigated at three levels of 
whole plant, cellular, and molecular levels. Particularly, the response at the whole 
plant is vital for some plants but is generally not used for all plants. It seems that 
cellular responses are conserved among many plants (Munns 2002).

 Salinity Tolerance at the Whole Plant

The first line of defense against sodium entry into the plant is the plasma membrane 
of root cells, which has low sodium permeability in all studied species. On the other 
hand, root cells have a tendency to absorb potassium, which can accumulate unlike 
the concentration slope (Munns 2002). The presence of high concentrations of salt 
in the root zone results in the absorption of both salt and nutrients by the plant. After 
transferring water and solutes through the direction of the symplast to the center of 
the root, they are transmitted immediately to the elements of the vascular tube 
through the xylem parenchyma cells. The entrance to the symplast pathway is the 
main control point of salt entry to the plant (Maathuis et al. 2014). The accumula-
tion of sodium in the root and preventing its transfer to the shoot is a mechanism that 
is found in some plants to cope with salinity (Acosta-Motos et al. 2017). Jeschke 
and Wolf (1993) found that Egyptian bean, castor, and barley could maintain their 
K levels in root cells to an acceptable level (130 mM sodium chloride) and transfer 
the contained potassium in the leaf for use in the roots and growing points of the 
shoots. Some salt-absorbing plants have special tubers at their leaf or stem that can 
repel large amounts of salt. Salt tubers are known in at least 11 plant families (10 
families of dicotyledons and 1 family of monocotyledons). Many salinity-tolerant 
plants, by increasing the amount of water in their mesophilic cells, can tolerate the 
temporary increase in salt in apoplasts (Munns 2002).

 Salinity Tolerance at Molecular Level

Salt tolerance is a complex and quantitative genetic phenomenon controlled by a 
large number of genes (Lang et al. 2017). The main difference in the relative toler-
ance of most plant species to salinity is in their membrane enzymes, which 
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contribute to ion transfer in the cell membranes and tonoplast (Almeida et al. 2017). 
To transfer the ions throughout the membranes, the H+-ATPase enzyme in the mem-
brane and the tonoplast H+-pyrophosphatase enzyme are required to produce 
hydrogen- dependent electrochemical differences. These antiporters transfer the 
excess salt from apoplast to cytoplasm and there transfer sodium to vacuole for the 
osmotic regulation (Segami et al. 2018). Studies have shown that salt regulates the 
expression of the H+-ATPase gene in the plasma membrane of tobacco and Atriplex 
nummularia. In Atriplex, mRNA was induced by H+-ATPase in growing roots and 
aged leaves by salt, but not in young leaves or stems. The mRNA response to salin-
ity stress was a multigene or transcriptional effect that occurs at a specific point in 
the cell cycle (Niu et al. 1993). Research shows that three SOS proteins are the main 
component of the ion homeostasis signal control pathway (Ji et al. 2013). SOS1 has 
been identified as a plasma membrane Na+/K+ antiporter agent involved in Na+ 
excretion, which plays a vital role in sodium excretion from root cells and sodium 
transfer at long distances from root to shoot. SOS2 is a serine-threonine protein 
kinase which has an autophosphorylation function. SOS3 is also a calcium-bound 
protein, which is believed to respond to salinity-induced calcium instability in the 
cytosol. SOS3 physically interacts with the SOS2 regulatory unit and stimulates its 
protein kinase activity by the calcium-dependent method. Then the SOS2/SOS3 
complex is phosphorylated and activates SOS1, which results in the removal of 
sodium ions, and thus leads to the ion balance of the cell to the first state (Zhou et al. 
2014). Also, the study of the Arabidopsis mutants has been found that the AtHKT1 
gene determines salinity tolerance and controls the sodium entry and potassium 
uptake with high affinity. Expression of the vacuolar H+-ATPase gene (Avp1) in 
Arabidopsis stimulates Na+ uptake into vacuoles and increases salinity tolerance 
(Jiang et al. 2013).

 Salinity Tolerance at the Cellular Level

The high salinity stress disrupts the distribution of ions at both cellular and whole 
plant levels and the critical balance of water potential. In addition, long-term salin-
ity stress may cause molecular degradation, growth stoppage, and even death. 
Salinity tolerance in many plants is achieved through three interconnected mecha-
nisms (Shokri-Gharelo and Noparvar 2018):

 1. Damage caused by injury should be prevented or reduced (detoxification): 
Extremely high salinity stress is responsible for destroying cellular structures, 
inhibiting enzymatic activity, absorbing nutrients, and photosynthetic functions. 
Plants react to the effects of toxic molecules and ions by synthesizing stress 
 proteins or compatible osmolytes, which are involved in detoxification (Agrawal 
et al. 2015). Osmolytes, under stress conditions, preserve thylakoids and plasma 
membranes, and in transgenic plants, they also increase stress tolerance 
(Suprasanna et al. 2016). These osmolytes protect the cell from the reactive oxy-
gen activity produced by ionic stress causing membrane degradation and ulti-
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mately cell death, and which effectively activates enzymes that can tolerate the 
stress. Most progress in salinity tolerance is achieved through gene transfer tech-
nology to enhance the scavenging strategy (Ashraf and Akram 2009). Proline is 
known to regulate osmotic pressure in the cytoplasm, which is effective in stor-
ing energy and nitrogen during salinity stress. Increasing proline concentration 
in osmotic regulation of bacteria and plants is considered as the most abundant 
reaction that increases tolerance to water scarcity and salinity stress (Forlani 
et al. 2018). In plant tissues under normal conditions, ornithine is considered as 
a precursor of proline which δ-ornithine-aminotransferase (δ-OAT) converts it 
into glutamic-γ- semi-aldehyde (GSA). Then, GSA converted into pyrroline-
5-carboxylate (P5C) and then it is reduced to proline (Kavi Kishor and 
Sreenivasulu 2014). Proline is also compatible with other cytoplasmic compo-
nents and can easily convert to glutamate. These changes are very important 
because glutamate contributes to the production of other essential amino acids. 
Therefore, under salinity stress, proline in the plant acts both as nitrogen storage 
and as an osmotic pressure regulator (Acosta-Motos et al. 2017). When salt con-
centration increases, after several hours, due to the specific DNA activity, stress 
proteins are produced (Bohnert et al. 1995). In addition to regulation of plant 
growth and development (including seed dormancy, embryogenesis, leaf transpi-
ration, and root and branch growth), abscisic acid (ABA) as the most important 
plant hormone, plays a vital role in plant response to abiotic stresses such as 
salinity and drought and low temperature (Vishwakarma et  al. 2017). ABA 
increases the growth during plant exposure to non-lethal primary salinity and 
induces high salinity compatibility (Negrão et al. 2017). The plant’s adaptation 
to salinity stress may be associated with the accumulation of osmotins, a kind of 
cationic protein, in vacuole, cytoplasm, plasma membrane, and vacuolar mem-
brane components (Hanin et  al. 2016). Synthesis of osmotins is induced by 
abscisic acid. Environmental stresses, especially drought stress and salinity, alter 
the activity and amount of enzymes involved in scavenging the oxygen radicals 
and their constant level of mRNA (Khan et al. 2015).

 2. The homeostatic condition should be re-established in a new stressful environ-
ment (homeostasis): Another way to gain more salinity tolerance is to help the 
plant to create osmotic and ionic homeostasis again in a stressful environment. 
The final determinants of such mechanisms are various ion transporters that dis-
tribute toxic ions at both organs and cellular levels (Deinlein et al. 2014). The 
accumulation of high levels of sodium in the cytoplasm inhibits the activity of 
many enzymes. The important issue of salinity tolerance studies is to determine 
which transporters interfere with the entry of sodium into the cell (Assaha et al. 
2017).

 3. Growth, although at a slow rate, should be continued (growth regulator): Like the 
other abiotic stresses, salt stress inhibits plant growth at the final stage. Slower 
growth may be an adaptive property of plant to survive under stress conditions 
because it allows plants to store resources, repair damaged structures, and restart 
physiological functions. Some plants display a rapid response to mild stress and 
stop their growth. In other words, plants that do not respond well to stress condi-
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tions may not be able to survive (Basu et al. 2016). Maintaining turgor pressure 
above the turgor pressure of the root environment requires energy that is associ-
ated with reduced growth. Most crop species, through the transfer of salt into the 
membrane of some of the organelles (vacuoles), are, to some extent, able prevent 
the absorption of salt into the transpiration (Acosta-Motos et al. 2017). The poor 
osmotic regulation results in the loss of cellular turgor and stomatal conductance, 
leading to decreased gas exchange and photosynthesis. The loss of turgor pres-
sure can also have adverse effects on cell division and elongation (Munns 2002).

 Screening Methods for Salinity Tolerance

Increasing salt tolerance in crops allows for the more efficient use of low-quality 
irrigation water. Improving salt tolerance of crop species requires access to new 
genetic and efficient variation (both natural and transgenic) for identifying salinity- 
tolerant resources. Probably, there is likely to be a wide range of genetic variations 
in salinity tolerance in existing international collections that have not been discov-
ered or have not been used. It is difficult to screen a large number of varieties for 
tolerance to salinity in the field due to spatial heterogeneity, chemical and physical 
properties of the soil, and seasonal fluctuations in rainfall; therefore, most screening 
methods are performed under controlled environments (Turan et al. 2012).

Improved salinity tolerance requires an understanding of the physiology of plants 
against stress. Today, the merging of new molecular methods with plant physiologi-
cal topics provides a new perspective on improving salinity tolerance which results 
in the improvement of the efficiency of important plants for human health and the 
preservation of the environment and sustainable agriculture. Plants are largely dif-
ferent in salinity tolerance, which shows different responses in growth. Also, toler-
ance to salinity in dicotyledon species is more than monocotyledon species (Munns 
and Tester 2008).

In recent decades, significant advances have been made in salinity tolerance of 
cultivars through conventional breeding and selection methods. However, many 
selection methods have been based on differences in agronomic characteristics. 
Common agricultural selection parameters for salinity tolerance include plant sur-
vival, relative growth retardation, yield, leaf area and damage, plant height, relative 
and growth rate. When screening is performed for components that comprise com-
plex traits, physiological criteria are able to provide more information than agro-
nomic parameters or visual assessment (Ashraf and Harris 2004).

 Stress Tolerance Indices Based on Biomass

Selection and isolation of stress-tolerant genotypes are performed by direct (perfor-
mance measurement) and indirect methods (based on morphological and physiolog-
ical traits that correlate with stress tolerance) (Singh 2015). Ashraf and Wu (1994) 
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stated that if the growth rate of a plant under salt stress conditions is measured rela-
tive to the growth under normal conditions, it could be a suitable standard for salin-
ity tolerance, and in this case, the dry matter of the plant is a useful criterion for 
evaluation of salt tolerance. Dry matter aggregation is the best criterion that corre-
lates with grain yield (Romero-Aranda et al. 2001). Selection based on the yield of 
cultivars in both stressed and non-stressed environments leads to the selection of 
high yield cultivars under stress conditions, since that the optimal alleles are selected 
under stress conditions, and the response to selection in non-stressed conditions is 
higher due to higher heritability in these conditions (Singh 2015). Also, selection 
based on the performance of a cultivar under stress conditions may be independent 
of its performance under favorable conditions. To determine the reaction of different 
cultivars in two stressed and non-stressed environments, Fernandez (1993) identi-
fied four types of reaction for genotypes:

 – Genotypes that have high performance in both stress and normal environments 
(Group A)

 – Genotypes that have only good performance under normal conditions (Group B)
 – Genotypes that have only good performance under stress conditions (Group C)
 – Genotypes with poor performance in both stressed and normal environments 

(Group D)

The average yield and yield stability in different environments are the main cri-
teria for selection in the plant breeding programs. Many types of research have been 
performed to evaluate yield under stress conditions and selection of genotypes 
adapted to both stressed and normal environments is an important breeding goal. In 
this regard, various indices have been proposed for selection of superior cultivars 
for stress conditions (Fernandez 1993; Rosielle and Hamblin 1981). One of the 
mentioned indices is the stress susceptibility index (SSI), which was first introduced 
by Fischer and Maurer (1978). The lower the index, the more stable performance of 
a cultivar under stress conditions. The low amount of this index indicates low geno-
type sensitivity to stress. Indeed, the lower amount of the index, the genotype has a 
higher stress tolerance. Selection based on this index selects genotypes that have a 
high yield under stress conditions, but have low yields under normal conditions. As 
a result, this index cannot separate the genotypes of Group A and C from each other. 
In the SSI index, due to the use of stress intensity constant (SI), despite the higher 
efficiency in choosing superior genotypes, different results can be obtained in dif-
ferent years and environments (Anagholi et al. 2010).

Mean Productivity (MP) and Tolerance (TOL) indices are introduced to evaluate 
the stress tolerance of genotypes (Rosielle and Hamblin 1981). Based on TOL, 
which is calculated as the difference between the yield under stressed and non- 
stressed environments, the genotypes with lower numerical values of this index are 
more tolerant. Selection based on this index leads to the selection of genotypes 
which have a low yield under normal conditions but have a potentially high yield 
under the stress conditions. As a result, this index is not able to separate Group C 
from Group A. The MP index also selects genotypes that have high yields under 
normal conditions and have low yields under the stress conditions. Selection of 
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superior genotypes in these indices is based on lower TOL and higher MP. They 
made the necessary condition for establishing a positive and logical relationship 
between the TOL and MP indices in this regard that the genetic variation in the 
stressed environment is greater than the normal environment.

Geometric Mean Productivity (GMP) and Stress Tolerance Index (STI) were 
used to identify high yielding genotypes in both stressed and non-stressed environ-
ments (Fernandez 1993). In his view, the appropriate selection criteria are those that 
identify Group A from other groups. The higher the amount of STI, the more toler-
ant of the stress and the higher yield potential in the genotype, and the higher the 
GMP value, the more tolerant to stress. GMP was more powerful than other MPs in 
differentiating the genotypes of group A from other groups and based on this, the 
STI index was also proposed based on GMP (Fernandez 1993). Indices that have a 
high correlation with performance in both stress and normal conditions are selected 
as the best indices. In the STI index, due to the use of a geometric mean constant, 
there is more efficiency in selecting superior genotypes, but due to the multiplica-
tion of numbers, a fixed geometric mean square may exist for pairings of numbers 
that are obviously different (Anagholi et al. 2010).

 Stress Tolerance Based on Physiological Indices

In order to evaluate the variability among cultivars for salt tolerance, researchers 
have used various physio-biochemical properties as an appropriate selection index 
(Cuartero et al. 2006; Munns et al. 2006; Akram and Jamil 2007). For example, Essa 
and Al-Ani (2001) screened six soybean genotypes at different levels of salinity 
using leaf chlorophyll content as a selection index. Pakniyat and Armion (2007) 
evaluated 28 sugar beet cultivars (Beta vulgaris L.) at different levels of salinity 
(sodium chloride) using Na+ in the aerial parts of the plant as a selection index. 
Akram and Jamil (2007) screened 34 canola (Brassica napus L.) cultivars using net 
photosynthesis as a physiological salinity index in 150  mM sodium chloride. 
Hanachi et al. (2014) introduced the photosystem II efficiency as a selection index 
in evaluating salinity tolerance of eggplant varieties (Solanum melongena L.).

 Plant Breeding for Salinity Stress Tolerance

There are three methods for improving salinity tolerance (Gupta and Huang 2014). 
The first method is breeding for high performance under normal conditions. Since 
the maximum genetic potential of yield is expected to achieve in non-stress condi-
tions, and there is a high correlation between yield in stressed and non-stressed 
conditions, high yielding genotypes in non-stressed conditions will have a relatively 
high yield in stressed conditions. This is the main philosophy of this method. 
However, the concept of occurrence of maximum genetic potentials in non-stressed 
conditions is discussed because the genotype × environment interaction can prevent 
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the emergence of high yielding genotype to high yield under salinity stress condi-
tions. Therefore, the second method, breeding for high performance under real 
salinity stress conditions, has been proposed. But the problem with this method is 
that the intensity of salinity stress from 1 year to another and, consequently, the 
environmental selection pressure on the breeding material varies greatly from one 
generation to the next. This issue, coupled with the low inheritance of performance 
(yield), causes the complexity and slowdown of the breeding programs (Kafi and 
Damghani 2001).

A third method, which can be a substitute for the two above methods, is the 
breeding of salinity tolerance in high yielding genotypes by introducing salinity- 
tolerant morphological and physiological mechanisms. But the transfer of salt toler-
ance to highly yielding genotypes is complicated because the physiological and 
genetic basis of adaptation to salinity stress is completely unknown. Conversely, the 
breeding of the yield potential of a tolerant genotype can be a more promising way, 
provided that genetic variation exists within such a genotype. To achieve salinity- 
tolerant and high yield genotypes, simultaneous selection can be used for yield in 
non-stressed environments and for yield stability under salinity stress conditions 
(Roy 2000).

 Necessity to Improve Salinity Tolerance in Plants

Since most crops are not able to grow at high salt concentrations, only salt-tolerant 
plants can grow at high concentrations of sodium chloride (about 400 mmol). As a 
result, salinity is a threat to human food supply. Although there is already enough 
food for the world’s population, more than 800 million people are affected by 
chronic malnutrition. Almost half of the world’s land is desert or dry land. Production 
in these areas is only possible through irrigation. Irrigation of these lands will be 
accompanied by their salinity. The primary value of increased tolerance to crop 
salinity is irrigation stability. It seems that the change in plant salinity tolerance is 
an important aspect of plant breeding in the future to maintain food production (Xu 
2010). Flowers and Flowers (2005) proposed five strategies for the production of 
salinity-tolerant plants.

 – The cultivation of salt-tolerant plants as alternative products
 – Use of hybridization between species for increasing salinity tolerance of crops
 – Use of diversity among plants
 – Genetic variation in plants using recurrent selection, mutation, or tissue culture
 – Plant breeding for yield instead of breeding for tolerance

Considering the advances made in recent decades, breeding for increased toler-
ance through gene transfer and the production of transgenic plants can be added to 
this list.
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 Biotechnological Approaches for Salinity Tolerance

Biotechnology and genetic engineering are new knowledge whose first achieve-
ments are valued in an aura of fear and hope. Throughout history, many of the sci-
entific phenomena in the initial stage have been faced with severe hesitation and 
resistance (Wani et al. 2015). Some biotechnological methods include:

 (a) Inventing and developing the application of DNA and protein-based molecular 
markers, including the construction of genetic maps, study the genetic diversity 
of plants and select the appropriate parents using molecular markers 
(Kordrostami and Rahimi 2015).

 (b) The production of transgenic crops using recombinant genes derived from very 
diverse living organisms (Berglund et al. 2017).

Genetic manipulation methods in crop plants have been used to identify salinity 
tolerance genes and their transfer (Roy et al. 2011). Transgenic plants have recently 
become available, but none have been tested on the farm, and the commercial use of 
these plants is still a long way (Key et al. 2008). Therefore, it is better to apply 
research in other fields such as selection based on molecular markers and their inte-
gration with breeding programs. Perhaps the most valuable outcome of the biotech-
nology program is to use molecular tools for the breeding programs (Kordrostami 
and Rahimi 2015). By discovering the ability to extract plant DNA and its cleavage 
by using the enzymes, sequencing the bases, the ability to understand DNA proper-
ties, the combination of DNA technology, and the progression of statistical meth-
ods, parts of the chromosome that controls quantitative traits were identified, which 
are called quantitative trait loci (QTLs) (Ghomi et  al. 2013). In principle, using 
QTL, we can identify markers for plant selection. Several studies have shown that 
QTL depends on developmental stages. However, the success of any breeding pro-
gram, especially for salinity tolerance, depends on the proper method of evaluation 
or screening (Abarshahr et al. 2011).

Breeding for salinity tolerance has been studied by many researchers (Ghomi 
et al. 2013; Kordrostami et al. 2016; Asghari and Ahmadvand 2018). The success 
achieved in the past has not been remarkable due to the complexity of work for 
improving salinity tolerance (Munns et al. 2006), lack of real sense of urgency to 
breed it, inadequate genetic diversity for salinity tolerance, the complexity of salin-
ity × environmental factors interactions, and the lack of efficient selective tech-
niques. At present, with the advances in germplasm modification, evaluation 
techniques, genetic inheritance, molecular markers, mapping, and software tech-
niques, it has now facilitated improvements in salt tolerance and other abiotic 
stresses (Deshmukh et al. 2014). Salinity tolerance like other environmental stresses 
in the higher plants is a complex genetic and physiological trait. Most of the pro-
cesses in a plant that are important in salinity tolerance have a few inheritances, 
show the continuous diversity, and are affected by environmental conditions 
(Kordrostami et  al. 2016; Negrão et  al. 2017). Effective genes in the transfer of 
sodium and potassium are different and their absorption is carried out in two differ-
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ent and independent ways (Blumwald 2000). Principally, sodium absorption in apo-
plasts and potassium transfer is a membrane-based process (Wakeel et al. 2011). 
Identifying tightly linked molecular markers with the target gene and mapping it on 
the chromosome is an important goal for cloning the genes and marker-assisted 
selection (MAS) (Kordrostami and Rahimi 2015). Mapping or tagging studies pro-
vide information on the number of genes controlling the trait and the location of 
these genes on the linkage map (Ghomi et al. 2013).

 Conclusion

Salinity is an increase in the concentration of dissolved inorganic salts in the soil or 
water which affects the growth of plants in different stages (from germination to 
ripening) in varying degrees. The most important result of salinity stress is the 
apparent stop in plant growth. The immediate response to salinity stress is the 
decrease in the rate of leaf area expansion, which results in stopping the increase in 
salt concentration in the plant. Also, salinity stress has a significant role in reducing 
photosynthesis in plants. It has a negative effect on growth by limiting the supply of 
carbohydrates to the growing cells. This results in a further reduction in photosyn-
thesis and ultimately a further decline in growth. Salt tolerance is a complex genetic 
and physiological trait that has little inheritance. Salinity tolerance in plants not 
only varies widely among different species but is also strongly influenced by the 
environmental conditions. Many factors related to plant, soil, water, and environ-
ment interact with each other and affect the salinity tolerance in plants. The salinity 
tolerance mechanisms of the plant are investigated at three levels of whole plant, 
cellular, and molecular levels. Particularly, the response at the whole plant is vital 
for some plants but is generally not used for all plants. It seems that cellular 
responses are conserved among many plants. There are three methods for improving 
salinity tolerance. The first method is breeding for high performance under normal 
conditions. The second method is breeding for high performance under real salinity 
stress conditions. A third method, which can be a substitute for the two above meth-
ods, is the breeding of salinity tolerance in high yielding genotypes by introducing 
salinity-tolerant morphological and physiological mechanisms. Considering the 
advances made in recent decades, breeding for increased tolerance through gene 
transfer and the production of transgenic plants can be added to this list. Perhaps the 
most valuable outcome of the biotechnology program is to use molecular tools for 
the breeding programs. Identifying tightly linked molecular markers with the target 
gene and mapping it on the chromosome is an important goal for cloning the genes 
and marker-assisted selection (MAS). Mapping or tagging studies provide informa-
tion on the number of genes controlling the trait and the location of these genes on 
the linkage map.
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 Introduction

Stress can be defined as an environmental factor capable of inducing a potentially 
injurious strain in living organisms. Plants are frequently exposed to biotic and abi-
otic stresses while growing in nature. Biotic stress involves damage to plants by 
other living organisms, such as bacteria, viruses, fungi, parasites, harmful insects, 
and weeds. Abiotic stress is a negative impact of non-living factors on plants in 
specific environment, such as light, temperature, water availability, nutrients, and 
soil structure. In relation to the water availability for plants, two terms—drought 
and water deficit stress—are often used in practice; they both are related to the 
availability of soil moisture to the plant. Thus, both may be called as “soil moisture 
stress” frequently faced by plants. This will vary according to the soil properties. 
Under drought situation, plants face inadequate water to drive their physiological 
functions, leading to leaf senescence and other changes, while “under irrigated” 
plants face water deficit stress where enough water is not available for absorption 
and transport of solutes from soil, leading to growth retardation. Among abiotic 
stresses, drought is one of the most adverse factors for plant growth and productivity 
(Noorka and Tabasum 2015).

Water requirement in crops varies in different tissues as well as across the growth 
stages from germination to maturity (Ihsan et al. 2016). Water deficit budgets lead 
to numerous physiological alterations, both in the long term and the short term. 
Long-term drought responses include altered root to shoot ratio (Blum and Arkin 
1984) and reduced leaf area (Batanouny et al. 1991). Water deficit stress short-term 
responses include altered stomatal function (Stewart et al. 1995) and maintenance 
of cell turgor through osmotic adjustment (Turner et al. 1986). According to Kramer 
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and Boyer (1995), plants respond to drought either by delaying dehydration where 
the plant maintains a relatively high plant water potential or by tolerating dehydration 
where the plant continues to function but at lower plant water potentials. Further, 
drought stress progressively reduces CO2 assimilation rates due to decreased stoma-
tal conductance. It affects leaf size, stems extension, and root proliferation; troubles 
plant water relations; and decreases water use efficiency. It disrupts  photosynthetic 
pigments and reduces the gas exchange and the production of active oxygen species 
leading to decrease in plant growth and yield (Sairam et al. 1990; Datta et al. 2001; 
Keyvan 2010).

Plants respond, acclimate and withstand to drought stress by altering several 
morphological, physiological, and biochemical responses, such as changes in plant 
structure, growth rate, tissue osmotic potential, and antioxidant defenses (Duan 
et al. 2007; Lichtfouse et al. 2009). Accumulation of free proline by plant tissue 
under water deficit conditions is an adaptive response. It can be due to increased 
protein degradation or enhanced proline synthesis. During water deprivation or 
extreme salinity, proline serves as a compatible solute that adjusts the osmotic 
potential in the cytoplasm (Caballero et al. 2005). The root is the first organ to be 
exposed to water deficit. Leaf growth is very sensitive to water stress, and may be 
inhibited by a slight reduction of water potential in the tissue (Hsiau and Xu 2000). 
Therefore, under the conditions of water scarcity, osmotic adjustment in the root 
occurs prior to that in the leaf so that turgor pressure required for continued root 
growth and absorption of water and nutrients could be facilitated. Thus, osmotic 
adjustment in the root is likely to delay the onset of water deficit in the shoots, 
which otherwise could reduce the stomatal conductance and photosynthetic activity. 
There are different types of plant reactions to this stress: (1) stress escape, (2) stress 
avoidance, and (3) stress tolerance. Plant drought tolerance involves changes at 
whole-plant functions. Hence, it is necessary to determine the most suitable condi-
tions in which to observe the type of response that is better in order to improve plant 
performance.

Globally maize (Zea mays L.) is the third most important crop, after wheat and 
rice. It is produced on nearly 100 million hectares in developing countries, with 
almost 70% of the total maize production in the developing world coming from low 
and lower middle income countries (FAOSTAT 2012). Maize is a versatile crop 
grown over a wide range of agro-climatic zones. In fact, the suitability of maize to 
diverse environments is unmatched by any other crop. It is grown from below sea 
level to altitudes higher than 3000  m, and in areas with 250  mm to more than 
5000 mm of rainfall per year and with a growing cycle ranging from 3 to 10 months. 
Maize is a direct staple food for millions of individuals and, through indirect con-
sumption as a feed crop, is an essential component of global food security. In 
maize, water requirement is low at early growth stages, maximum at reproductive 
growth stages and again lowers down during terminal growth stages. Leaf rolling 
has been commonly observed in corn fields especially during severe soil compac-
tion. Thus, pollination and fertilization period at the time of drought stress will 
result in yield loss. About 2 weeks before silk emergence, corn enters the period of 
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grain yield determination. Corn is the most sensitive to drought stress during this 
period. Continued wilting of the plant at this stage can decrease yield 3–4% per 
day. Inadequate plant water can also delay silk elongation and silks that do emerge 
may become non-receptive to pollen. Obviously this can result in poor pollination. 
During the silking and pollen shed period, severe stress may reduce yield up to 8% 
per day. Water stress during grain filling reduces yield 2.0–6.0% with each day of 
stress. Abortion of kernels during the first 2 weeks following pollination is com-
mon during drought. Kernels can also abort during blister and milk stages if there 
is severe drought stress. Once kernels have reached the dough stage of develop-
ment, yield losses will occur mainly from reduced kernel test weight. Drought 
stress during dough and dent stages can lead to premature black layer formation in 
the kernels. Grain filling and soft dough formation are most sensitive to water defi-
ciency, whereas pre-tasseling and physiological maturity are relatively insensitive 
to water deficiency (Grant et al. 1989; Ahmed-Amal and Mekki 2005). Effects of 
drought on maize at different growth stages and organizational levels have been 
presented in Fig. 1.

Several techniques have been used to simulate drought; one of them which is 
widely used is to employ metabolically inactive compounds, such as polyethylene 
glycol (PEG) to study the effects of water stress in different groups of plants (Ashraf 
et al. 1996; Kauser et al. 2006; Shamim et al. 2014). In this chapter, a brief attempt 
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has been made to summarize the effects of water deficit stress on maize plant and 
the adaptive responses by the crop.

 Water Deficit Stress Effects in Maize

 Water Deficit Stress and Germination

Seed germination is regarded as the first stage of plant’s life cycle exposed to envi-
ronmental stress and a successful establishment of seedling is required to obtain the 
plants with optimal ability of growth and development. Seed vigor of crops can be 
a key to increase crop yields per unit area because it can improve crop resilience 
against climate change effects and biotic impediments to crop yields. The very first 
step in the seed germination is imbibition, i.e., absorption of water by the dry seed. 
After absorbing water, the seeds swell. It is the chemical composition of seed which 
decides the amount of water absorbed. Proteins, mucilage, and pectin are more 
hydrophilic colloid and absorb more water than starch (Rahmani 2006). Water is the 
main factor stimulating germination and access to water by osmotic and matric 
potential (suction) is reduced. Crop establishment is accomplished up to develop-
ment of seventh or eighth leaf. These early growth stages are critically affected by 
drought stress. Proper seed germination is dependent on availability of appropriate 
moisture contents for metabolic activation to breakdown the dormancy or to convert 
stored food into consumable form. Crop survival, growth, and development are 
determined by efficacy of seedling establishment (Hadas 2004). Drought stress 
reduces the germination potential of maize seeds by reducing their viability. Poor 
maize seed germination is directly associated with poor post-germination perfor-
mance (Radić et al. 2007). Severity of drought stress is found to be directly linked 
with poor imbibition, germination and seedling establishment in maize (Achakzai 
2009). Germination index has been found to be reduced by water deficiency 
(Almansouri et al. 2001). Germination velocity index (GVI) which measures the 
speed of seedling germination is corroborated with seed strength and always GVI 
was greater for maize hybrids than landraces due to hybrid vigor (Mabhaudhi 2009). 
Maize grain size is greater than other cereals like wheat, rice, and barley, therefore 
water requirement is greater for maintenance of osmotic potential and conversion of 
stored food into consumable form for proper germination (Gharoobi et al. 2012). 
Seed vigor is considered as important parameter in maize breeding which is badly 
reduced by drought stress (Khodarahmpour 2011). After germination, water defi-
ciency significantly reduced the plumule and radicle growth which resulted in 
unusual seedling growth (Gharoobi et al. 2012). Hydropriming, magnetopriming, 
and osmopriming of maize seed result in improved seed germination by regulation 
of enzymatic activity to break the dormancy which clearly highlights the impor-
tance of water availability for exploitation of full germination potential 
(Janmohammadi et al. 2008; Vaishnav and Jain 2015; Kataria et al. 2017). Root and 
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shoot elongations are parameter of seedling growth and these are subjected to reduc-
tion by drought stress. At seedling stage in maize, reduction in shoot elongation is 
more than root elongation under drought stress (Khodarahmpour 2011; Jain et al. 
2010). Rate and degree of seedling establishment of maize are critical factors for 
determination of time of physiological maturity and grain yield (Rauf et al. 2007).

 Water Deficit Stress and Root Characteristics

Roots are vital parts of the plants because these are the primary detectors or sensors 
of drought stress. Root length, root volume, root density, and number of roots are 
the characteristic structural traits which are disturbed under drought stress, as a 
result of which whole aerial plant parts are affected. Spatial water uptake and tem-
poral water uptake are functional characteristics of roots. Root system of maize is 
comprised of axillary and lateral roots. Axillary roots are further comprised of pri-
mary, seminal, nodal, or crown roots (Cahn et al. 1989). Primary and seminal roots 
are collectively known as embryonic roots. Seminal roots are permanent and have 
functional role in growth and development of plant (Navara et al. 1994). Root den-
sity, volume, and number of roots are reduced under mild and severe drought stress 
(Nejad et  al. 2010). Roots of maize plant become elongated under mild drought 
stress to explore more soil foils for more water uptake, whereas under severe drought 
stress root length is reduced. Further, it has been confirmed that reduced crown root 
number improves water acquisition under water deficit stress in maize genotypes 
from drying soil (Gao and Lynch 2016). More decrease in root biomass than the 
decrease in shoot biomass leading to an increased root:shoot ratio with increase in 
water deficit stress at all growth stages in maize has been reported by Benjamin 
et al. (2014).

 Water Deficit Stress and Leaf Properties

At the onset of water stress, inhibition of cell growth leads to reduction in leaf 
development. Lower leaf surface causes less water uptake from the soil and transpi-
ration is also reduced. Restrictions on the leaf surface could be considered as the 
first line of defense against water deficit stress (Kafi and Damghany Mahdavi 1999). 
After encountering with the deficiency of water, old leaves start falling. The process 
of shedding leaves during water stress is largely the result of increased synthesis and 
sensitivity to the ABA hormone in plants (Kabiri 2010). Leaves in maize are ranged 
from 8 to 20 and these are present alternatively on nodes. Both structural and func-
tional components of leaf are affected by water deficit stress. Leaf size and number 
of leaves are the structural components and photosynthesis, transpiration, and light 
interception are the functional traits of leaf. Turgor pressure, light interception, and 
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flux assimilation are determinant of leaf elongation (Rucker et  al. 1995). Under 
drought stress turgor of leaves is reduced and leaves are curled or folded (Du Plessis 
2003). Due to leaf folding, the leaf area is decreased and so the light interception, 
which results into reduced photosynthetic activity. Leaf area and photosynthesis are 
directly related with each other (Stoskopf 1981). Under the conditions of drought 
stress, cell division and cell elongation are decreased which results into reduction of 
leaf area. Reduction in leaf area under drought stress conditions is employed as 
adaptive strategy by maize plants. Considering this fact, leaf area index has been 
taken as an important consideration for maize breeding against drought stress 
(Hajibabaee et al. 2012). Plant water requirement is reduced by reducing the leaf 
area and probability of plant survival is increased under limited water availability 
(Belaygue et al. 1996) but chlorophyll contents, chloroplast contents, and photosyn-
thetic activity are reduced which reduced the grain yield (Flagella et  al. 2002; 
Goksoy et al. 2004).

 Water Deficit Stress and Water Relations

Water relations of the plants can be measured by various characteristics, such as 
relative water content (RWC), leaf water potential, stomatal resistance, rate of tran-
spiration, leaf temperature, and canopy temperature. Water potential (Yw) varies 
greatly, depending on the type of plant and on environmental conditions. The influ-
ence of drought stress on internal water status and the final grain yield of three 
Egyptian corn (Zea mays L.) genotypes GIZA2, TWC310, and TWC320 at different 
developmental stages were investigated by Atteya (2003). Plants grown in pots were 
subjected to four levels of water stress at vegetative and tassel emergence stages. 
Exposure of plants to drought led to noticeable decrease in leaf water potential, 
RWC, and osmotic potential (Yp). Maintenance of high RWC has been considered 
to be a drought-resistance rather than drought-escape mechanism, and it is a conse-
quence of adaptive characteristics, such as osmotic adjustment and/or bulk modulus 
of elasticity (Grashoff and Ververke 1991). Exposure of wheat and rice plants to 
drought stress has been found to substantially decrease the leaf water potential, 
relative water content, and transpiration rate, with a concomitant increase in leaf 
temperature (Siddique et al. 2001). On the other hand, marginal reduction in RWC 
due to supply of sorbitol to etiolated maize leaf segments during greening has been 
reported (Tiwary and Jain 2016). In another study, lower leaf water potential, turgor 
potential and stomatal conductance was recorded by Craufurad et  al. 2000 in 
groundnut on imposing moisture stress, where stomatal conductance was more 
strongly affected than the leaf water status. Under drought stress, relative water 
content and water potential is reduced; consequently, leaf temperature is increased 
due to reduced transpiration cooling (Siddique et al. 2001). The transpiration ratio 
is the ratio of the mass of water transpired to the mass of dry matter produced; its 
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value for crops is in the range of 200–1000 (i.e., crop plants transpire 200–1000 kg 
of water for every kg of dry matter produced). For maize, its value is 388, and for 
soybean and wheat it is 704 and 613, respectively. This shows that maize is rela-
tively efficient water user crop (Jensen 1973). However, regardless of being efficient 
water user maize is badly affected by drought stress. Reduced transpiration levels of 
Si-fed maize and rice primarily due to the lower transpiration through stomatal 
pores have been reported (Agarie et al. 1998; Gao et al. 2004, 2006), which mainly 
ascribed to the turgor loss of guard cells originating from Si deposition and chang-
ing of the physical and mechanical properties of their cell walls (Ueno and Agarie 
2005; Savvas and Ntatsi 2015).

 Water Deficit Stress and Stomatal Closure

Stomatal closure is the first response of virtually all plants to acute water deficit to 
prevent the transpirational water loss (Mansfield and Atkinson 1990). It can be con-
sidered as the first line of defense against desiccation, since it is much quicker than 
changes in roots growth, leaf area, chloroplast ultrastructure, and pigment proteins. 
This may result in response to either a decrease in leaf turgor and/or water potential 
(Ludlow and Muchow 1990) or to a low-humidity atmosphere (Maroco et al. 1997). 
Under mild drought stress, stomatal closure has protective role in saving the water 
loss and increasing water use efficiency; however, under severe drought stress it 
becomes dangerous (Chaves et al. 2009). Stomatal conductance, usually measured 
in mmol m−2 s−1, is the measure of the rate of passage of CO2 entering, or water 
vapor exiting through the stomata of a leaf. Therefore, the regulation of leaf stoma-
tal conductance (g) is a key phenomenon in plants as it is vital for both prevention 
of desiccation and CO2 acquisition. Thus, the decrease in photosynthetic rate under 
stressful conditions such as drought and salinity is normally attributed to a suppres-
sion in the mesophyll conductance and the stomatal closure at moderate and severe 
stress (Chaves et al. 2009; Sage and Zhu 2011). Passive and active stomata closures 
occur under normal conditions and stress prevalence, respectively (Fig. 2). Reactive 
oxygen species (ROS), electron acceptors and electron carriers have potential role 
in regulation of stomatal conductance (Chaves et al. 2009). As the rate of transpira-
tion decreases, the amount of heat that can be dissipated increases (Yokota et al. 
2002). Various studies have shown that stomatal responses are often more closely 
linked to soil moisture content than to leaf water status. This is due to stomatal 
response to chemical signals, e.g., abscisic acid (ABA), produced by dehydrating 
roots (Turner et al. 2001). Environmental conditions that enhance the rate of transpi-
ration also increase the pH of leaf sap, which can promote ABA accumulation and 
concomitantly diminish stomatal conductance. Closure of stomata after 24 h PEG 
treatment has been reported in leaves of two maize cultivars 704 and 301 
(Mohammadkhani and Heidari 2008).
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 Water Deficit Stress and Hormone Homeostasis

Water deficit stress is known to alter hormone homeostasis in plants (Pospíšilová 
2003; Peleg et al. 2011). Hormonal changes further modulate the gene expression 
essential for their acclimation to the stress conditions. One of the early responses to 
drought is the accumulation of ABA, which causes stomatal closure, which reduces 
water loss through transpiration and results into preventing cell expansion, and lim-
iting CO2 fixation (Wilkinson and Davies 2002). Furthermore, several researches 
postulated jasmonic acid (JA) as a possible signaling molecule mediating the 
response to water stress in plants (Creelman and Mullet 1995; Fujita et al. 2006). 
These studies confirmed that there is a temporary accumulation of JA followed by 
progressive accumulation of ABA under drought conditions. This trend indicated 
that both ABA and JA share various transcription factors associated with responses 
to abiotic stress. Shinozaki and Yamaguchi-Shinozaki (2007) suggest that there is a 
cross-talk between ABA and JA in the signaling cascade that is triggered in water- 
stressed plants. Cytokinins (CKs), which participate in several aspects of plant 
development, such as seed germination, vascular development, meristem function, 
stimulation of photosynthesis and of sink strength, and counteract leaf senescence, 
are often considered as antagonists to ABA (Hare et al. 1999). In general, applica-
tion of CKs to the leaf epidermis reverses ABA-induced stomatal closure and main-
tains normal transpiration rates in many plants (Pospíšilová 2003; Ha et al. 2016). 
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In maize, this phenomenon has been reported to occur in both young and old leaves 
(Blackman and Davies 1985). Increased cytokinin concentration in the xylem sap 
promotes stomatal opening directly and affects the sensitivity of stomata towards 
abscisic acid (Wilkinson and Davies 2002). Ethylene production under abiotic 
stresses, such as waterlogging and drought, can reduce photosynthesis (Rajala and 
Peltonen-Sainio 2001), inhibit root growth, reduce shoot/leaf expansion (Sharp and 
LeNoble 2002; Pierik et al. 2007) and decrease grain yield by grain abortion, among 
other actions (Wilkinson and Davies 2010).

 Respiration

A considerable amount of energy is spent to cope up with drought; hence, drought 
tolerance is a cost-intensive phenomenon. The carbohydrate fraction that is lost dur-
ing respiration determines the overall metabolic efficiency of the plant (Davidson 
et  al. 2000). As compared to other physiological processes, studies on effects of 
water deficit stress on plant respiration are very rare. Increasing concentration of 
PEG has been found to decrease oxygen consumption percentage in both roots and 
leaves of two maize cultivars 704 and 301 (Mohammadkhani and Heidari 2008). 
Further, The decrease of oxygen consumption percentage in 704 plants was higher 
than 301 plants. Therefore, water stress has a higher effect in 704 plant’s respiration 
than 301 plants. Oxygen consumption percentage in high water stress in roots was 
lower than leaves and roots were more sensitive than leaves. Drought probably 
acted directly on roots, because the roots were immerged in PEG solutions and 
water stress in roots was higher than shoots, whereas leaves could reduce oxygen 
consumption by stomatal regulations.

 Water Deficit Stress and Photosynthesis

Water deficit results into progressive suppression of photosynthesis by disrupting all 
major components including the thylakoid electron transport, the carbon reduction 
cycle, and the stomatal control of the CO2 supply, together with an increased accu-
mulation of sugars (Farooq et al. 2009; Carmo-Silva and Salvucci 2012). Both sto-
matal and non-stomatal limiting factors in maize plant reduce the process of 
photosynthesis. The stomatal closure is triggered by reduced leaf turgor and root 
originated signals along with lower plant water status. The reduced water potential 
in the roots transduces the signals for stomatal closure and thus results into decreased 
CO2 diffusion in the leaves affecting ribulose 1,5-bisphosphate carboxylase/oxy-
genase (RuBisCO) (Flexas et al. 2007). Thus, reduced CO2 diffusion is considered 
as main reason for decline of photosynthesis. Stomatal closure has protective role in 
saving the water loss and increasing water use efficiency under mild drought stress 
but under severe drought stress stomatal closure becomes inevitable evil (Chaves 
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et al. 2009). Leaf structural characters and biochemical parameters are components 
of non-stomatal inhibition of photosynthesis. According to Von Caemmerer (2000) 
and Ghannoum (2009), carboxylation is changed by RuBisCO, PEPC (phospho-
enolpyruvate carboxylase) and regeneration of PEP (phosphoenolpyruvate). Besides 
its negative effects on dark reactions of photosynthesis, drought also disrupts the 
cyclic and non-cyclic types of electron transport during the light reaction of photo-
synthesis (Obidiegwu et al. 2015). Further, chlorophyll contents are reduced due to 
drought either by activation of cellular protein degradation or by limited nitrate 
synthesis (Ghannoum 2009; Obidiegwu et al. 2015; Becker and Fock 1986). It is 
reported that in C4 plants, like maize, intercellular spaces and chloroplast positions 
are misplaced by drought stress; resultantly CO2 diffusion and light penetration are 
disturbed followed by decreased photosynthetic activity (Flexas et al. 2004). Under 
drought stress, photorespiration and Mahler’s reaction act as alternative electron 
sinks (Ghannoum 2009). Mahler’s reaction develops oxidative stress under drought 
stress as it is involved in generation of reactive oxygen species. As a result of a 
direct reduction reaction in photosystem-I, oxygen molecule is converted into 
superoxide (Haupt-Herting and Fock 2002). Carboxylation activity of RuBisCO 
and regeneration of RuBP and ATP are reduced by inhibited CO2 concentration in 
the leaves under drought stress (Tezara et al. 1999). Leaf biochemistry, membrane 
permeability (aquaporin activity), leaf shrinkage, alterations in intercellular spaces, 
intercellular structure, internal diffusion, and internal conductance are altered under 
drought stress which results in reduction of CO2 diffusion through mesophyll 
(Chaves et al. 2009; Lawlor and Cornic 2002).

 Water Deficit Stress and Oxidative Damage

Exposure of plants to environmental stresses quite often leads to the generation of 
reactive oxygen species (ROS), including superoxide radicals (O2

•−), hydroxyl radi-
cals (•OH), hydrogen peroxide (H2O2), alkoxy radicals (RO•), and singlet oxygen 
(1O2) (Munné-Bosch and Penuelas 2003). Many cell compartments produce ROS, 
such as chloroplasts, mitochondria, and peroxisomes; of these, chloroplasts are a 
potentially important source because excited pigments in thylakoid membranes may 
interact with O2 to form strong oxidants (Niyogi 1999; Reddy et al. 2004). Production 
of ROS in peroxisomes during abiotic stress is mainly the outcome of enhanced 
photorespiration resulting in the production of H2O2 by glycolate oxidase (Baishnab 
and Ralf 2012; Kerchev et al. 2016). These reactive species may react with proteins, 
lipids, and DNA, causing oxidative damage and impairing the normal functions of 
cells (Foyer and Fletcher 2001). Several reports have shown the deleterious effects 
of ROS, whose production is stimulated under water stress (Blokhina et al. 2003; 
Yang et al. 2014).

Plants possess an efficient antioxidant (enzymatic and non-enzymatic) defense 
system to cope with ROS-induced oxidative stress (Anjum et al. 2011a, b; Ashraf 
et  al. 2015). Both enzymatic, i.e., ascorbate peroxidase (APX), superoxide dis-
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mutase (SOD), peroxidase (POD), catalase (CAT), dihydro ascorbate reductase 
(DHAR), and mono dehydro ascorbate reductase (MDHAR), and non-enzymatic, 
i.e., dihydro ascorbate (DHA), ascorbate (AsA), and glutathione (GSH), antioxi-
dants diminish the oxidative damage caused by stressful conditions. In plants sub-
jected to a long-term drought stress, the contribution of both enzymatic and 
non-enzymatic antioxidants may ensure the stress tolerance (Sharma et al. 2012). 
It has been reported that in drought tolerance of maize there is a direct or indirect 
contribution of these antioxidants. For instance, Adebayo and Menkir (2015) stated 
that sustained yields in maize under drought stress were directly related to better 
antioxidant activities. Farooq et al. (2009) also concluded that improved activities/
levels of enzymatic and non-enzymatic antioxidants scavenge ROS and hence, 
may enhance the drought tolerance. Upregulation of the activities of anti-oxidative 
defense systems in three different maize hybrids (Dong Dan 80, Wan Dan 13, and 
Run Nong 35) due to drought stress has been reported (Anjum et al. 2017). On the 
other hand, under severe drought stress antioxidant enzyme activities declined sig-
nificantly (P < 0.01) in later stages, during the tasseling, blister, and milk stages 
(Bai et al. 2006). The activity of ROS scavenging enzymes, catalase, superoxide 
dismutase, ascorbate peroxidase, guaiacol peroxidase (Gu-POX), and glutathione 
reductase (GR) has been found to enhance with the supply of sorbitol in maize 
leaves (Tiwary et al. 2016). Further, protective effect of methane against osmotic 
stress by modulating sugar and ascorbate has been demonstrated in maize by Han 
et al. (2017).

 Water Deficit Stress and Protein Response

A common response to abiotic stress is the accumulation of proteins in plants, such 
as heat shock proteins, signal transduction proteins, enzymes involved in primary 
and secondary metabolic processes, chaperones, and dehydrins (Lee et  al. 2005; 
Sun et  al. 2016). These proteins confer direct and indirect protection to plants 
through the synthesis of osmo-protectants, detoxifying enzymes and to encode reg-
ulatory proteins, such as protein kinases, transcription factors (TFs), and phospha-
tases (Krasensky and Jonak 2012). Late embryogenesis abundant (LEA) proteins 
have also been found to accumulate in high levels as a common mechanism against 
various abiotic stress conditions, like heat, cold, drought, salinity, osmotic stress, 
leaf desiccation, and seedling dehydration (Asghar et al. 1994; Brini et al. 2011; 
Hanin et al. 2011; Graether and Boddington 2014). Dehydrins are unstructured pro-
teins that constitute the biochemical group of LEA proteins—group 2 proteins 
(Asghar et al. 1994; Brini et al. 2011; Hanin et al. 2011) and are thought to play a 
significant role in cellular protection against dehydration (Hanin et al. 2011), lead-
ing to cell collapse. Dehydrins fill into spaces, accumulate and bind water which 
helps in maintaining cell volume during dehydration (Hanin et al. 2011). Although 
their specific functions are uncertain, it is believed that dehydrins contribute signifi-
cantly to plant survival (Lee et al. 2005). They are localized in various parts of the 
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plants including cytosol, plasma membrane (Koag et al. 2003), mitochondria, pro-
tein bodies, nucleus, chloroplast, and vacuoles (Hara et al. 2005; Koag et al. 2009). 
The difference in expression and tissue location suggest that individual members of 
the DHN multigene family have somewhat distinct biological functions (Koag et al. 
2009). The expression of dehydrin-like proteins in the roots and leaves of maize 
varieties 704 and 301 has been reported by Mohammadkhani and Heidari (2008); 
however, there was no relationship between protein changes and drought tolerance. 
Osmotin is also reported as accumulated protein under water stress in several plant 
species such as tobacco, triplex, tomato, and maize (Ramagopal 1993). Proteomic 
analysis under drought treatments has been shown to report the significant alteration 
in expression of 70 and 36 proteins in B73 and Lo964 maize inbred lines, respec-
tively. Further, in the sensitive genotype B73, the numbers and levels of differen-
tially expressed proteins were generally higher, implying an improved sensitivity to 
drought given the function of the observed differentially expressed proteins, such as 
redox homeostasis, cell rescue/defense, hormone regulation, and protein biosynthe-
sis and degradation (Yang et al. 2014).

 Water Deficit Stress and Growth and Development

For establishment of normal plant structure, proper growth and development of crop 
plants is important that carry out all physiological and metabolic processes and give 
potential yield. Drought stress critically hindered the growth and development of 
maize. Growth is described as increase in size of plant which is directly associated 
with increase in number of cells and cell size. Meristematic tissues are involved in 
active elongation of plant by active cell division. Further, several component param-
eters comprised growth and development and these parameters are estimated by 
different traits like plant height, leaf area, structural and functional characters of 
root, plant fresh weight, plant dry weight, plant biomass, and stem diameter. Drought 
stress has been observed to reduce under plant height, stem diameter, plant biomass, 
and leaf area (Khan et al. 2001; Zhao et al. 2006). Because of reduction in water 
potential of cells, cell division and cell size are reduced which further causes stunt-
ing of plant growth (Nonami 1998). Drought stress increases the leaf to stem ratio 
which is indication of high level of growth retardation in stems than leaves 
(Hajibabaee et al. 2012). Reduced water potential in roots interrupts the optimal 
water supply to the elongating cells and resultantly cell elongation is reduced. Light 
interception is reduced after reduction of leaf area. Less interception of solar radia-
tions causes the reduction in biomass production (Delfine et al. 2001). Besides light 
interception, stomatal activity is also responsible for lower biomass production 
(Delfine et al. 2001; Medrano et al. 2002). Rise in leaf temperature under drought 
stress inhibits the enzymatic activity and reduces photosynthesis (Chaves et  al. 
2002). Photosynthetic machinery is inactivated by increase in leaf temperature 
above threshold temperature which is 30 °C (Crafts-Brandner and Salvucci 2002).
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Drought has inhibitory effects on maize life cycle; particularly reproductive 
growth phase is most vulnerable to drought stress. It has been reported that during 
reproductive growth stage under drought stress, the most probable reason for more 
susceptibility of maize plant is translocation of photosynthetic assimilates to the 
reproductive parts rather than roots for their extensive elongation (Setter et al. 2001; 
Taiz and Zeiger 2006). Sequential effects of drought stress on reproductive growth 
stages of maize are depicted in Fig. 1. Pollen and silk development, pollination, 
embryo development, endosperm development, and kernel development are the 
 different component phases of reproductive growth stage which are severely threat-
ened by drought stress.

 Adaptive Responses Against Water Deficit Stress

Depending on the particular drought circumstances usually plants have several 
strategies to overcome from the water deficit stress (Tardieu 2012). On the other 
hand, there is water conservation strategies planned to decrease cumulative transpi-
ration to arrange the prolonged water accessibility for the plants through slow sto-
matal conductance and reducing leaf evaporative area, like slow leaf growth rate and 
early leaf senescence. Under severe drought conditions, these strategies can have 
advantageous effects; however since they reduce the capability for photosynthesis 
and consequently decrease the biomass accumulation, they possibly will impose 
high yield penalty under mild to moderate water deficit. On the other hand, under 
mild to moderate water deficits strategies that support high stomatal conductance 
and continuance of high photosynthesis are more beneficial, because during and 
after the stress they promote sustaining growth capacity. Furthermore, persistent 
high stomatal conductance helps in reduction of leaf temperature and reduced the 
harmful effects of heat stress that generally occurs along with drought (Tardieu 
2012; Lopes et al. 2011).

In surviving abiotic conditions, stressed plants induce the production of osmo- 
protectants. These protectants include both primary and secondary metabolites. 
Primary metabolites are plant chemicals that are generally responsible for core 
housekeeping functions, such as energy production, regulation of essential metabo-
lites and molecules. They include proline, glycine betaine, carbohydrates, and solu-
ble sugars which tend to protect cellular structures by regulating osmotic activity 
(Nilsen and Orcutt 1996; Bita and Gerats 2013). The secondary metabolites are 
plant chemicals that are produced in specific metabolic pathways and are necessary 
for growth or sometimes required under specified conditions. They are phenolics, 
anthocyanins, flavonoids, and plants steroids which play a significant role in toler-
ance against heat stress. Glycine betaine is an amino acid derivative found in a wide 
range of crops and accumulates in some plants under various environmental stress 
conditions including drought (Zhang et al. 2012). Glycine betaine is accumulated as 
a compatible solute in maize and sugarcane, while others such as rice, mustard, 
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Arabidopsis, and tobacco do not naturally produce glycine betaine under stress 
conditions.

Understanding these mechanisms by which plants survive stress condition 
serves as pre-requisite in developing strategies to improve their tolerance to stress. 
Plants in surviving stress conditions activate various defense mechanisms of the 
plant. Plant response to stress varies with the level of stress condition it suffers, 
thus metabolites in plants also vary with the level of stress they are subjected to 
(Barchet et al. 2014). Therefore, maize in responding to stress conditions under-
goes changes which are observed at various levels of plant growth (Barchet et al. 
2014; Bowne et al. 2012).

 Drought Tolerance Mechanisms

In terms of annual metric tons, maize is the cereal crop among highest worldwide 
production (FAO. 2011) and the majority of its cultivation is rain-fed, with inade-
quate potential for mitigation of water deficit stress. Hence, it is essential to gener-
ate drought-tolerant varieties either by conventional breeding or by genetic 
engineering. During flowering time maize is more vulnerable to drought, with the 
most severe reductions in yield taking place in the 3-week period bracketing male 
(anthesis) and female (silking) flowering events (Hall et al. 1982). Usually, maize 
plants exhibit protandry (i.e., anticipated anthesis with respect to silking), and the 
main effect of water deficits that occurs immediately before anthesis is to enhance 
the anthesis-silking interval (ASI), with the simultaneous negative effects on ovary 
pollination (Hall et al. 1982; Bolanos and Edmeades 1993). In addition, when water 
deficits persist during silking, significant abortion of fertilized ovaries takes place 
due to reduced assimilate availability for successful kernel set (Anderson et  al. 
2004). In this species, the mobilization of recently fixed carbon is an important 
determinant of plant and ear growth rates, because reserves stored before silking do 
not contribute to alleviate a reduction in current assimilate availability (Bruce et al. 
2002) and to lessen kernel abortion (Schussler and Westgate 1994). Thus, mainte-
nance of functional source leaves during drought episodes seems crucial for mini-
mizing the negative effects of this constraint on final grain yield and global 
productivity.

 Quantitative Trait Loci (QTL)

To advance our insight into crop development, the understanding of maize response 
to water stress requires a complete assessment of changes in gene expression 
induced by stress. To identify the loci for stress tolerance in plants, the Quantitative 
trait loci (QTL) had been utilized as a potent and equitable approach (Ismail et al. 
1999; Tuberosa et al. 2002). However, the loci identified by QTL account for only 

M. Jain et al.



143

a portion of the genetic variances in adaptation between genotypes, and delineating 
a QTL to a single gene using genetic approaches is time-consuming and techni-
cally demanding (Fridman et al. 2000, 2004). As an alternative, microarray technol-
ogy is a useful tool for analyzing genome-wide gene expression (Schena et  al. 
1995). Recently, this technology has been applied to analyze maize gene expression 
profiles under various stress conditions (Andjelkovic and Thompson 2006; Zheng 
et  al. 2004; Yu and Setter 2003). Under drought stress, cDNA microarrays were 
used to monitor the gene expression in the leaves and roots of maize seedlings 
(Zheng et al. 2004; Yu and Setter 2003; Jia et al. 2006). Wang et al. (2003) reported 
that the transcriptome in maize roots quickly altered at the 3-h time point under salt 
stress. How the reproductive organs act in response to stress conditions is another 
part of gene expression analysis of maize (Andjelkovic and Thompson 2006; Yu 
and Setter 2003; Zinselmeier et al. 2002). Under water deficit stress, placenta/pedi-
cel and endosperm differed considerably in their transcriptional responses at 9 days 
after pollination. Of stress response genes, 89% were upregulated in placenta/pedi-
cel and 82% were downregulated in endosperm (Yu and Setter 2003). Zinselmeier 
et al. (2002) used oligonucleotide microarray containing 1502 genes to study the 
genes expression in response to water deficit stress at 4  days after silking and 
8 days after pollination in maize ear and kernel. These authors showed that 17 genes 
(10 upregulated, 7 downregulated) were affected by stress among these tissues and 
confirmed that as compared to other tissues gene expression in the pedicel were 
more responsive (Andjelkovic and Thompson 2006). When the maize plants expe-
rience drought stress, two peaks of sensitivity have been identified which may 
reduce the crop yield (Saini 1997). The first peak is centered on the period from 
meiosis to tetrad breakup in anthers, and second peak of sensitivity takes place dur-
ing anthesis and initial stages of grain development. Meiotic-stage stress changes the 
successive development of the male gametophyte and even causes pollen sterility 
(Downey 1969). When the accessible soil moisture was inadequate, then the signifi-
cant yield reductions were observed during male gametes development (Denmead 
and Show 1960).

 Use of Potassium (K) for Drought Tolerance

Addition of drought stress with nutrient deficiency and toxicity is responsible for 
severe losses of crop production in the entire globe. Therefore, mineral nutrients in 
plant body can enhance its tolerance to drought stress. Among these nutrients, K is 
important element to develop tolerance in the plant body. The low quantity of K in 
the plant body decreases the photosynthetic carbon metabolism and also the con-
sumption of fixed carbon resources (Cakmak and Engels 1999; Mengel and Kirkby 
2001); as a result of this, huge deposition of carbohydrates take place in the source 
leaves. Consequently, excess of nonutilized light energy and photoelectron are 
there in the plant bodies which create photo oxidative damage. Abortion of kernels 
at the top of cob and smaller grain size may be resulted due to the deficiency of 
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potassium (Bly et al. 2002). Silicon (Si) has been known to augment plant defense 
against biotic and abiotic pressures. In this context, Si has been proved as an effi-
cient strategy to boost tolerance of maize plants to drought/water deficit stress 
(Zargar and Agnihotri 2013; Amin et al. 2014).

 Conclusions

Global warming is changing the climatic conditions all over the world; conse-
quently, it generates abnormal environmental conditions, one of them is water defi-
cit stress. Drought affects more or less every plant development processes, at a 
cellular level from membrane conformation, organization of chloroplast and enzyme 
activity, reduction in growth and yield at the whole plant level. Drought stress stim-
ulates stomatal closure, reduces transpiration and photosynthetic rates, and leads to 
earlier crop maturity and poor productivity. Plants have various signaling pathways 
to minimize the harmful effects of water stress, which respond by altering their 
growth pattern, upregulation of antioxidants, accumulation of compatible solutes 
and by producing the stress proteins and chaperones.

Maize (Zea mays L.) is well recognized as one of the most important cereals 
worldwide. Normally, it needs 500–800  mm of water during its life cycle (80–
110 days) however; occurrence of drought stress during maize growth period may 
hamper the various physiological processes. Given the current trends towards higher 
global temperatures, the development of crop varieties with enhanced tolerance to 
water deficit stress and higher water use efficiency has become a high priority for 
plant breeders and genetic engineers in order to meet future food demands.
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 Introduction

Rice is an important cereal crop, feeding approximately four billion people world-
wide. It is the second most cereal consumed after wheat and fulfills 80% calories 
requirements for more than half of the world’s population (FAO 2008). The demands 
for rice production are increasing due to continuous population growth. The rate of 
population growth is higher in rice consuming regions such as Asia, and Africa 
(Dawe 2008). Rice can be cultivated at 50°N in China to 35°S in South Wales in 
Australia and Uruguay with more than 3000 mm rainfall, but also in desert regions 
with less than 50 mm rainfall during the growing season (Krishnan et al. 2011). The 
production of rice is susceptible in the tropical, subtropical, and temperate areas due 
to continuous events of high (heat stress) and low (cold stress) temperature. In addi-
tion, the IPCC (2014) also predicted that extreme temperature stress would be 
increasing in coming years.

Plant growth and development is dependent on surrounding temperature and 
every species showed different optimal temperatures for growth, development, and 
reproduction (Hatfield et al. 2008, Hatfield and Prueger 2011). The optimal tempera-
ture for rice cultivation is between 25 and 35 °C, and rice growth is favored in an 
area with moderate temperature (Reyes et al. 2003). Temperature beyond optimum 
is detrimental for rice and negatively affects growth, development and ultimately 
reduces the grain yield (Fahad et al. 2015).
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In tropical and subtropical climates, high temperature is a major limiting factor 
for rice production (Wahid et  al. 2007). The impact of high temperature stress 
mainly depends on duration, intensity, and timing of stress; however, it is more 
harmful during reproductive stage (Cao et al. 2008; Tenorio et al. 2013). High tem-
perature affects the reproductive and developmental stages of rice by decreasing 
plant height and root elongation, causing poor anther dehiscence and spikelet steril-
ity, and hindering the process of pollination (Jagadish et al. 2010). The predicted 
mean annual temperature increase is 0.7–0.9 °C per decade in Southeast Asia, which 
associated to 4.8 °C by 2100 (IPCC 2014; Asian Development Bank (ADB) 2009; 
Burhan et al. 2017). Peng et al. (2004) and Fahad et al. (2016) explain that every 
1 °C increase in temperature may decrease the grain yield by 10% in rice.

The occurrence of cold stress is common in many Asian countries (Koike et al. 
1990; Zhang et al. 2014a, b). In other regions, such as East and West Africa, Europe, 
South America, and the United States, rice crops must be cold tolerant as the fre-
quent incidence of cold stress threatens its productivity. The southernmost state of 
Brazil (Rio Grande do Sul) produces more than 60% of the total rice production in 
South America and is prone to low temperatures. This region (South America), 
along with Uruguay and Argentina, is prevalent for the cultivation of indica rice 
cultivars. Rice, being a crop of tropical to subtropical climate, is very sensitive to 
cold stress than other cereals (Hussain et al. 2016a, b). The physiological causes of 
yield losses in rice from cold stress vary between vegetative and reproductive stage. 
During vegetative growth, low temperature reduces seedling vigor (Ali et al. 2006), 
decreases the number of tillers (Shimono et  al. 2002), enhances mortality rate 
(Farrell et al. 2006a, b; Baruah et al. 2009; Fujino et al. 2004a, b) and extends the 
growth period of rice (Alvarado and Hernaiz 2007). At reproductive stage, cold 
stress affects the sink formation (Kuroki et al. 2007; Oliver et al. 2007), causes pan-
icle sterility, hampers grain formation, affects the grain quality and ultimately 
reduces yield (Shimono et al. 2002; Jena et al. 2012).

Recent studies on the impacts of heat (Cao et al. 2008; Tenorio et al. 2013) and cold 
stresses (Jena et al. 2012; Zhang et al. 2014b) mainly focused on reproductive pro-
cesses and grain yield. These reviews demonstrated the limited facts about the conse-
quence of temperature stress (cold and heat) on reproductive stage. In this chapter, the 
effects of heat and cold stress on different stages of rice are discussed, and strategies 
and opportunities for improving the rice tolerance to heat and cold stress are described.

 Heat Stress in Rice

 Vegetative Growth

Among different climatic factors, increasing temperature adversely affects the crop 
growth and productivity (Southworth et al. 2000). Temperature is a main driving 
force for development and normal growth of rice (Kropff et al. 1995). Optimum 
temperature ranges vary between 27 and 32 °C (Yin et al. 1996). Heat stresses can 
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influence crop performance at any stage of development, but the seed growth, emer-
gence and developmental phase is the most sensitive in this regard (Table  1). 
Frequent episodes of heat stress also reduce the coleoptile and radicle length, radi-
cle weight, germination rate (Soleymani and Shahrajabian 2012), seed vigor (Grass 
and Burris 1995), and dry mass (Wahid et al. 2007). While seed germination stage 
plays a vital role for sustainable cropping, and considered as the most sensitive 
stage to heat stress (Spiertz et al. 2006; Dias et al. 2011). These intraspecific and 
interspecific variations at various growth stages (Ashraf 2004) may increase early 
germination and faster emergence to cope with antagonistic germination conditions 
(McDonald 2000). In rice, panicle differentiation occurs between 18 and 
30 °C. Panicle number will increase if air temperature is below 20 °C (Yamamoto 

Table 1 Effect of high temperature on growth and development of rice

Reference Study traits Growth stage Effects

Soleymani and 
Shahrajabian 
(2012)

Temperature stress at 
germination stage

Germination Heat stress reduces the coleoptile 
and radicle length, radicle weight, 
germination rate

Prasad et al. 
(2006a)

Heat stress and 
number of leaves

– Heat stress can result in significant 
increases in leaf number

Ashraf and Hafeez 
(2004); Rodríguez 
et al. (2005)

Heat stress and 
photosynthesis

– During photosynthesis, heat stress 
altered the thylakoid structure, 
swelling of grana, and loss of 
grana staking

Morales et al. 
(2003)

Activity of 
photosystem II, under 
heat stress

– Heat stress reduces the activity of 
photosystem (PS II) during 
photosynthesis

Hurkman et al. 
(2009)

Photosynthesis rate 
of different cultivars 
under heat stress

– High temperature (33 °C) for 
5 days decreased the 
photosynthesis rate by 15% and 
16% in the variety T219 and 
Shuanggui 1, respectively

Mohammed and 
Tarpley (2009)

Respiration under 
heat stress

– Under high temperature stress, a 
negative association present 
between rice yield and leaf 
respiration

Cao et al. (2008) Capacity of pollen 
production under heat 
stress

Pollen 
development

Heat stress possesses the negative 
effects on pollen production and 
poor development of microspores

Jagadish et al. 
(2007)

Heat stress at anthesis 
stage

Anthesis At anthesis, temperature above 
35 °C for 5 days results in 
complete failure of seed production

Prasad et al. 
(2006)

Pollination process 
under heat stress

Pollination and 
fertilization

High temperature significantly 
reduces the pollen production and 
the shedding of pollen grain during 
the flowering

Tashiro and 
Wardlaw (1991)

Effects of heat stress 
during grain 
development period

Grain 
development

High temperature (>25 °C) 
shortens the grain filling period 
and reduces average grain weight

Temperature Extremes: Impact on Rice Growth and Development



156

et al. 1985). After tillering stage, heat stress in rice decreases the number of pani-
cles. Under heat stress, brassinolide (a growth regulator hormone) plays an impor-
tant role in protection of rice seedling from high temperature stress (Cao and Zhao 
2008). After emergence stage, root structure in new seedlings showed higher weight 
than shoot, at that time, soil temperature also impacts their growth. Hence, it is 
essential to investigate the specific seed germination traits and seedling growth 
when influenced by high air and soil temperature.

At high temperature, leaf-elongation rate increases but the total duration for 
elongation decreases. Heat stress also results in premature senescence of leaves, 
which cause the earlier cessation of grain filling in temperate rice cultivar (Kim 
et al. 2011). Cell growth and division are two major primary processes, which are 
involved in plant growth under heat stress and also stimulate the cell elongation and 
division. Baker and Allen (1993) reported that the biomass of rice plant decreased 
by 16% when temperature increased from 25 to 27 °C. Biomass production increased 
by 13–16% when temperature increased from 25 to 28 °C (Oh-e et al. 2007), but no 
difference in biomass production was observed when temperature increased from 
25 to 31 °C (Kim et al. 1996). In summary, heat stress affects almost all the devel-
opmental stages of rice, from emergence to harvesting. During the early growth 
stage, temperature stress reduces the coleoptile length and radicle length, radicle 
weight, germination rate, seed vigor, and dry mass. After tillering stage, heat stress 
in rice may decrease the number of panicles.

 Photosynthesis and Respiration

Among different physiological process, photosynthesis is one of the most heat sen-
sitive processes in plants (Crafts-Brandner and Salvucci 2002; Biswal et al. 2011). 
Heat stress has a great influence on the photosynthesis capacity in C3 plants (Yang 
et al. 2006). In chloroplast, the photochemical reaction in thylakoid lamellae and 
carbon metabolism of stroma are considered as the primary injury sites under high 
temperature (Wang et al. 2009; Marchand et al. 2005). Heat stress altered the thyla-
koid structure, swelling of grana, and loss of grana staking (Rodríguez et al. 2005; 
Ashraf and Hafeez 2004). Heat stress also reduces the activity of photosystem II (PS 
II) (Morales et  al. 2003) and reduces the aggregate of photosynthetic pigments 
(Marchand et al. 2005). Closure of stomata under heat stress is a major reason for 
impaired photosynthesis (Ashraf and Hafeez 2004). In rice plant, high temperature 
(33 °C) for 5 days decreased the photosynthesis rate by 15% and 16% in the variety 
T219 and Shuanggui 1, respectively (Hurkman et al. 2009). This reduction is mainly 
due to the reduction of soluble protein and rubisco binding protein under heat stress 
(Sumesh et  al. 2008). Heat stress also affects the sucrose and starch synthesis 
(Rodríguez et al. 2005; Djanaguiraman et al. 2009), reduces the leaf water potential, 
leaf area, and premature leaf senescence which negatively reduce the total photo-
synthesis (Greer and Weedon 2012; Young et al. 2004).
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Plant growth and development is highly dependent on respiration. Higher dark 
respiration rate may be associated with increased amount of substrate for respiration 
during the ripening period. Morita et al. (2004) concluded from their studies that 
increased respiration loss results in decreased average grain weight. Under high 
temperature stress, a negative association exists between rice yield and leaf respira-
tion (Mohammed and Tarpley 2009). Although, the effects of heat stress on photo-
synthesis and respiration have been studied in recent years; however, a deep 
understanding of its impact on photosynthesis and respiration during different 
stages remains elusive.

 Reproductive Stage

Reproductive phase spans initiation of panicle through to physiological grain matu-
rity. This section summarizes the recent knowledge about the heat stress on flower 
initiation, pollen development, flowering and anthesis, and grain yield (Table 1).

 Flower Initiation and Development

In rice, booting and heading stages are sensitive stages to heat stress. During the 
heading stage, heat stress restricts the swelling of pollen grains. While heat stress 
during the anthesis stage can decline the floral production due to embryo absorption 
(Matsui et al. 2000), deformed floral organs also appear along with a reduction in 
size and number (Cao et al. 2008).

 Pollen Development

In rice, heat stress reduces the pollen viability and its germination (Jagadish et al. 
2010) and also disturbs a number of tapetum functions which required for pollen 
germination and anther dehiscence on stigma in rice plant (Endo et  al. 2009). 
Heat stress may result in loss of pollen viability and spikelet sterility (Das et al. 
2014). Heat stress has a negative impact on pollen production and poor develop-
ment of microspores (Cao et al. 2008). Reproductive structure such as pores in 
anther, stigma length, pollen number, and protein expression in anther also altered 
under heat stress (Jagadish et al. 2010). Before flowering, heat stress reduced the 
pollen viability and spikelet fertility and during the landing of pollen grain, water 
content in pollen is modified under environment fluctuations (Das et al. 2014). 
The water contents of pollen are essential for production and dispersion of pollen 
grains.
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 Anthesis

At anthesis stage, heat stress reduced the anther dehiscence in rice, and an episode 
of high temperature (>39 °C) caused anther dehiscence one day before flowering 
(Matsui and Omasa 2002). Anthesis is critical phase under heat stress (Matsui and 
Omasa 2002), and heat stress at anthesis reduces the anther dehiscence as well as 
affects the pollen germination, pollen tube growth, and pollination (Prasad et  al. 
2006). At anthesis, temperature above 35 °C for 5 days results in complete failure of 
seed production (Jagadish et  al. 2007). Under extreme capricious climate, plants 
adopt a number of avoidance mechanisms to cope with heat stress by making can-
opy cool through effective transpiration. Under heat stress, spikelet sterility declined 
with early morning flowering by completing flower opening before temperatures 
reached 35 °C, a general threshold value for spikelet sterility (Jagadish et al. 2008).

 Pollination and Fertilization

Pollination is a temperature-sensitive process (Matsui et al. 2000), and factors con-
tributing to pollination such as pollen viability, reception, and its germination play 
a vital role in crop production. High temperature adversely affects pre-zygotic and 
post-zygotic reproductive development more than vegetative development, and 
post-fertilization development is less sensitive than pre-fertilization development 
(Cao et al. 2008). High temperature stress significantly reduces the pollen produc-
tion and the shedding of pollen grain during the flowering (Prasad et al. 2006), also 
restricts the swelling of pollen grain and reduces the pollen grain release. 
Furthermore, after anthesis, heat stress results in poor pollen germination and inhib-
its the pollen tube growth (Tang et al. 2008). In summary, high temperature stress at 
flower initiation leads to poor anther dehiscence and results in spikelet sterility and 
during anthesis may reduce the pollination and formation of pollen grain. In rice, 
heat stress delayed the flowering, and affects pre-fertilization development more 
than post development. During flowering, heat stress reduces the pollen production 
and severe loss in grain yield.

 Grain Development and Yield Formation

During the grain filling, fluctuation in ambient temperature disturbs the proportion 
of amylose to amylopectin in the endosperm (Ahmed et al. 2008) and starch accu-
mulation (Umemoto et al. 1995; Ito et al. 2009), which are the major components of 
grain and major contributors in the formation of its weight. High temperature influ-
ences the grain filling by disturbing the enzyme activity, which plays vital role in 
starch synthesis (Oh-e et al. 2007). At ripening, heat stress results in chalky grains, 
which are loosely packed, and round shaped (Mitsui et  al. 2013). During grain 
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development, high temperature influences the starch composition and altered the 
fine amylopectin structure, which is necessary for chalkiness of rice grain (Inouchi 
et al. 2000). In rice, heat stress reduces the grain filling period and 1 °C rise in ambi-
ent temperature (25  °C), decreased the development period up to 3  days, which 
decreases the fraction of mature grain and reduces average grain weight (Tashiro 
and Wardlaw 1991). During the primary maturation stage, heat stress boosted the 
buildup of all types of storage protein, while the accumulation of prolamin protein 
decreased at maturity (Lin et al. 2010). Less prolamin in chalky grain rice, repre-
senting an association between prolamin and chalky structure in rice grain, and that 
high temperature stress affect the expression of storage protein during grain filling 
phase (Lin et al. 2010). At flowering and grain filling, heat stress decreases the grain 
yield. High temperature in the night reduces the grain weight, as compared with 
control (22/22 °C) and day-time temperature (34/22 °C) (Morita et al. 2005). In rice, 
heat stress reduces the translocation of assimilates to spikelets (Cao et al. 2008), 
results in low amylose content and reduces the milling quality (Zhang et al. 2014a). 
In summary, heat stress at grain filling reduces the starch synthesis in grain, result-
ing in less starch accumulation during ripening stage of rice. At ripening, heat stress 
results in chalky grain with an abnormal shape, reduces grain development phase 
and decreases the grain weight and yield of rice.

 Cold Stress in Rice

 Vegetative Growth

Rice is a cold sensitive crop (Nakagahra et al. 1997; Table 2) and 15 million hectares 
of rice crop planted in the world exposed to low temperature. At low temperature, 
rice plants demonstrate a wide range of damage, depending on the stage of develop-
ment and duration of exposure (Kim et al. 2012). Germination, booting, flowering, 
and filling stages are comparatively more sensitive to cold stress (Satake 1976). 
Germination ability is important for better stand establishment, and several traits 
such as root length, shoot length, and seed vigor are associated with germination 
ability. Optimum temperature for early seedling and germination ranges between 25 
and 35 °C (Fujino et al. 2004a, b). Cold stress during germination stage results in 
poor germination and early seedling rot, reduces the seedling or complete death of 
seedling (Han et al. 2002; Lou et al. 2007; Hussain et al. 2018) and results in poor 
seedling vigor (Reyes et al. 2003).

Cold stress can equally injure or damage both the vegetative and generative 
organs in rice, and low temperature at vegetative stage reduces the seedling vigor 
and growth (Ali et al. 2006), reduces number of seedling and tillering (Shimono 
et al. 2002), increases plant mortality (Farrell et al. 2006a, b; Baruah et al. 2009; 
Fujino et al. 2004a, b) and extends growth period (Ghadirnezhad and Fallah 2014).
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 Photosynthesis and Respiration

Photosynthesis is a key phenomenon, which significantly contributes to the plant 
growth and development. In cold sensitive plants, rate of photosynthesis is highly 
dependent on the temperature conditions, and cold stress substantially reduces the 
photosynthesis rate (Janda et  al. 1994; Van Heerden et  al. 2002; Li et  al. 2004; 
Fig. 1), by increasing the concentration of soluble sugars and decreasing the starch 
content in all the organs (Jouve et al. 1993). Chlorophyll content and fluorescence 
are two main photosynthesis properties which are negatively influenced by cold 
stress. In rice, cold stress affects the florescence and chlorophyll content, and ulti-
mately reduces the photosynthesis rate (Kanneganti and Gupta 2008; Kim et  al. 

Table 2 Effect of cold stress on growth and development of rice

Reference Study traits Growth stage Effects

Han et al. (2002); 
Lou et al. (2007)

Cold stress during 
germination and 
seedling 
establishment

Seedling 
establishment

Cold stress during germination stage 
results in poor germination and early 
seedling rot, reduces the seedling or 
complete death of seedling

Shimono et al. 
(2002)

Cold stress during 
tillering stage

Tillering Cold stress reduces the tillering

Janda et al. 
(1994); Van 
Heerden et al. 
(2002); Li et al. 
(2004)

Cold stress on the 
photosynthesis

– Cold stress substantially reduces the 
photosynthesis rate

Kanneganti and 
Gupta (2008); 
Kim et al. (2009); 
Sharma et al. 
(2005)

Photosynthesis 
under the cold 
stress

– In rice, cold stress affects the 
florescence and chlorophyll content, 
thus inhibiting the photosynthesis

Shrestha et al. 
(2013)

Cold stress during 
the flowering stage

Flowering Cold temperature stress, with 
non-inductive photoperiod, results in 
subsequent flowering and delay in 
panicle initiations

Mamun et al. 
(2006)

Cold stress during 
the meiotic stage

Gametophytes 
development

During the meiotic stage, cold stress 
declines the anther respiration, 
results in sucrose accumulation in 
anther, changes the composition 
if amino acids, causes protein 
degradation and increases the 
asparagine concentrations

Saito et al. 
(2001); Oliver 
et al. (2007)

Cold stress effect 
on reproductive 
stage

Reproductive Cold stress declines the grain filling 
period, which leads to small grain 
size

Oliver et al. 
(2007)

Cold stress during 
grain development 
stage

Reproductive 
stage

During the grain development, cold 
stress results in partial and late 
maturation of grain
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2009; Sharma et  al. 2005). Cold stress also inhibits the chlorophyll synthesis, 
increases the membrane permeability (Zeng et al. 2000), damages the chloroplast 
(Chen et al. 1997), and finally decreases the photosynthetic activity. In chloroplast 
stroma, cold stress lowered the activity of dark reaction (Weeden and Buchanan 
1983), reduced the light dependent reaction activity in thylakoid membrane (Li 
et  al. 1990) and decreased the carbon dioxide (CO2) assimilation activity. Cold 
stress also reduces the Hill reaction activity and inhibited the electron transmission 
activity (Kaniuga et al. 1979).

In chilling sensitive crops, low temperature changed the respiratory rate and 
resulted in destruction of mitochondrial structure and also reduced the activity of 
some enzymes by reducing the kinetic energy (Lyons et  al. 1979; Munro et  al. 
2004). At early growth stages, cold stress reduces the cytochrome path of electron 
transport and enhances alternative respiratory pathways (Prasad et  al. 1994; 
Ribascarbo et al. 2000). In short, cold stress in rice reduces the photosynthesis activ-
ity by reducing the chlorophyll content and inflorescence. Moreover, further inves-
tigations are required to investigate whether cold stress played a direct role in the 
photosynthetic rate and chlorophyll inflorescence parameters.

Heat and cold stress
damages

Heat stress at flowering and grain
filling stage, reduce the yield by
causing the spikelet sterility

At anthesis,high temperature
(>33°C) for 5 days, results
complete failure of seed
production

Cold stress decrease
Photosynthesis rate by
reducing the chlorophyll
content

Cold stress, unfavorable for
germination

Seeding

High temperature (>39°C) cause
anther dehiscence

Temp.  >33°C for 5 days
reduce the photosynthesis 

by
15-16%

High temperature 
unfavorable for the tillering

Temperature stress
reduce germination rate

Fig. 1 Effect of temperature stresses on different growth stages of rice
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 Reproductive Stage

 Flower Initiation and Development

Rice is more likely to suffer from cold stress (Table 2) especially during floral devel-
opment (Lu et al. 1999; Kuroki et al. 2007). In rice, panicle initiation is strongly 
influenced by thermal conditions prior to reproductive stage, as rice requires to 
accumulate the specific degree days (heat sum) before the initiation of the reproduc-
tive stage (Shrestha et al. 2013). Thus, cold temperature stress, with non-inductive 
photoperiod, results in subsequent flowering and delay in panicle initiations 
(Shrestha et al. 2013). At booting, low temperature stress inhibits the growth of pol-
len, which affects spikelet fertility in rice.

 Gametophytes Development

In higher plants, haploid gametophytes are produced from the diploid cell through 
process of meiosis. Under cold stress, sensitivity of male organ increased after the 
onset of meiosis (Oliver et al. 2005). Low temperature causes the protein denatur-
ation in anthers and results in substantial pollen infertility (Oliver et  al. 2005). 
During the meiotic stage, cold stress declined the anther respiration, resulted in 
sucrose accumulation in anther, changes the composition if amino acids, causes 
protein degradation and increased the asparagine concentrations (Mamun et  al. 
2006). In rice plants, cold stress interferes with the formation of microspore wall 
(Mamun et al. 2006). A callose wall is formed before meiosis, which surrounds the 
microspore mother cells. This wall (callose) is critical in microspore wall formation 
(Mamun et al. 2006; Arshad et al. 2017). Low temperature results in early termina-
tion of callose wall, which hides segregation of microspores (involved in late meio-
sis), resulting in poor wall growth in consequence microspores and primary growth 
of microspore is very sensitive to low temperature stress (Mamun et al. 2006).

Until now, only a few research studies focused on the effect of low temperature 
stress at panicle initiation of female organs in rice. Since the macrospore and its 
early development constitute at least 50% of the reproductive process, so it is sug-
gested that future research efforts are made on investigating the effects of low tem-
perature stress on female flower development.

 Pollen Development

In rice, low temperature affects both male and female reproductive developmental 
organs; however, the male part is more sensitive to cold stress (Koike et al. 1990). 
In temperate areas, cold stress affected the young microspores during the pollen 
growth (Andaya and Mackill 2003). Cold stress causes pollen sterility in rice due to 
disruption in the meiotic phase of pollen development, limits the starch accumula-
tion in pollen, restricts pollen development and permanently disrupts the pollen 
(Oliver et al. 2005).
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 Anthesis

In rice, cold stress during anthesis causes the spikelet sterility and probably partial 
panicle exertion and spikelet absorption (Koike et  al. 1990; Suh et  al. 2010). 
Takeuchi et al. (2001) reported that floral structures are more tolerant to low tem-
perature stress in rice during the first 3 days of anthesis. But, after 5 days, a steady 
decline occurs in spikelet fertility leading to spikelet sterility.

 Pollination and Fertilization

Cold stress affects the flower initiation, meiosis during booting and results in ovule 
sterility and pollen infertility. During the meiotic stage, cold stress disrupts the 
anther respiration, reduces proline level, altered the compositions of amino acids 
and increased the asparagine levels. Early development of microspores is very sen-
sitive to low temperature. Cold stress causes early breakdown of starch, poor devel-
opment of pollen tube and results in early anthesis, which leads to the spikelet 
sterility in rice.

 Grain Development and Yield Formation

Inferior spikelet and delay in flowering under cold stress lead to poor grain develop-
ment and low grain yield. Poor grain development is attributed to a limited carbohy-
drates supply but this may not be an only single reason, since vital enzymes are 
involved in carbon metabolism. In rice, increase or decrease in amylose concentra-
tion is dependent on particular cultivar, but production of amylose is higher at low 
temperature compared with high temperature (Ahmed et al. 2008). At 15–20 °C, 
low temperature increased the amylose concentration in grain of several japonica 
rice cultivars (Hirano and Sano 1998). During the grain development, cold stress 
results in partial and late maturation of grain (Oliver et al. 2007) and grain develop-
ment is regulated through source–sink relationship, which is adversely affected by 
temperature. Under cold stress, grain filling period and rate are declined, which lead 
to small grain size (Saito et al. 2001; Oliver et al. 2007). However, grain develop-
ment in rice is also regulated by different plant hormones such as ABA and cytoki-
nins (CKTs) (Oliver et al. 2005, 2007). Due to increased concentration of ABA in 
leaves, stomatal closure occurs, which restricts the photosynthesis due to low car-
bon dioxide (CO2) within cells. In summary, amylose concentration in grain 
increases under cold stress conditions. Cold stress reduces the duration and rate of 
grain filling and results in the production of shriveled grains. Grain development in 
rice is mainly regulated by different plant hormones such as ABA and CTKs. ABA 
concentration increased in plants under cold stress, and is played as a regulator in 
response to stress.
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 Strategies to Improve Tolerance Against Heat and Cold 
Stresses

Fortunately, the rice species have a broad range of adaptation to temperature stress, 
and tolerant ecotypes are available for breeding purposes. Breeding and adaptation 
to cold stress are so far more successful than heat stress; however, an appropriate 
selection method is necessary for assessing the high temperature stress tolerance in 
segregating populations using controlled temperature conditions. During the differ-
ent stages of rice, breeding practices have been effective in development of heat 
tolerance; both tolerance and avoidance are the suitable traits for initiating the 
breeding programs.

In rice, different crop management strategies can improve the resistance against 
cold and heat stresses. In tropical low-altitude systems, increasing the deepness of 
water up to panicle initiation is the most effective practice used for minimizing the 
losses due to cold stress (Singh et al. 2005). Exogenous application of growth regu-
lating compounds or seed treatment may help plant withstand the temperature stress 
(Fahad et al. 2016; Wang et al. 2016). Chemical substances such as jasmonic acid, 
salicylic acid, and abscisic acid are found to enhance the tolerance against heat 
stress. Jasmonic acid which is a natural growth regulator is very helpful against 
stress through expression of relative genes (Farooq et  al. 2009). Non-hormonal 
growth regulators such as paklobutrazol, triazoles, unikonazol, and chlorocholin-
chloride have been used for improving the chilling tolerance of cultivated plants 
(Anderson et al. 1994; Lurie et al. 1994; Feng et al. 2003). Sodium benzoate, gluta-
thione, tyrone, and formate slow down the degradation of unsaturated fatty acids 
and reduce the chilling damage in chilling sensitive plants (Xu et al. 2000).

Balanced use of crop nutrients is another strategy to avoid rice from succumbing 
to thermal stress. During changing weather conditions, less than optimal amount of 
nitrogen is a good practice to increase rice tolerance against cold stress. Changing 
the planting time is another strategy in some rice grown areas. Late planting escapes 
the heat stress and early planting reduces the cold stress affect (Singh et al. 2005). 
All these practices may be successful in prevailing climatic conditions of a region; 
still development of new cultivar in collaboration with biologists, agronomist, and 
breeders may overcome these problems more efficiently.

 Conclusions and Future Studies

In rice, substantial yield loss occurs due to temperature stresses (Tables 1 and 2). 
Heat stress affects almost all the stages of rice, from emergence to harvesting. The 
seed growth, emergence, and development are severely affected by heat stress. In 
rice, heat stress reduces the coleoptile and radicle length, radicle weight, germina-
tion rate, leaf-elongation duration, and biomass. At reproductive stage, heat stress 
causes anther indehiscence and reduces the pollen dispersal. Heat stress delays 
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flowering and affects post-fertilization development. It may increase the rate of 
grain filling but it shortens the period of grain filling and leads to substantial loss in 
yield. Heat stress at ripening stage also results in chalky grains, which are round and 
irregular shaped.

Cold stress also hampers the various growth and reproductive processes in rice, 
and it delays panicle initiation, affects anther respiration, enhances sucrose accumu-
lation and triggers protein denaturation. Low temperature causes the pollen sterility 
and impairs the pollination due to inhibited anther dehiscence which ultimately 
reduce the final grain yield in rice. Cold stress also reduces the period for grain fill-
ing which reduces the grain size and final productivity.

In rice, high temperature stress negatively affects the mitosis; its role to encour-
age pollen abortion at mitosis through its effects on the tapetum is not well under-
stood and needs to be investigated further. For improving the rice production, the 
response and tolerance mechanisms need to be explored at the molecular level and 
functional genomics approach should also be used for the understanding of molecu-
lar basis regarding rice response to thermal stress tolerance. Different eco- 
physiological and genomics investigations may help to understand the interaction 
between temperature stress and genotypes. New rice varieties for heat and cold 
tolerance at the different stages are needed to reduce the yield losses. Despite prog-
ress in temperature stress tolerance, heat and cold stresses still reduce rice yield, 
mainly where indica rice cultivars are grown. Fortunately, difference rice cultivars 
have widespread adaptation to low temperature stress and cold-tolerant ecotypes are 
presented for breeding purposes. An inclusive approach is required to identify the 
basic mechanisms for cold tolerance. Different crop management strategies such as 
balanced use of crop nutrients and changing the planting time should be studied 
more in the future for enhancing the rice tolerance against temperature stresses.
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 Introduction

Rice (Oryza sativa) is an important cereal crop which feeds about one-half of the 
world population (Liu et al. 2015). It is majorly produced and consumed in Asia and 
has a wide range of adaptation, i.e., from lowland to upland, rain-fed to deep water 
and wetland areas (Sarkar et  al. 2006). The traditional method of raising rice is 
transplantation of rice nursery into a puddled field with continuous flooding. This is 
one of the key unique and distinguished characteristics of the rice which enables it 
to withstand in excess water supply. Submergence is a condition where the whole 
plant is immersed in water. It deprives the plants for free atmospheric oxygen and 
reduces the rates of photosynthesis and respiration (Bailey-Serres et al. 2010). It 
usually has harmful effects on crop plants; however, rice has capability to withstand 
such conditions to some extent (Fig. 1).

Based on its duration and depth, submergence is divided into two classes, i.e., 
flash flooding and deep water flooding. In flash flooding, the depth of water is low 
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and ponding conditions persist for few days and/or weeks as a consequence of heavy 
rainfall (Bailey-Serres et al. 2010; Jackson and Ram 2003). On the contrary, in deep 
water flooding, several meters water depth prolonged for several months (Hattori 
et al. 2011). During submergence, the seed germination and seedling growth of rice 
seeds are desirable characters for good stand establishment (Miro and Ismail 2013). 
Submergence often results in low light interception, reduced gaseous exchange, 
chlorosis, cell wall damage, and higher rate of pest attack (Panda et al. 2006). Hussain 
et al. (2016b) reported that submergence has deleterious effects on rice and reduced 
the seed germination and growth. Extended periods of complete submergence for a 
period of 7 days may cause ultimate death of rice plants (Xu et al. 2006; Bailey-
Serres et al. 2010). During submerged conditions, the water fills the air spaces within 
the soil and make it fully saturated which may result in deficiency of carbon dioxide 
(CO2), low light intensity, and decreased photosynthesis in rice (Pedersen et  al. 
2013). Moreover, decline in photosynthetic pigments, inhibited growth, alterations in 
enzyme activities, lipid peroxidation, and membrane injury are the added conse-
quences of submergence (Jackson and Ram 2003; Nishiuchi et al. 2012).

Submergence immensely reduces the gaseous exchange (O2 and CO2) due to the 
low diffusion rate (Kende et al. 1998; Gibbs and Greenway 2003). Development of 
aerenchyma cells allow the plants to survive under hypoxic conditions by supplying 
oxygen to the submerged plant parts (Parlanti et al. 2011; Steffens et al. 2011). In 
the radial zone of the roots, radial oxygen loss (ROL) might be an adaptive strategy 
of plants to withstand in wetlands and/or submerged conditions (Visser et al. 2000; 
McDonald et al. 2002). Moreover, the epidermis and/or upper cuticle layer of sub-
merged plant leaves are developed in such a way that the resistance against gaseous 
exchange is minimum (Mommer and Visser 2005; Mommer et al. 2007).

Hence, submergence negatively affects the plant growth and productivity by dis-
turbing source–sink relationships and resource acquisition strategies. The submer-

Submergence

Water level

Growth control Internal aeration

Quiescence strategy
(SUB1A)

Escape strategy (SK1
and SK2)

Formations of aerenchyma
and leaf gas films

Fig. 1 Strategies of adaptation to excess water stress in the form of submerge in rice plants
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gence also results in oxidative stress in plants by changing various physio-biochemical 
processes. This chapter discusses the physio-biochemical, anatomical, cellular, and 
molecular responses of plants to submergence stress and highlights the possible 
tolerance mechanisms of rice plants under submergence. The possible management 
strategies for augmenting submergence tolerance in rice are also proposed.

 Physiological Effects of Submergence

 Effects on Photosynthesis and Respiration

Under normal conditions, stomata are open and CO2 easily enters without any 
restriction. On the contrary, under submerged conditions, surrounding water mole-
cules restrict the CO2 entry into the plants (Mommer and Visser 2005). In a liquid 
medium, diffusion of CO2 is restricted by different cell tissues and organelles, i.e., 
cell wall, chloroplast membrane, stroma, and cytoplasm (Tholen et al. 2012), which 
results in reduced photosynthesis due to the low availability of CO2 to the chloro-
plast (Giuliani et al. 2013). In submerged plants, the rate of photosynthesis directly 
relates to the availability of CO2 concentration and light (Winkel et al. 2013). Low 
light availability under submerged conditions not only limits the photosynthesis but 
also lowers the CO2 concentration (Maberly and Madsen 1998; Sand-Jensen and 
Frost-Christensen 1999; Fig.  2). Under submergence, terrestrial plants adjust 

Submergence Conditions

Lower development processLower plant growth

Reduce the Photosynthesis
rate

Increase the accumlation of
ethylene

Limited light pernetration

Restrict the CO2 entry into
the plant

Low availability of CO2 to
the chloroplast

Fig. 2 Physiological effects of submergence
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themselves by modifying the leaves (thin leaves), readjust their chloroplast content 
near to the epidermis and reduce their cuticle to promote the gaseous diffusion in 
water. Such modifications help chloroplast to get sufficient CO2 from the atmo-
sphere (Mommer and Visser 2005; Mommer et al. 2005). Submergence not only 
disturbs the gaseous exchange but also induces ethylene accumulation in plants 
(Setter et al. 1988; Mommer and Visser 2005; Voesenek et al. 2006).

Submergence interrupts all oxygen dependent mechanisms inside the plant cells 
by shifting aerobic respiration to anaerobic respiration (Ayi et al. 2016). The level 
of respiration is directly related to temperature, e.g., increase in temperature causes 
increase in the respiration resulting in reduced oxygen inside the cells (Colmer et al. 
2011). Submerged rice plant faces energy crisis due to the low level of O2 (anoxic 
condition) which limits the respiration, and ultimately causes plant death (Crawford 
and Braendle 1996). In submerged plants, reduced photosynthesis and enhanced 
consumption of photo-assimilates in anaerobic respiration (fermentation) also lower 
the carbohydrates reserves, and such imbalance and over-consumption of sugars 
during submergence may lead to complete failure of plant growth or even plant 
death (Bailey-Serres and Voesenek 2008; Colmer and Voesenek 2009).

 Effects on Chlorophyll Contents

In addition to decreased rates of photosynthesis, chlorophyll contents are also 
reduced under submergence that may cause leaf senescence (Ella et al. 2003a, b). 
Submergence stress enhances levels of ethylene production and accumulation which 
causes the degradation of chlorophyll and reduced carbon fixation (Das et al. 2000). 
Ethylene production enhances the gene expression and activates chlorophyllase 
enzyme which triggers the breakdown of chlorophyll (Singh et al. 2014a, b), and 
consequently reduces carbon dioxide (CO2) fixation under submergence (Sarkar 
et al. 2001; Ella et al. 2003a, b).

 Effects on Carbohydrate Consumption

The restricted gas diffusion in submerged conditions alters the plant metabolism 
(Ito et al. 1999) which on the other hand depends upon the oxygen availability. In 
submerged plants, restricted amount of O2 lowers the metabolic performance and 
survival rate of plants (Vartapetian and Jackson 1997). Low level of O2 inside the 
plant cells triggers the utilization of stored carbohydrates, which may cause the 
death of cell (Bailey-Serres and Chang 2005). Reduced chlorophyll contents in sub-
merged plants generally cause inhibition of C-fixation which depletes carbohydrates 
reserves in plants (Das et al. 2009). Submergence accelerates the utilization of non- 
structural carbohydrates (NSC) and triggers protein hydrolysis (Vartapetian 2005).
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 Submergence Tolerance in Rice

 Quiescence Strategy in “Flash Flooding”

Rice plants have developed some adaptive strategies to survive in submerged condi-
tions. For example, Nishiuchi et al. (2012) reported that during submergence, many 
rice varieties extend their leaves above the water surface to fetch the atmospheric 
oxygen. However, in some varieties, more energy consumption for leaf elongation 
makes the plants unable to recover after the submergence (Jackson and Ram 2003). 
Jackson and Ram (2003) studied the genetic basis of tolerance against flash flood-
ing, quantitative trait loci (QTL) present on the chromosome number 9 known as 
submergence-1 (SUB1) locus was found to be responsible for the submergence tol-
erance (Fukao et al. 2006).

Tolerant cultivars are also characterized by ethylene production, where ethylene 
response factor (ERF) is coded by three similar genes viz. Sub1A, B, and C (Hattori 
et al. 2011). During submergence, ERF limits the shoot elongation in rice (Saika 
et al. 2007; Fukao and Bailey-Serres 2008a, b). The gene SUB1A is missing in non- 
tolerant cultivars, and introduction of this gene could induce tolerance against sub-
mergence and is also responsible for the decreased growth and energy usage under 
submergence stress (Hattori et al. 2011).

During the period of flash flooding, plants conserve energy by suppressing 
the expression of genes involving in the coding of sucrose synthase and 
α-amylase which are involved in sucrose and starch metabolism, respectively. 
This energy is used in various physiological functions after submergence (Fukao 
et al. 2006).

Besides energy preservation, SUB1A gene also responsible for the positive 
regulation of alcohol fermentation thus helps the plant to survive under flash 
flooding (Fukao et  al. 2006). In submergence, alcohol dehydrogenase activity 
increases, and triggers the synthesis of ethanol and NAD+ regeneration (Kato-
Noguchi et al. 2010). Fukao et al. (2008) stated that tolerant cultivars reduce their 
growth during submergence due to the low level of gibberellic acid (GA). GA is a 
growth hormone involved in cell division (Kende et al. 1998), and its synthesis 
reduced by the negative regulation of SLENDER RICE-1 (SLR1) and SLR1 like-1 
(SLRL1) genes to decrease the leaf elongation during submergence, SUB1A is the 
enhancer of both these genes (Fukao and Bailey-Serres 2008a, b). Abscisic acid 
(ABA) synthesis is promoted by the SUB1A and also enhances the expressions of 
genes which are involved to detoxify the reactive oxygen species (ROS), thus 
lowering its accumulation (Nishiuchi et al. 2012). SUB1 gene hinders the ethylene 
mediated elongation under submergence (Singh et al. 2014a, b). It also accelerates 
the activity of SLR1 and SLR2 (repressors of GA) and ultimately restricts the 
shoot elongation due to low level of GA (Fukao and Bailey-Serres 2008a, b; 
Bailey-Serres et al. 2010).
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 Escape Strategy in Deep Water Flooding

The duration of this type of flooding is long as compared to the flash flooding. 
Anoxic conditions reduce plant energy, and thus plants must have to escape such 
conditions for survival (Nishiuchi et al. 2012). The escape mechanism involves the 
elongation of internodal distance. Some rice cultivars are capable of increasing their 
height at the rate of 25 cm per 24 h (Kende et al. 1998). Ethylene is held responsible 
as an initiation factor for internodal elongation (Yin et  al. 2017). This helps the 
plants to extend their leaves over the surface of water for gaseous exchange, thus 
increasing the rates of photosynthesis and respiration (Bailey-Serres and Voesenek 
2008). During deep water flooding, biosynthesis of ethylene is activated (Nishiuchi 
et al. 2012).

Ethylene accumulation is related to the increased concentrations of GA and 
decreased concentration of abscisic acid (ABA). The increased GA:ABA ratio thus 
facilitates elongation (Kende et al. 1998; Sauter 2000). Ethylene production is also 
responsible for the production of aerenchyma in plant tissues (Steffens et al. 2011). 
Leaf expansion is promoted due to loosening of cell wall (Lee and Kende 2001) 
which results in the aerenchyma formation and triggers ethylene accumulation 
(Steffens et  al. 2011). Cellulose microfibrils change their alignment in the inter-
nodal regions during elongation (Sauter et al. 1993). The expression of two genes 
SNORKEL1 (SK1) and SNORKEL2 (SK2) enables the deep water rice cultivars to 
elongate their internodes (Hattori et al. 2009). Hattori et al. (2009) reported that SK 
genes, located on chromosome number 12, positively regulate the ethylene response 
factor (ERF), a transcriptional factor involved in the elongation of internodes. 
Ethylene also induces the formation of adventitious roots, which are formed by the 
injury of epidermal cells (Steffens and Sauter 2005).

 Gaseous Exchange in Submerged Rice Plants

Absorption of oxygen in submerged environment decreases by 10,000 times as 
compared to air (Colmer 2003a, b). Diffusion of CO2 in the aqueous medium is also 
decreased by four times as compared with diffusion in the air (Nobel 2009). Gaseous 
exchange is dramatically reduced by submergence whereby the exchange of O2 and 
CO2 between plant and their environment is inhibited (Kende et al. 1998; Gibbs and 
Greenway 2003). Due to inhibited gaseous exchange, concentration of O2 is reduced 
which negatively affects the rate of photosynthesis (Fukao and Bailey-Serres 
2008b). Exchange of ethylene is also reduced along with oxygen and carbon diox-
ide under submerged conditions (Jackson 2008). Increasing levels of ethylene acti-
vate the formation of adventitious roots and aerenchyma, carbohydrate usage, and 
elongation of shoots (Fukao et al. 2006). Formation of aerenchyma facilitates the 
transportation of O2 from shoots to roots (Jackson and Armstrong 1999).
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 Formation of Barrier to Radial Oxygen Loss (ROL)

Diffusion of oxygen from shoot to root tip is increased by the formation of a barrier. 
This barrier hinders the intake of toxic metal ions, CO2, and ethylene into the roots 
(Nishiuchi et al. 2012). In many wetland species, with the development of aeren-
chyma, they also have a barrier, i.e., ROL mostly in the basal zone of rice roots to 
reduce the oxygen loss (Colmer 2003a). This barrier is formed by the deposition of 
lignin and suberin, which forms the woody texture exterior to basal side of roots 
(Soukup et al. 2007). This physical barrier to ROL, despite of enabling the plant to 
survive under excess water stress, also lowers the nutrient and water uptake 
(Polthanee and Changdee 2008; Nishiuchi et al. 2012; Sauter 2013).

 Formation of Aerenchyma

Formation of aerenchyma plays an important role in the supply of oxygen during 
submerged conditions from shoot to terminal portion of the roots and aeration of 
gases like methane and carbon dioxide (Colmer 2003a; Evans 2003). Ethylene 
accumulation in submerged plants is responsible for the formation of aerenchyma 
(Zhou et al. 2002; Geisler-Lee et al. 2010; Lenochova et al. 2009). Ethylene triggers 
the formation of aerenchyma in maize and rice (Drew et  al. 2000; Shiono et  al. 
2008). On the contrary, Visser and Bögemann (2006) concluded that ethylene is not 
always responsible for the aerenchyma formation, as in the case of Juncus effusus, 
where the aerenchyma formation is not altered by the application of gaseous ethyl-
ene action inhibitor 1-methylcyclopropene (1-MCP). Rice roots in oxygen deficit 
conditions can store oxygen in the aerenchyma during the transportation of water 
(Ranathunge et al. 2011). The aerenchyma is of two types, i.e., (1) schizogenous 
and (2) lysigenous. The schizogenous aerenchyma is formed by changes in growth 
patterns during development and dissociation of neighboring cells (Evans 2003). 
The number of these tissues increases in hypoxic conditions (Visser et al. 2003). 
Lysigenous aerenchyma is formed by the death of adjacent cells, and these spaces 
are filled with gas (Evans 2003), e.g., in rice (Nishiuchi et al. 2012). The formation 
of lysigenous aerenchyma is a highly controlled process and all the protective layers 
and vascular tissues remain undamaged during their formation (Yamauchi et  al. 
2011). Generally, formation of aerenchyma takes 1–3 days after the onset of hypoxic 
conditions (Malik et al. 2003; Haque et al. 2010; Rajhi et al. 2011). In the formation 
of this type of aerenchyma, degradation enzymes (cellulases and pectinases) play an 
important role (Nishiuchi et al. 2012). Action of cellulase is enhanced by the accu-
mulation of ethylene and other chemicals which elevate Ca2+ level inside the cell; on 
the contrary, the performance of cellulose is reduced by the increase in the level of 
K252a (inhibitor of protein kinases) and the inhibitors of Ca2+ (He et al. 1996; Drew 
et al. 2000).
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 Formation of Adventitious Roots

Formation of adventitious roots ensures rapid supply of nutrients and water to the 
growing shoots (Fukao and Bailey-Serres 2008a, b). During submergence, epider-
mal tissues get damaged and initiate the growth of adventitious roots (Mergemann 
and Sauter 2000). Nodal adventitious root formation is governed by the signal trans-
duction pathway whereby, submergence stimulates the ethylene accumulation 
resulting in formation of root primordia (Lorbiecke and Sauter 1999; Steffens and 
Rasmussen 2016). Accumulation of ethylene is mediated by transcription factors 
ADVENTITIOUS ROOTLESS1 (CRL1) and CROWN ROOTLESS5 (CRL5) for 
the formation of root primordia (Inukai et al. 2005; Liu et al. 2005).

Ethylene besides playing an important role in the formation of adventitious roots 
also helps the plants to withstand in low oxygen environment (Steffens and Sauter 
2005). Rich et al. (2012) reported that in submerged plants, the number of aeren-
chyma in adventitious roots is greater than leaves. Owing to this adaptation, adven-
titious roots consume less amount of O2 for respiration as compared to leaves (Ayi 
et al. 2016).

 Formation of Leaf Gas Films

During submergence, leaf surface of rice becomes hydrophobic and gas films are 
formed which help the plant to exchange gases while remaining underwater (Colmer 
and Pedersen 2008; Pedersen et al. 2009). Increase in gaseous exchange by the for-
mation of leaf gas films enhances the aeration inside the submerged plants (Winkel 
et al. 2011); as a result, CO2 uptake and photosynthesis in submergence increases at 
day time and internal aeration increases at night (Colmer et al. 2011). It is hypoth-
esized that in submerged leaves, gas films facilitate the stomata to avoid cuticle 
resistance and uptake of O2 (Verboven et al. 2014).

 Antioxidant Defense Mechanism Against Reactive Oxygen 
Species (ROS) in Submerged Rice

Biotic and abiotic stresses trigger the production of reactive oxygen species (ROS) 
(Xu et al. 2015; Lin et al. 2016). Low oxygen levels (anaerobic conditions in sub-
mergence) also lead to the formation of ROS, because oxygen acts as a final electron 
acceptor in ETC at complex-iv and dumps electrons in a very safe manner by mak-
ing water. Increasing levels of ROS such as superoxide, hydrogen peroxide, and 
hydroxyl radical act as signal for leaf senescence (Van Breusegem and Dat 2006; 
Fig. 3). Santosa et al. (2007) have reported that rice genotypes containing SUB1 
show less destruction due to the activity of free radicals. Here are a number of 
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mechanisms explaining the production of ROS in cell membrane, mitochondria, 
chloroplast, endoplasmic reticulum, and peroxisomes which depends on the types 
of tissue and cell, and causes cell damage by oxidation (Ribeiro et al. 2017).

ROS are synthesized in various plant organelles; however, their production is 
more in those organelles (peroxisome, mitochondria, and chloroplast) where the 
continuous flow of electrons generates greater metabolic activity (Corpas et  al. 
2001; Dat et al. 2000). ROS are charged particles (except H2O2) and unable to pass 
through the membranes, therefore endogenous antioxidant defense is more essential 
than overall synthesis of antioxidative enzymes (Upadhyay 2018).

Plant cells have enzymatic as well as non-enzymatic mechanisms to retain ROS 
at lower levels (Ribeiro et al. 2017). The agents playing an important role in the 
detoxification of ROS include ascorbate peroxidase (APX), glutathione peroxidase 
(GPX), and superoxide dismutase (SOD) (Del Río 2015). SOD reacts with superox-
ide radicals and form oxygen (O2) and hydrogen peroxide (H2O2). Later the H2O2 is 
detoxified by the ascorbate peroxidase and catalase (CAT) (Srivalli et  al. 2003). 
Antioxidant defensive mechanism plays very important role in the detoxification of 
ROS and reduces the negative effects (Gill and Tuteja 2010).

Fig. 3 Submergence increases the ROS production in cells. Prolonged conditions ultimately cause 
cell death (Adopted from Upadhyay 2018)
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 Re-aeration or De-submergence

De-submergence has deleterious effects on plant due to higher levels of oxygen, 
and causes oxidative damage to rice seedlings (Ushimaru et al. 1999). Tolerant 
cultivars on de-submergence show increase in fresh biomass due to conservation 
of carbohydrate metabolism during submergence. On the contrary, the reserves in 
non-tolerant cultivars are hydrolyzed and thus unable to recover (Upadhyay et al. 
2009; Kang et al. 2009). Cultivars having SUB1 gene are capable of good recov-
ery phase during the onset of de-submergence (Singh et al. 2014a, b). Re-aeration 
responses also confer tolerance and protect the leaf from dehydration (Setter 
et al. 2010).

 Management Strategies

 Seed Priming

In rice, different crop management strategies can improve the resistance under sub-
merged conditions. Seed priming is used to improve tolerance in various plant spe-
cies against abiotic stresses including heavy metal, salinity, drought, chilling, and 
submergence stress (Jisha et al. 2013; Paparella et al. 2015; Hussain et al. 2016a, b). 
Seed priming has positive effects on growth and metabolic activities, under stressed 
as well as normal conditions (Farooq et al. 2009; Khaliq et al. 2015; Zheng et al. 
2016). It ensures uniform and timely germination of rice seedlings under normal 
and stressed conditions (Khaliq et al. 2015; Hussain et al. 2016a, b).

Seed priming enhances the tolerance by increasing the activity of antioxidant 
defense mechanisms, carbohydrate metabolism, and seedling vigor (Ella et  al. 
2011). Hussain et al. (2016a, b) found that priming with salicylic acid (SA) and 
selenium (Se) improved the seed germination and other morphological traits under 
submergence stress. Efficient use of nutrients and other inputs will enhance the 
productivity of transgenic rice cultivars, e.g., Khao Hlan On, Chiknal, Tilakachari, 
and Sirambe Putih in submerged areas of Myanmar, Bangladesh, India, and 
Indonesia, respectively (Vergara et al. 2014). Exogenous potassium (K) applica-
tion could improve plant growth, chlorophyll contents and photosynthetic capaci-
ties as well as nutrients uptake in plants under submerged conditions (Ashraf et al. 
2011). Furthermore, application of K fertilizer alone or in combination with phos-
phorus could maintain internal gas diffusion and energy levels required for normal 
growth and developmental processes under submergence conditions in rice (Singh 
et al. 2014a, b).
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 Molecular Approach to Develop Submergence Tolerant 
Cultivars

Traditional breeding approaches that comprise bulk and pedigree selection based on 
morphological markers have been successfully used in rice breeding for submer-
gence stress tolerance. Transgenesis of SUB1 gene enhances the tolerance against 
submergence in those rice cultivars which are already good in agronomic traits 
(Siangliw et al. 2003; Xu et al. 2006; Neeraja et al. 2007; Septiningsih et al. 2009, 
2013; Singh et al. 2010; Thomson et al. 2010; Manzanilla et al. 2011; Mackill et al. 
2012; Collard et al. 2013). Introduction of SUB1 gene amplifies the yield by 2–5 
times, following complete submergence for 12–17  days (Iftekharuddaula et  al. 
2011; Dar et  al. 2013). Rice cultivars containing SUB1 gene complete their life 
cycle earlier and give more yield as compared to the non-SUB1 cultivars facing 
submerged conditions (Singh et al. 2009; Manzanilla et al. 2011). In future, molecu-
lar breeding approaches are required for developing superior submergence tolerant 
varieties.

 Conclusions

Poor early growth and substantial yield loss occur in rice due to submergence stress. 
In rice, submergence impedes various growth phases. Submergence not only dis-
rupts the gaseous exchange but also affects the photosynthetic rate due to increase 
in accumulation of ethylene and lower level of CO2. Different crop management 
strategies such as seed priming and efficient nutrients use could improve the resis-
tance in rice against submergence stress. Submergence interrupts all oxygen depen-
dent mechanisms inside the plant cells by shifting aerobic respiration to anaerobic 
respiration. Breeding and molecular approaches can be employed to develop resis-
tant rice cultivars against submerged conditions. Previously, several genes (e.g., 
SLR1, SK1, and SUB1) have been identified to be responsible for submergence 
resistance/tolerance; however, further attention is requiring from researchers and 
breeders.
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 Introduction

The world population is expanding rapidly and may grow from 6 billion to 9.3 bil-
lion by the year 2050. Meanwhile, the crop yield is reducing quickly because of 
negative effects of several environmental stresses. Consequently, there is an urgent 
need to produce stress-tolerant germplasms to survive the coming difficulties in 
food security. Among different environmental stresses, abiotic stress is known as the 
major source of stress, reducing the average production or yield of all field crops by 
approximately 50% and, ultimately, causing losses worth US$100 million every 
year (Mahajan et  al. 2008). Plants have vulnerability or resistance to abiotic 
stresses having numerous genes activate and interact with other stress indicator. 
Salinization is the most severe environmental stress factor among all abiotic 
stresses, damaging at least 20% of the crop production of arable land all over the 
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globe (Hussain et al. 2017). Additionally, high salinity levels on irrigated land are 
estimated to have devastating effects and are predicted to cause approximately 
50% losses of arable land by the middle of the twenty-first century. Worldwide, the 
total land area with high salinity is more than 9 billion hectares, which poses a seri-
ous danger for agriculture (Mahajan et al. 2008). Moreover, each year, an addi-
tional 2  million hectares (approximately 1% of the global agricultural land) 
becomes contaminated by salinity. When roots are exposed to salts in the rhizo-
sphere, they are clearly affected by salinity stress because the roots are major 
organs in plants (Cosme et al. 2016). Multiple factors—including insufficient irri-
gation, high levels of evaporation, frequent irrigation, and contact with seawater—
result in soil salinity.

The amount of salt dissolved in a body of water is its salinity. Four main causes 
of soil salinity are listed below:

• The amount of salt that plants uptake from the groundwater by capillary action 
through their roots

• Salt accumulated when plants are irrigated with salty water
• Windblown salt accumulation
• Salt accumulation from rainfall

Only small amounts of salts are obtained from rainwater. However, such salts 
may build up to poisonous levels over time. Therefore, three major causes of soil 
salinity have been listed below (Rengasamy 2006):

• Groundwater-associated salinity
• Non-groundwater-associated salinity from parent rock or from rainwater
• Windblown salt accumulation

Anthropogenic activities are the main cause of salinization. Soil salinity is the 
main cause of shrinkage of limited and valuable agricultural land, which also 
decreases crop efficiency and productivity all over the world. Salinity levels have 
been increasing gradually. Salt accumulation in the soil is the major cause of water 
stress and creates nutrient-deficient conditions for plants, which are unfavorable for 
plant growth and development. Salt accumulation reduces water uptake, as well as 
nutrient uptake, through the roots. This affects plant growth and ultimately can 
cause the death of the plant. Alteration in redox homeostasis is a primary stress that 
is increased through salinity. Salinization causes differences in electron flow from 
central transport chains in organelles to oxygen-reduction pathways that are promi-
nent in overproduction of reactive oxygen species (ROS), which are involved in 
oxidation of requisite biomolecules, i.e., lipids, proteins, nucleic acids, and carbo-
hydrates. Therefore, fluctuations in their properties and functions will eventually 
lead to metabolic and physiological problems. Overproduction of ROS is the cause 
of imbalances in homeostasis at the cellular level, as well as at the subcellular level, 
and may ultimately cause cell death (Ivanova et al. 2016). It is necessary to reduce 
toxic ROS, as well as combating oxidative damage. Plants have an antioxidant 
defense mechanism, containing several enzymatic and nonenzymatic constituents 
that stabilize the negative effects of ROS by changing them into less toxic 
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 constituents. Therefore, it is considered that increased levels of antioxidants usually 
help to increase plant tolerance (Lei et al. 2015). Salinity stress increases a variety 
of different reactions in plants, causing morphological, physiological, biochemical, 
and molecular changes.

Many crop species can be categorized into two types—glycophytes and halo-
phytes—based on salinity levels. Glycophytes include those crop species that are 
sensitive to salinization, while halophytes are those crop species that are salt toler-
ant. Most glycophytes may not be cultivable in the presence of 100 mM of NaCl, 
while halophytes may be cultivable in the presence of more than 250 mM of NaCl. 
Those plants that are salt susceptible can reduce their intake of salts and try to main-
tain an osmotic balance by production of beneficial solutes (e.g., proline, glycine 
betaine, and numerous sugars), while salt-tolerant crops may have the competence 
to isolate and accumulate salts in their cell vacuoles. Hence, accumulation of salts 
in the cytosol is inhibited by maintenance of high cytosolic K+ and Na+ ratios in 
plant cells. Competition of sodium (Na+) ions and chloride (Cl+) ions with other 
several nutrients—such as potassium (K+) ions, calcium (Ca2+) ions, and nitrates 
(NO3−)—may decrease plant growth by disturbing the accessibility of nutrients, 
hindering passage of all nutrients, and splitting various nutrients. Therefore, high 
levels of salts are a major cause of nutrient imbalances. Chlorophyll content, as well 
as photosynthetic proficiency, is reduced in numerous crops (e.g., peanut and pump-
kin) as a result of high salinity (Kurum et al. 2013; Sarkar et al. 2014). When salin-
ity stress occurs in plants, NaCl ions are accumulated in the roots of salt- tolerant 
and salt-sensitive crop plants. Negrão et al. (2017) reported that NaCl ions are accu-
mulated in young leaves and in older leaves of salt-sensitive cultivars and salt-toler-
ant cultivars, respectively. The buildup of NaCl ions in the roots causes nutrient 
differences in the root tissues as a result of a reduced ratio of KCl to NaCl, due to 
increased salt levels. Nutritional imbalance is resulting in reduced growth, as well 
as dry matter accumulation in the roots. Such consequences have been observed in 
maize crops, which are salt sensitive (Hussain et al. 2017). Understanding of molec-
ular approaches is necessary for addressing high levels of salinity stress. Molecular 
work is successively evolving salinity-tolerant cultivars and is considered a crucial 
factor in resolving current problems with salinity-related reductions in crop yields 
all over the world.

It is necessary to reduce salinization problems for higher crop production all over 
the world. One possible solution is reclamation of wasteland, but this is beyond the 
economic means of poor farmers. Another promising solution is development of salt-
tolerant cultivars (Miranda et al. 2018). Variations in salt sensitivity among various 
genotypes of a species provide a basis for screening salt-sensitive and salt- tolerant 
cultivars, which may be used for further experimentation in the future (Hussain et al. 
2017). Salt stress increases changes in cellular mechanism by amending expression of 
both specific and housekeeping genes. These may affect a great number of cellular 
proteins. Proteomics is considered an excellent tool to address environmental pres-
sures, molecular influences, stress-influenced variations, and genotypic inconsistency 
(Miranda et al. 2018). In the current scenario, it is of vital necessity to study oxidative 
stress and antioxidant defense mechanisms of plants during salinity stress.

Oxidative Stress and Antioxidant Defense Mechanisms in Plants Under Salt Stress
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 Physiological and Biochemical Mechanisms

Plants produce several physical, biological, and biochemical systems to persist in 
soils under high salinity. The principal mechanisms they use are listed below:

• Ion homeostasis, as well as compartmentalization in different cells and tissues
• Uptake and transport of nutrient ions
• Induction of osmoprotectants and beneficial solutes
• Triggering and production of antioxidant enzymes, as well as antioxidant 

compounds
• Production of polyamines and spermine
• Production of nitric oxide
• Hormonal variations

 Adverse Effects of Salinity Stress

High-salinity stress has various major adverse affects on plants, such as those listed 
below:

• Plant growth and development are reduced by high levels of salinity (Lei et al. 
2015). High salt levels are a major cause of drought, as well as ion toxicity. For 
that reason, a high level of salinity can frequently affect all characteristics of a 
plant’s functioning and its metabolism or structure. Hyperionic and hyperos-
motic stresses are caused by high salinity, which can ultimately lead to plant 
death.

• Seed germination and plant growth and development in all agricultural crops are 
affected by exposure with salt. During the early phases, salt stress mostly reduces 
the germination rate by altering structural measures, as well as decreasing seed-
ling emergence. Seedling exposure to salt stress at the time of transplantation 
decreases the stem growth, as well as the dry biomass (Lee et al. 2013).

• When plants are very susceptible to salt stress, the opposing effects of salinity on 
the seed germination percentage, as well as during the time of seedling growth in 
all such agricultural crops, are very serious (Läuchli and Grattan 2007).

• The basic features of a high level of salinity and drought stress may interact with 
one another as a result of high salt accumulation in lands resulting in reduction 
of water in topsoil. Therefore, it makes it progressively harder for plants to obtain 
water and essential nutrients.

• Ion-specific stress causes variations in the ratio of K+ to N+ in conditions of high 
salinity. The outside Na+ ions may harmfully influence intracellular K+ influx.

• The accumulation or buildup of Na+ and Cl− concentrations is due to high salin-
ity in the cytosol, which may eventually damage plant cells. Na+ ions can disrupt 
cell membrane integrity and then attract Cl− ions toward the gradient.
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• Sodium (Na+) ion concentrations of more than 100 mM are very dangerous for 
cell structures during abortion and may not only decrease the movement of sev-
eral vital enzymes, cell division, and cell enlargement but also cause membrane 
disorder and osmotic imbalance, which finally may arrest plant growth.

• Higher sodium ion concentrations may also cause a decrease in the rate of pho-
tosynthesis, as well as causing production of ROS.

• Potassium (K+) ions are also necessary constituents for plant growth. Variations 
in K+ ions due to high-salinity stress may change the osmotic stability and the 
opening and closing of stomata, as well as changing the utility of certain enzymes.

• High salinization may damage cells in emerging leaves, resulting in growth 
reduction. Moreover, such salt-specific effects of salinity may produce a harmful 
effect of salts within plant cells. Salts may accumulate within older leaves, as 
well as causing the death of leaves that are essential for the persistence of the 
plant (Lee et al. 2013).

 Oxidative Stress Under Salinity

Roots are considered the first major organs that are directly exposed to salinity 
stress, resulting in a greater decrease in growth than that caused by salinity stress in 
all other plant tissues, such as shoots. An increased level of NaCl ions in roots has 
been reported to be accompanied by increased oxidative stress constraints such as 
electrolyte leakage (EL), malondialdehyde (MDA), and hydrogen peroxide (H2O2), 
and reduced glutathione (GSH) and ascorbate (ASC) redox levels in plant root cells 
(Ghosh et al. 2015). A very high degree of salinization has been described as caus-
ing oxidative stress in several tissues and cells of plants. Because of high-salinity 
stress, the levels of ROS are increased in various plant cells and tissues as a result of 
irregularities in the electron transport chain, as well as accumulation of photoreduc-
ing influence (Sharma et al. 2012). Excess electrochemical energy may be degener-
ated by the Mehler reaction, which is a major cause of ROS and H2O2 production. 
Membrane injury is revealed by prominent EL and MDA levels.

Under high-salinity conditions, it is possible for oxidative defense mechanisms 
to be triggered by enzymatic and nonenzymatic reactions. These are well known as 
collective reactions during salinity in several tissues and also include organ-specific 
responses. Roots and mature leaves respond with increased levels of polyphenols, 
which are nonenzymatic components of antioxidants, with a large buildup of NaCl 
in such tissues or organs. Because of high salinity, tocopherols may not build up in 
the root cells, because of the specificity of tocopherols in scavenging singlet oxygen 
radicals in photosystem II. Correspondingly, it has been shown that plants under 
high salinity may build up large amounts of polyphenols. Furthermore, it has been 
confirmed that more polyphenols are produced in young leaves than in mature 
leaves (Samira et al. 2015). Use of triazole under high salinity has been studied for 
protection of tocopherols against oxidative stress in tomato leaves, as well as in 
wheat crops (Tanou et al. 2009). Additionally, Hussain et al. (2017) showed that as 
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a result of large amounts of salt, ASC and tocopherols are decreased in de-etiolated 
rice leaves; such contradictory observations may be due to specificity of cells or 
tissues. Similarly, as a result of high salinity, GSH levels can be increased at the 
organ level, and this may be root specific. This condition may improve the demand 
for and absorption of sulfur, in times of stress, for production of various components 
of antioxidants, such as GSH. Furthermore, it has been shown that roots produce 
stress hormones such as abscisic acid (ABA), which is well known as a stress signal 
in plant shoots. Levels of this hormone may be increased by several environmental 
stresses, and a sulfur source is also required. Gallardo et al. (2014) identified that 
salt-stressed plants contain upregulated sulfate transporter genes, such as AtSULTR3, 
as well as huge amount of sulfate. Consequently, it has been observed that the 
amount of sulfate influences the levels of ABA and GSH in various plant cells 
because of high salt concentrations (Cao et al. 2014). For reducing ROS, the ASC- 
GSH cycle plays an important role in increasing ASC and GSH content, the ASC 
and GSH contents and significantly reduced the ASC and GSH redox status. It has 
been confirmed that salt-resistant cultivars produce higher amount of transcriptional 
activities of ASC-GSH cycle, but susceptible cultivars do not (Mahajan and 
Sanejouand 2015).

Generally, antioxidant defense mechanisms are very common in all plants and 
their tissues, including in different developmental growth stages. There is a possibil-
ity that an alternative antioxidant defense system will be found in all plant cells or 
even tissues. Every organ such as the root or shoot may use a more effective mecha-
nism in harmony with many other metabolic pathways within that particular organ 
to survive under salinity, which may result in oxidative stress. Interpreting such 
detailed substitutes can aid our understanding of effective and helpful metabolic 
systems used by many cells or tissues to cope in particular stress circumstances 
(Gallardo et al. 2014). For example, Giza119 is an engineered maize variety, which 
has higher levels of key enzymes involved in the ASC-GSH cycle in its roots 
(Sytykiewicz 2016). This variety produces greater amounts of tocopherols in its 
shoots or even in whole plants, with condensed transport of NaCl from the root to 
the shoot. During the seedling stage of plant life, this may be very helpful for man-
agement of salinity stress (Sytykiewicz 2016).

 Production and Scavenging of ROS

Generally, ROS production is the most important concern arising from aerobic res-
piration in all plants. ROS include numerous free radicals (e.g., superoxide anions 
and hydroxyl radicals), while the nonradicals include H2O2, as well as singlet oxy-
gen. A stepwise decrease in molecular oxygen (O2) through excess energy release 
and electron transfer processes indicates production of too much ROS. In numerous 
plants, ROS is continuously produced through obligatory outflow of electrons into 
O2 from electron transfer processes in the chloroplasts, mitochondria, and plasma 
membranes as a derivative of numerous respiration paths limited to many cellular 
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components. Abiotic or environmental stresses (e.g., chilling, metal toxicity, 
drought, and salinity), as well as pathogen attack, mainly increase ROS production 
in several plants because of interference with cellular homeostasis. In extremely 
high concentrations, ROS are known to be very detrimental to several microorgan-
isms. A cell is considered to be under “oxidative stress” conditions when the ROS 
level goes beyond the level that is manageable by the antioxidant defense system. 
Different environmental stress conditions produce higher concentrations of ROS, 
which pose a serious risk to plant organs through initiation of lipid peroxidation, as 
well as corrosion of proteins. Such abiotic stresses may also damage DNA, RNA, 
proteins, and various enzymes, and initiation of programmed cell death pathways, 
and even organ death, may occur.

Regardless of their potentially harmful actions, ROS play roles as secondary 
messengers for the selection of cellular mechanisms involved in resistance against 
ecological stresses. ROS can operate as destructive or signaling molecules, depend-
ing upon the balance between ROS generation and ROS-scavenging activities. 
Because ROS fulfill several functions, it is compulsory for organs to regulate ROS 
levels very actively to avoid oxidative harm while not eliminating them completely. 
Reclamation of higher ROS is attained through an effectual antioxidative defense 
system containing enzymatic and nonenzymatic antioxidants. Several enzymatic 
and nonenzymatic antioxidants are produced during salinity stresses within the 
plant cell. Many studies have been carried out in several plants regarding the func-
tion and induction of numerous enzymes involved in the defense mechanisms that 
cope the stress in plants produced by different abiotic stresses. Regarding these 
environmental conditions, conservation of antioxidant capacity may reduce toxic 
ROS and plays an important role in enhancing stress tolerance mechanisms in 
plants. Significant advancements have been used to improve oxidative stress toler-
ance in numerous plants by developing transgenic plants having higher amount of 
different antioxidants. Immediate manifestation of numerous antioxidant enzymes 
has been shown to be most helpful and more powerful than single or double enzyme 
expression. Therefore, such mechanisms are most useful for evaluation and charac-
terization of transgenic plants with improved resistance against different environ-
mental stresses. Additionally, antioxidant defense systems play signifcant roles in 
tolerance of plants under stresses.

 Production Sites and Effects of ROS

ROS comprise several free radicals, reactive fragments, and ions, which mostly 
result from O2. Furthermore, it has been estimated that approximately 1% of the 
molecular oxygen expended by many plants is used to generate ROS in numerous 
subcellular fragments. So, ROS are mostly acknowledged as having different charac-
ters, being both harmful and beneficial, depending on their absorption in plants. 
Serious damaging effects are caused when ROS concentrations are high. In moderate 
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and lower concentrations, however, they act as secondary messengers in intracellular 
signaling, facilitating numerous reactions of plant cells, tissues, or organs.

 ROS and Oxidative Loss of Biomolecules

Generation and destruction of ROS need to be precisely balanced to reduce oxida-
tive stress. A cell is considered to be in a state of oxidative stress when the amount 
of ROS causes enhancement in the defense mechanism in the plant. The balance 
between generation and scavenging of ROS is disturbed by various stressful circum-
stances, such as high salinity, drought effects, high light conditions, toxicity of dif-
ferent metals, and various pathogens (Han et al. 2009). Lipids, proteins, and DNA 
are some of the major biomolecules in plants that may be lost when high ROS 
concentrations are produced as a consequence of large amounts of salt being 
absorbed through the roots. These responses may possibly interfere with essential 
membrane characteristics such as fluidity and ion transportation, hindering enzyme 
action, protein cross-linkage, and protein synthesis, and causing DNA loss, which 
may eventually lead toward tissue or even whole-plant death (Tanou et al. 2009).

 Lipids

Lipid peroxidation mostly affects cellular functioning and is found in both cellular 
and organellar membranes when ROS concentrations go above the threshold level. 
Sharma and Dubey (2005) reported that DNA and proteins can be damaged when 
lipid peroxidation magnifies oxidative stress, with lipid synthesis resulting in radi-
cals that may react with themselves. Furthermore, lipid peroxidation has been 
extensively applied for an indication of ROS facilitating cell membrane injuries in 
different stressful circumstances. Mishra et al. (2011) reported that deprivation or 
destruction of numerous lipids have been described in cultivated crop plants because 
of several environmental stresses. Additionally, there is proliferation of lipid peroxi-
dation due to various stresses, which is equivalent to increased ROS generation. 
MDA is the final product during peroxidation of unsaturated fatty acids in phospho-
lipids and is also liable for cell membrane destruction. ROS attack two specific 
locations: unsaturated or double bonds between two carbon atoms in phospholipid 
molecules, and ester bonds between glycerol and fatty acid molecules. During the 
production of ROS, polyunsaturated fatty acids are also found in membrane phos-
pholipids. The reaction involved in peroxidation of numerous polyunsaturated fatty 
acids with a single OH group is known as a part of a cyclic chain reaction. Generally, 
the complete mechanism of lipid peroxidation involves different successive stages 
such as introduction or initiation, development, and closure or ending. The prelimi-
nary stage of lipid peroxidation involves stimulation of O2, as a level controlling 
factor. Miller et al. (2008) confirmed that O2

•− and •OH groups may react with meth-
ylene groups of polyunsaturated fatty acids, increasing lipid peroxy radicals, as well 
as hydro peroxides.
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 Proteins

The effect of ROS on proteins might possibly be the source of changes in protein 
behavior; some effects are direct, while others may be indirect. Total modification 
contains variation of a proteins movement by carbonylation, nitrosylation, and 
development of disulfide bonds, as well as glutathionylation. Yamauchi et al. (2008) 
found that proteins may remain amended ultimately though conjugation using 
breakdown products of fatty acid peroxidation. At the time of unnecessary ROS 
production, site-specific amino acid alterations, fragmentation of peptide chains, 
accumulation of cross-linked reaction products, and different absorbing mecha-
nisms, as well as enlarged exposure of proteins to proteolysis, occur.

Plant cells damaged by oxidative stress normally require better attentions of car-
bonylated proteins, which is a broadly used indicator of protein oxidation (Møller 
and Kristensen 2004). Enriched alteration of various proteins is described in all 
plants in conditions of environmental stress (Maheshwari and Dubey 2009). The 
amino acids present in a peptide differ in their vulnerability to attack by ROS. Thiol 
groups and sulfur-containing amino acids are more vulnerable to damage by ROS 
(Tanou et al. 2009). Numerous metals—such as Cd, Pb, and Hg—exposed to cause 
the reduction of protein-bound thiol groups. Oxygen can also remain added to 
methionine to form methionine sulfoxide. Tyrosine is freely cross-linked to bityro-
sine products in the presence of ROS (Tanou et al. 2009).

Enzyme inactivation is due to irreversible oxidation of iron–sulfur through O2
•− 

divalent cations which drag through metal (Fe) on the binding site on proteins. Then 
the metal (Fe) reacts in a Fenton reaction to form •OH, which quickly oxidizes an 
amino acid remaining at or adjacent to the cation-binding site of the proteins. 
Reacted proteins support by means of different sources by proteolytic assimilation. 
Cabiscol et al. (2000) recommended that oxidation might influenced the ubiquitina-
tion mechanism and proteasomes degradation. Pea leaf rough extracts with cumula-
tive H2O2 concentrations from Cd-treated plants and peroxisomes disinfected from 
pea leaves displayed proliferations in carbonyl content. Oxidized proteins were 
more competently degraded, and the proteolytic activity was increased by 20% as a 
result of the metal treatment (Cabiscol et  al. 2000). Different scientists explored 
that, under stress condition more crosslinked occur it will not only protects protein 
from damaging; nevertheless, they also may prevent proteases from damaging other 
oxidized proteins (Grune et al. 1997; Cabiscol et al. 2000).

 DNA

ROS are known as a main cause of DNA loss. ROS may be a source of oxidative 
harm to the cell nucleus, mitochondria, and chloroplast DNA (Imlay and Linn 
1988). DNA is well known as the genetic material of cells, and attacks on DNA 
result in alterations in proteins, and can cause breakdowns or thorough inactivation 
of the proteins. Oxidative occurrence to DNA can cause deoxyribose oxidation—
with damage, insertion, or deletion of various nucleotides—and a diversity of 
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alterations in the organic foundations of the nucleotides, including DNA–protein 
crosslinks. Furthermore, alterations in the nucleotides of a single constituent may 
cause divergence with the nucleotides in the other strand, resulting in mutations. 
Meriga et al. (2004) reported that high levels of DNA deprivation have been detected 
in several plants as manifestations of abiotic stresses such as salinity and metal tox-
icity. Oxidative stress on DNA bases usually includes •OH additions to double 
bonds, whereas sugar damages mostly due to hydrogen produced from deoxyribose. 
The hydroxyl radical is known to react with all purine and pyrimidine bases, as well 
as the deoxyribose backbone (Evans et  al. 2004). ROS-induced DNA harm can 
cause different mutagenic changes. Mutations arising from alterations at G:C sites, 
in particular, show oxidative effects on DNA caused by ROS. ROS produced reac-
tive yields which damages the bases of DNA (Evans et al. 2004).

ROS effects on DNA sugars result in single-strand disruptions (Oleinick et al. 
1987). DNA protein crosslinks cannot be freely recovered and might be dead when 
transcrpiton is done. As compared with nuclear DNA, the mitochondria and chloro-
plasts are very vulnerable to oxidative DNA damage because of the absence of 
defending proteins and histones, and ROS generating sites (Richter 1992). Although 
repair of damaged DNA may be possible, extreme alterations initiated by ROS 
result in permanent damage to the DNA, with possibly detrimental consequences 
for the cell (Yilancioglu et al. 2014).

 The Antioxidant Defense System

When plants are exposed to salt stress conditions, ROS are produced and damage 
cellular activity. To overcome these ROS, the cellular defense mechanisms of the 
plant are activated and protect the cells. The cellular defense systems protect the 
plant in three different ways: (1) protection, (2)  interception, and (3)  restoration. 
Maintenance of sufficient antioxidant levels helps to conserve compounds, as well 
as enzymes. Long-term and short-term alterations in these functions are new areas 
of interest in research. Synthetic antioxidants are being used in simulations of 
numerous biological approaches in plants. Enzymatic antioxidants (superoxide dis-
mutase (SOD), peroxide (POD), catalase (CAT), ascorbate peroxidase (APX), and 
glutathione reductase (GR)) and nonenzymatic antioxidants (proline, glycine beta-
ine, sugars, polyols, and phenols) produced in plant cells are the main constituents 
of the antioxidant defense systems and limit salt-induced damage.

 Components of the Nonenzymatic Antioxidative Defense System

Components of the nonenzymatic antioxidant defense system are involved in differ-
ent metabolic processes in the cell and act as cofactors for different enzymes that 
directly affect plant growth and development, from cell multiplication to cell death. 
Plants with reduced nonenzymatic antioxidant levels have been shown to be 
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hypersensitive to environmental stress (Pinto and Gara 2004). There are different 
components of the nonenzymatic antioxidant defense system, such as tocopherols, 
carotenoids, and phenolic compounds. Tocopherols are a group of lipophilic anti-
oxidants involved in scavenging of oxygen free radicals. Tocopherols inhibit the 
chain proliferation phase in lipid oxidation, which sorts it as an active free radical. 
An increase in tocopherol has been shown to increase tolerance of salinity in diverse 
plant species (Bafeel and Ibrahim 2008). It has been established that metabolic 
causes of tocopherol biosynthesis affect endogenous ascorbate and GSH pools in 
leaves. Furthermore, the apparent levels of genes encrypting enzymes involved in 
the Halliwell–Asada cycle (ascorbate peroxidase (APX), dehydroascorbate reduc-
tase (DHAR), and monodehydroascorbate reductase (MDHAR)) were upregulated. 
Mutants of Arabidopsis thaliana with transfer DNA (T-DNA) insertions in the 
tocopherol biosynthesis genes tocopherol cyclase (vte1) and γ-tocopherol methyl-
transferase (vte4) exhibited higher concentrations of protein carbonyl groups and 
glutathione disulfide (GSSG) in comparison with the wild type, representing devel-
opment of oxidative stress. Transgenic rice plants with OsVTE1 RNA interference 
(OsVTE1-RNAi) were highly sensitive to salt stress, whereas transgenic plants 
overexpressing OsVTE1 (OsVTE1-OX) exhibited higher tolerance of salt stress. 
The OsVTE1-OX plants also generated less H2O2 than the control plants.

Carotenoids are also part of the group of lipophilic antioxidants and have the 
ability to detoxify several forms of ROS. Carotenoids are present in several plants, 
including microorganisms. Carotenoids also assist signaling molecules that affect 
plant development and biotic or abiotic stress reactions (Li et al. 2010). Gomathi 
and Rakkiyapan (2011) observed that high carotenoid content favored excellent 
variation of sugarcane plants under saline conditions.

Phenolic compounds (e.g., flavonoids, tannins, hydroxycinnamate esters, and 
lignin) are considered diverse secondary metabolites with antioxidant properties. 
Phenolic compounds, especially flavonoids and phenylpropanoids, are oxidized by 
peroxidase and act in H2O2 scavenging and the phenolic/ascorbic acid (AsA)/POD 
system. There is a certain indication of stimulation of phenolic metabolism in plants 
as a reaction to various stresses. Janas et al. (2009) detected that ROS might provide 
a collective signal for acclimatization to Cu2+ stress and might cause accumulation 
of total phenolic compounds in dark-grown lentil roots. Also, transgenic potato 
plants with increased concentrations of flavonoids were shown to exhibit greater 
antioxidant capacity.

 Components of the Enzymatic Antioxidative Defense System

The enzymatic antioxidant defense mechanisms comprise different enzymes (e.g., 
SOD, CAT, ascorbate, and GSH). These enzymes operate in different subcellular 
compartments and respond in concert when cells are exposed to oxidative stress.

Superoxide dismutase (SOD) plays a main role in tolerance against oxidative 
stress in all aerobic organisms. SOD activity showed visible affect to numerous 
environmental stresses. Increased activity of SOD is frequently linked to better 
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plant tolerance of environmental stresses. It has been recommended that SOD be 
used as an indirect selection measure for screening salinity-resistant plant materials. 
Overproduction of SOD has been described as resulting in enhanced oxidative stress 
tolerance in plants (Gupta et al. 1993).

Among antioxidant enzymes, catalase (CAT) was the first enzyme to be exposed 
and described. CAT scavenges H2O2 production in cell organelles during photores-
piratory oxidation, β-oxidation of fatty acids, and several other enzyme activities 
(e.g., xanthine oxidase (XOD) attachment to SOD) (Corpas et al. 2008). H2O2 is 
degraded by CAT in an energy-effective way. Various environmental stresses are 
major causes of either enhancement or depletion of CAT activity, depending on the 
stress intensity, duration, and type (Moussa and Aziz 2008).

Ascorbic acid (AsA) is a very rich and low molecular weight antioxidant that 
plays a major part in protection against oxidative stress produced by increased lev-
els of ROS. AsA is known as the most powerful and effective antioxidant because 
of its capability to donate electrons in a number of enzymatic and nonenzymatic 
reactions. AsA has been shown to play an important role in numerous physiological 
processes in plants such as growth, differentiation, and metabolism. Apoplastic AsA 
is assumed to characterize the first line of defense, besides potentially damaging 
external oxidants (Barnes et al. 2002). AsA defends major macromolecules from 
oxidative damage. In normal physiological conditions, AsA frequently occurs in a 
condensed state in chloroplasts, where it also acts as a cofactor for violaxanthin de- 
epoxidase, consequently supporting tolerance of excess excitation energy (Smirnoff 
2000). AsA plays an important role in removal of H2O2 through the AsA- GSH cycle.

Glutathione (GSH) is one of the fundamental low molecular weight nonprotein 
thiols and plays an important role in intracellular protection against ROS-induced 
oxidative loss. Because of its high reducing power, GSH plays an important role in 
different biological practices such as cell growth, cell division, regulation of sulfate 
transportation, signal transduction, conjugation of metabolites, enzymatic regula-
tion, synthesis of proteins and nucleic acids, synthesis of phytochelatins for metal 
chelation, reclamation of xenobiotics, and expression of stress reactive genes (Foyer 
and Noctor 2003). GSH acts as an antioxidant in numerous ways. It can react chem-
ically with O2

•−, •OH, and H2O2, and therefore functions as a free radical scavenger. 
GSH may protect macromolecules such as proteins, lipids, and DNA. When apple 
trees were exposed to progressive salinity, the primary reaction was slight oxidation 
of the GSH pool, followed by enhanced GSH applications.

 Conclusion and Future Prospects

It is necessary to characterize and evaluate salt-tolerant cultivars with precise and 
site-specific construction techniques that will tolerate high production and high 
throughput in salt-affected zones. Advances in the fields of genetics, genomics, 
and biotechnology, combined with conservative breeding programs, have a great 
prospective capability to develop transgenic cultivars for excellent yield 
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performance under different environmental or abiotic stress circumstances. 
Furthermore, exogenous use of several osmoprotectants, plant hormones (natural 
or synthetic), nutrient balancing, and seed-priming practices may be efficient and 
useful for low-cost cultivar development in saline zones.

Salt stress is one of the main threats to global food security. Little research is 
available on the development of salt-resistant germplasms. Salinity produces 
osmotic stress, as well as ionic toxicity, in plants, with opposing effects on seed 
germination and plant life-spans. Salt stress disrupts the functions of cytosolic 
enzymes, which may cause nutritional imbalances, as well as oxidative destruction. 
All of these effects severely reduce crop growth and ultimately crop yield. Growth 
of salt-resistant plants by conservative breeding, along with genetic engineering, 
has shown that conventional breeding can be made much more effective to resolves 
such problems. However, in future different techniques such as RNA interference, 
transposon insertional knockouts are useful for stress-resistant genes. Increased 
understanding of signaling systems in plants is expected to result in production of 
salt-resistant cultivars in the future. Application of molecular markers for mass 
screening and breeding, marker-assisted selection, quantitative trait locus (QTL) 
studies, different exogenous growth hormones and osmoprotectants for growing 
seeds or plants, cellular-based stress signaling, and ion homeostasis tools to produce 
a useful model of an entire plant could be helpful for development of salt-resistant 
cultivars.
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 Introduction

Globally, climate change causes various environmental stresses, which pose threats 
to agricultural crop production. In natural environments, plants are exposed to dif-
ferent biotic and abiotic stresses, which have severe impacts on plant growth and 
yield (Mittler 2002; Suzuki et al. 2014; Zandalinas et al. 2017). Among the different 
environmental stresses (such as drought, heat, irregular temperatures, and high 
salinity), drought is one of the major abiotic factors throughout the world, as it 
directly affect on plant growth, thereby threatening the economy by limiting crop 
production (Martinez et al. 2018; Zhou et al. 2007; Jacobsen et al. 2012).
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Drought leads to molecular, physiological, and biochemical responses, of which 
photosynthesis is the prime physiological target (Zinta et  al. 2014; Chaves et  al. 
2009). Usually, drought stress decreases the crop yield, alters chlorophyll compo-
nents, hinders the photosynthetic process (Muller et  al. 2011), and changes the 
activity of key enzymes involved in carbon metabolism and antioxidant processes 
(Devi et al. 2012; Kaur et al. 2007). It also inhibits the enzymes involved in the 
Calvin cycle and causes a decline in photochemical activities (Dias and Brüggemann 
2010). Drought directly decreases the photosynthetic abilities of plants and reduces 
their growth by creating an imbalance between production and scavenging of reac-
tive oxygen species (ROS), which ultimately facilitates high accumulation of ROS 
in cells and induces damage to the nucleus, membrane lipids, proteins, and other 
components of cells, leading to cell death (Kabiri et al. 2014).

The responses of plants to drought depend on the intensity and duration of the 
stress, but also on the genetic characteristics of the individual species. If drought 
stress is sustained for a long period, it will indeed cause oxidative injury due to 
excessive increments in ROS (Hussein and Safinaz 2013; Miller et al. 2010). Under 
challenging environmental conditions, plants trigger molecular, biochemical, and 
physiological responses to acclimatize and persist against abnormal conditions. 
Unusual abiotic situations force plants to make changes in their metabolism to mini-
mize the harmful effects of the environmental stress. Study of a single abiotic aspect 
does not reflect the plant’s response to stress, because in natural environments, 
plants have to face more than one abiotic stress such as heat, water deficit, and 
irregular temperatures (Mittler and Blumwald 2010; Suzuki et al. 2014; De Boeck 
et  al. 2015; Hu et  al. 2015; Liu et  al. 2015; Zhang et  al. 2015). Plants undergo 
changes in their gene expression patterns to fight against multiple abiotic stresses 
(such as heat, water deficit, temperature, etc.), which empower the plants to react in 
such a way that helps them to normalize their functioning under extreme environ-
mental conditions (Mittler 2006). These types of alterations in gene expression pat-
terns force plants to undergo changes at the metabolic level to deal with unfavorable 
environmental circumstances. This kind of alteration adopted by plants varies 
among species and according to the type and intensity of the stress.

To expose the mechanism of drought stress and to detect drought-related genes 
in plants, a wide range of studies have been conducted on Arabidopsis (as a model 
plant). Enormous success has been achieved in understanding the mechanisms of 
drought tolerance and in determining drought-associated genes (Seki et al. 2002). 
Recognition of drought tolerance genes is a major step toward breeding resistant 
cultivars through breeding programs or via the latest genome-editing technologies.

 Oxidative Stress Under Drought Conditions

Drought stress induces a series of metabolic alterations, morphological variations, 
and physiological changes in plants, which disrupt the normal homeostasis of the 
plants. Water deficit conditions impose oxidative stress on plants, which leads to 
production of various ROS such as hydrogen peroxide (H2O2), hydroxyl radicals 
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(OH•), superoxide (O2
−), and singlet oxygen (1O2). In plants, O2

− and H2O2 govern 
different reactions at cellular level, such as the Fenton reaction (an iron-catalyzed 
reaction) and different enzyme reactions involving xanthine oxidase, peroxidases 
(PODs), reduced nicotinamide adenine dinucleotide phosphate hydrogen (NADPH) 
oxidase, and lipoxygenases, as shown in Table 1. The major cellular components 
that are more prone to damage by these radicals are nucleic acid, proteins, carbohy-
drates, lipids (through peroxidation of unsaturated fatty acids in the membrane), and 
enzymes (through denaturation) (Mattos and Moretti 2015).

Generally, plants produce ROS in an aerobic environment. Any variation in the 
external environment causes variations at the metabolic level, which trigger ROS 
production in plant cells (Suzuki et  al. 2013). High production of ROS causes 
inequality in the electron transport process in the mitochondria and chloroplasts. 
Under water deficit conditions, approximately 70% of total H2O2 is produced 
through photorespiration, which is the key factor in ROS production. Drought stress 
causes stomatal closure, which prompts ROS accumulation. ROS such as hydrogen 

Table 1 Reactive oxygen species (ROS) types, sites of production, reactivity, and scavenging 
systems in plants cells [Ref. in text]

ROS

ROS 
symbol 
(+/−)

Sites of 
production Reactivity

Scavenging systems

Enzymatic Nonenzymatic

Hydrogen 
peroxide

H2O2, 
nonradical

Peroxisomes, 
chloroplasts, 
mitochondria, 
cytosol, apoplast

Reacts with 
proteins by acting 
on cysteine and 
methionine 
residues; reacts 
with heme 
proteins; reacts 
with DNA

APX, CAT, 
GPX, PER, 
PRX, GSH

Ascorbate

Hydroxyl 
radical

OH•, 
radical

Iron, H2O2 
(Fenton reaction)

Extremely reactive 
with all 
biomolecules, 
including DNA, 
RNA, lipids, and 
proteins

Flavonoids, 
proline, 
ascorbate, 
sugars

Singlet 
oxygen

1O2, 
nonradical

Membranes, 
chloroplasts, 
nucleus

Oxidizes lipids, 
proteins (Trp, His, 
Tyr, Met, and Cys 
residues), and 
G residues of DNA

Carotenoids, 
α-tocopherol

Superoxide O2
•−, 

radical
Apoplast 
(RBOHs), 
chloroplasts, 
mitochondria, 
peroxisomes, 
electron transfer 
chains

Reacts with Fe–S 
proteins and is 
dismutated into 
H2O2

SOD Flavonoids, 
ascorbate

APX  ascorbate peroxidase, CAT  catalase, GPX  glutathione, PER peroxidase, GSH  glutathione, 
PER peroxidase, PRX peroxiredoxin, RBOH respiratory burst oxidase homologue
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peroxide are well known for causing cellular damage, toxicity, and inhibition of 
photosynthesis under stress conditions (Choudhury et al. 2017), whereas in normal 
conditions, these molecule mediate the signaling transduction response in plant 
cells (Mittler 2017). However, enormous increments in ROS and scavenging are key 
processes that mediate more efficient consumption of ROS as a primary plant 
defense strategy to fight against numerous stress conditions (biotic or abiotic). ROS 
increments reveal a negative impact on normal plant growth and homeostasis, which 
restricts cellular processes. On the other hand, at low levels, ROS function as signal 
transduction molecules, which help plants to maintain their normal cellular pro-
cesses (Nath et al. 2016).

 Production and Scavenging of ROS

ROS production is stimulated in a highly systematic manner in defined cellular 
organelles of the plant cell, governed by ROS signaling. This may be initiated by the 
enzyme responsible for ROS production in the apoplast and plasma membrane, 
NADPH oxidase [in plants, this is termed a respiratory burst oxidase homologue 
(RBOH)] (Sumimoto 2008; Suzuki et al. 2011; Laurindo et al. 2014; Sirokmany 
et  al. 2016). This enzyme family may be located in the endoplasmic reticulum, 
mitochondria, vacuole, or nucleus, and they are regulated through various phos-
phorylation/dephosphorylation and calcium-dependent reactions (Suzuki et  al. 
2011; Laurindo et al. 2014). Moreover, in the case of RBOHs, the signaling of ROS 
is initiated through PODs in the apoplast, along with ROS accumulation in various 
cellular organelles such as the nucleus, mitochondria, chloroplasts, and peroxi-
somes (Mittler et al. 2004, 2011; Halliwell and Gutteridge 2007; Konig et al. 2012; 
Foyer and Noctor 2013; Vaahtera et  al. 2014; Mignolet-Spruyt et  al. 2016). 
Therefore, an appropriate balance is maintained between metabolic ROS produc-
tion, ROS detoxification, and ROS production for signaling; the rates of ROS reac-
tivity and diffusion; and ROS perception in the various cellular organelles (ROS 
network) of the plant cell (Mittler et al. 2004).

To retain the normal balance of ROS levels under drought stress, plant tissues 
produce various enzymes that are scavengers of ROS (Mattos and Moretti 2015). 
Increased tolerance of abiotic stress in plants is thought to be associated with rapid 
detoxification of excessive ROS (Martinez et al. 2018). These ROS-dependent sig-
nals/reactions regulate the broad reaction of the plant cell to cope with the specific 
circumstances.

Under abiotic stresses, ROS has some beneficiary functions until a normal ROS 
level is reached, such as stimulation of plant acclimatization pathways through 
induction of signal transduction reactions (Foyer and Noctor 2013; Vaahtera et al. 
2014; Mignolet-Spruyt et  al. 2016; Mittler 2017). During drought stress, ROS- 
scavenging systems are highly sensitive and are also unable to initiate systemic 
signaling (Davletova et al. 2005; Suzuki et al. 2013; Mittler et al. 2004; Suzuki et al. 
2011). Plants stimulate different pathways, such as the Asada–Foyer–Halliwell 
pathway, which consume energy in the form of NADPH to detoxify ROS toxicity; 
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once the energy (NADPH) is consumed, these pathways stop and the plant is unable 
to protect itself from ROS toxicity (Mittler et al. 2004).

Typically, ROS seem to be beneficial, provided that the cell reserves have suffi-
cient energy to detoxify the ROS during drought stress (Choudhury et al. 2017). 
ROS are mostly tolerable for cells, as they support cellular sustainability and 
 development. It is only in the event of oxidative stress that they consequently initiate 
programmed cell death pathways such as cell necrosis or ferroptosis (Berghe et al. 
2014; Xie et  al. 2016; Conrad et  al. 2016). Thus, plants that can maintain their 
metabolism under drought stress are able to withstand environmental stress and 
mount an appropriate acclimatization response.

 Antioxidant Defense System

Plants initiate various mechanisms to maintain normal homeostasis of cells, such as 
enzymatic and nonenzymatic scavenging systems to protect cells from oxidative dam-
age. These enzymatic and nonenzymatic scavenging systems are mediated by plants 
to detoxify the detrimental effects of drought stress, as shown in Tables 2 and 3.

Table 2 Enzymatic antioxidant defense systems used by plants to enhance drought tolerance 
under stress conditions [See text for references]

Enzymatic scavenging system Enzyme symbol; EC Reacts with

Superoxide dismutase SOD; EC 1.15.1.1 O2
•−

Peroxidase POD; EC 1.11.1.x ROS (detoxification)
Catalase CAT; EC 1.11.1.6 H2O2

Glutathione reductase GR; EC 1.6.4.2 GSH cycle
Glutathione S-transferases GST; EC 2.5.1.18 Hydroxyperoxide
Glutathione peroxidase GPX; EC 1.11.1.9 H2O2

Ascorbate peroxidase APX; EC 1.11.1.11 H2O2

EC International Union of Biochemistry and Molecular Biology (IUBMB) Enzyme Commission 
number, GSH glutathione, ROS reactive oxygen species

Table 3 Nonenzymatic antioxidant defense systems used by plants to enhance drought tolerance 
under stress conditions [See text for references]

Nonenzymatic 
scavenging system Class of compound Reaction with ROS

Proline Osmolyte Helps to preserve drought tolerance
Glycine betaine Osmolyte Helps to preserve drought tolerance
α-Tocopherols Vitamin E Helps to maintain cell homeostasis
Ascorbic acid Vitamin C Helps to maintain cell homeostasis
Carotenoids Tetraterpenoid Photoprotective role in ROS scavenging
Flavonoids Secondary metabolite Neutralizes free radicals
Glutathione Glutathione Protects the photosynthetic apparatus from ROS

ROS reactive oxygen species
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 Enzymatic ROS-Scavenging System

 Superoxide Dismutase

The superoxide dismutase (SOD) metalloenzyme is localized in almost all aerobic 
organisms and is the foremost antioxidant enzyme in all subcellular sections that are 
prone to ROS-assisted oxidative stress. Abiotic stresses trigger the production of 
ROS; here, SOD reacts as a frontline defense system, enhancing the plant’s toler-
ance of the harmful effects of ROS by catalyzing the O2

•− into H2O2 and O2 as shown 
in Table 2 (Mittler 2002).

 Peroxidase

In addition to RBOHs, peroxidase (POD) is involved in mediating ROS signaling in 
the apoplast, along with ROS accumulation in various cellular organelles such as 
the nucleus, mitochondria, chloroplasts, and peroxisomes (Mittler et al. 2004, 2011; 
Halliwell and Gutteridge 2007; Konig et al. 2012; Foyer and Noctor 2013; Vaahtera 
et al. 2014; Mignolet-Spruyt et al. 2016). High accumulation of ROS occurs during 
photorespiration and photosynthesis in peroxisomes and chloroplasts, along with 
production of ROS in the apoplast/cell wall (Suzuki et  al. 2011), prompting the 
plant to stimulate its enzymatic ROS-scavenging system, including POD, ascorbate 
peroxidase (APX), catalase (CAT), and SOD (Suzuki et al. 2011).

 Catalase

Catalase (CAT) enzymes contain tetrameric heme, giving them the tendency to react 
with H2O2 and convert it into H2O (water) and O2 (molecular oxygen). CATs are 
important enzymes for detoxification of ROS under stress conditions (Garg and 
Manchanda 2009) because CAT has the highest runover rates of all enzymes; in 
1 min, one CAT molecule can transform about 6 million H2O2 molecules into H2O 
(water) and O2 (molecular oxygen) as shown in Table 2. CAT enzymes have been 
studied widely because of their dynamic role in elimination of H2O2 molecules 
formed in peroxisomes through oxidases involved in purine catabolism, photorespi-
ration, and β-oxidation of fatty acids (Polidoros and Scandalios 1999).

 Glutathione Reductase

Glutathione reductase (GR), a flavor protein, is a diverse enzyme class found in both 
eukaryotes and prokaryotes (Romero-Puertas et  al. 2006). GR is an important 
enzyme in the ascorbic acid–glutathione cycle, which helps in detoxifying the 

S. Hussain et al.



213

detrimental effects of ROS.  This enzyme is found in chloroplasts, and a small 
amount is localized in the cytosol (Edwards et al. 1990; Creissen et al. 1994).

 Glutathione S-Transferase

In plants, glutathione S-transferase (GST) is a large and complex enzyme class with 
diverse functions in plants, such as hormone homeostasis, hydroxyperoxide detoxi-
fication, herbicide detoxification, vacuolar sequestration of anthocyanin, tyrosine 
metabolism, plant responses to biotic and abiotic stresses, and regulation of apopto-
sis; additionally, it catalyzes the conjugation of electrophilic xenobiotic substrates 
through tripeptide glutathione (Dixon et al. 2010).

 Glutathione Peroxidase

Glutathione peroxidase (GPX) is a large family of diverse enzymes. GPX uses glu-
tathione for H2O2 reduction and also aids in reduction of lipid and organic hydroper-
oxides, thus protecting cells from oxidative damage (Noctor et  al. 2002). In 
Arabidopsis, about seven GPX-correlated protein families have been identified in 
the mitochondria, endoplasmic reticulum, cytosol, and chloroplasts (Millar et  al. 
2003).

 Ascorbate Peroxidase

Ascorbate peroxidase (APX) plays a critical role in ROS scavenging and cell pro-
tection in algae, Euglena, higher plants, and some other organisms. APX is involved 
in H2O2 scavenging in the ascorbate–glutathione cycle (which uses ASH as an elec-
tron donor) and the water–water cycle (Table 1). The APX family contains five dif-
ferent types of isoform, including glyoxysome membrane (gmAPX), thylakoid 
(tAPX), cytosolic (cAPX), mitochondria isoforms (mAPX), and chloroplast stromal 
soluble (sAPX) forms (Noctor and Foyer 1999).

 Nonenzymatic ROS-Scavenging System

 Proline

Proline is a well-known osmolyte, which is now regarded as a strong inhibitor of 
programmed cell death and a potential antioxidant. Thus, proline is considered a 
nonenzymatic antioxidant required by animals, plants, and microbes to minimize 
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the adversarial effects of ROS (Chen and Dickman 2005). In plants, l-proline is 
catalyzed from l-glutamic acid through D1-pyrroline-5-carboxylate synthetase 
(Verbruggen and Hermans 2008).

 Glycine Betaine

Glycine betaine is one of the main organic osmolytes produced by plants under 
abiotic stress conditions such as irregular temperatures, drought, heavy metals, 
salinity, and ultraviolet radiation. Accumulation of glycine betaine enhances plant 
tolerance of abnormal environmental conditions through mediation of osmotic 
adjustment, membrane integrity, and enzyme regulation (Ashraf and Foolad 2007).

 α-Tocopherol (Vitamin E)

Tocopherols are potent lipid radicals and ROS scavengers (Hollander-Czytko et al. 
2005). They are major lipid-soluble antioxidants in biomembranes and act in a dual 
role (antioxidant as well as nonantioxidant). In plants, tocopherols are abundant in 
the thylakoid membrane of chloroplasts, acting as antioxidants in maintenance of 
membrane stability and scavenging or quenching ROS such as 1O2. Four different 
isomers of tocopherols have been found in plants, of which α-tocopherol is promi-
nent because it has three methyl groups in its molecular structure, which makes it a 
strong antioxidant (Kamal-Eldin and Appelqvist 1996).

 Ascorbic Acid (Vitamin C)

Ascorbic acid is a water-soluble, effective, and potent antioxidant found abundantly 
in meristems and in photosynthetic cells. It acts as a defender by reducing the dam-
age caused by ROS (Smirnoff 2005; Athar et al. 2008). Ascorbic acid concentra-
tions are highest in the developed chloroplasts of mature leaves with abundant 
chlorophyll (Smirnoff 2000), such as in stromal compartments (with a concentra-
tion of 30 mM) as shown in Table 3. About 30–40% of the total ascorbic acid is 
present in chloroplasts (Foyer and Noctor 2005).

 Carotenoids

Carotenoids are pigments found abundantly in all photosynthetic organisms. Those 
such as zeaxanthin and β-carotene play a photoprotective role by scavenging ROS 
or dispersing excess energy in the form of heat and suppressing lipid peroxidation. 
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In nature, more then 600 carotenoids are present. Carotenoids have three major 
roles: absorbing light wavelengths between 400 and 550  nm (Sieferman-Harms 
1987), protecting the photosynthetic apparatus from free radicals produced during 
photosynthesis (Collins 2001), and protecting and stabilizing photosystem I and the 
thylakoid membrane as shown in Table 3 (Niyogi et al. 2001; Gill et al. 2009).

 Flavonoids

Flavonoids are distributed throughout the plant kingdom. They are usually found in 
floral parts, pollens, and leaves. Most flavonoids are accumulated as glycosides in 
plant vacuoles, and they are also found in the aerial parts of plants and as exudates 
on leaves. In plant cells they are present in a 1-mM concentration and play major 
roles in pigmentation of seeds, flowers, and fruit; defense against pathogens; protec-
tion from harmful ultraviolet light; and germination of pollen and plant fertility 
(Olsen et al. 2010). Flavonoids include well-known antioxidants such as α-tocopherol 
and ascorbic acid, which are vital for plants in unfavorable environmental condi-
tions and assist in neutralization of free radicals and scavenging of ROS before they 
can do damage (Løvdal et al. 2010).

 Glutathione

Glutathione (GSH) is a key metabolite, which plays a central role in scavenging of 
ROS to avoid oxidative damage in almost all cellular compartments such as the 
endoplasmic reticulum, apoplast, peroxisomes, mitochondria, vacuoles, chloro-
plasts, and cytosol (Mittler and Zilinskas 1992; Jimenez et al. 1998). GSH is abun-
dant in all plant tissues and is important for protection of the photosynthetic 
apparatus against ROS-induced oxidative damage (Creissen et al. 1999). Moreover, 
GSH is vital for regulating various physiological processes such as signal transduc-
tion, sulfate transport, detoxification of xenobiotics, and conjugation of metabolites 
(Xiang et al. 2001).

 Conclusion

Plant growth and development are influenced by different kinds of environmental 
stresses during the plant’s life cycle. Among different environmental factors, 
drought is one of the most injurious abiotic factors, which limits crop production by 
targeting photosynthesis and various cellular functions. Under normal water condi-
tions, reactive oxygen species (ROS) have various important functions in maintain-
ing and regulating the normal functioning of the cells, but when drought stress 
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conditions trigger production of ROS, this disrupts the dynamic balance between 
ROS production and ROS-scavenging systems. Accumulation of ROS also depends 
on the intensity and duration of water stress, and it varies among species. There are 
two categories of ROS: radical ROS, which include hydroxyl radicals (OH•) and 
superoxide (O2

−); and nonradical ROS, which include hydrogen peroxide (H2O2) 
and singlet oxygen (1O2). In plants, O2

− and H2O2 are involved in numerous cellular 
reactions, such as the Fenton reaction and different enzymatic reactions involving 
xanthine oxidase, peroxidases, NADPH oxidase, and lipoxygenases. The major cel-
lular components that are more prone to damage by these radicals include nucleic 
acid, proteins, carbohydrates, lipids, and enzymes (through denaturation).

A plant species that has a better inherited genetic response, allowing it to rapidly 
deploy its antioxidant enzymatic and nonenzymatic defense system, can tolerate 
drought better than a plant species with a poor antioxidant defense system. Enzyme 
and protein–encoding drought-specific genes have the ability to enhance drought 
tolerance. Different crops have already been genetically engineered for drought tol-
erance, such as wheat, sugarcane, and soybean. These two enzymatic and genetic 
engineering strategies are unique and vital tools, which can be used to help alleviate 
the world’s future problems related to energy, food, and environment stresses.
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 Introduction

Rapid industrial revolution and urbanization in modern world release considerable 
amount of toxic metal/metalloid to the environment which is mostly responsible for 
soil, water, and air pollution (Hasanuzzaman and Fujita 2012; Zhang and Gao 2015; 
Rizwan et al. 2016). Recently, toxic metals/metalloids are considered major envi-
ronmental contaminants for world agricultural production. There are numerous 
source of toxic metal/metalloid which disturbs the growth of plant, e.g., ore mining 
and refining, use of agrochemicals (fertilizer and pesticide), metal industries, 
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burning of fossil fuels, vehicular exhaust emissions, power stations, solid wastes 
disposal (including sewage sludge), irrigation of soil with wastewater, and contigu-
ous industrial activities (Yadav 2010; Hasanuzzaman and Fujita 2012; Rehman 
et al. 2017). Metal/metalloid pollution in the crop growing area increases their accu-
mulation in plant as well as facilitates entry of them into the human food cycle. 
Moreover, it harshly alters the usual growth, physiology, and biochemistry of plant 
(Sarwar et al. 2017; Mahmud et al. 2018). So, toxic metal/metalloid has become an 
ever increasing concern and scientists are giving attention and showing huge 
research interest in recent years.

Some metals, e.g., zinc (Zn), iron (Fe), boron (B), copper (Cu), manganese (Mn), 
and nickel (Ni), are essential element for plant growth up to certain concentration 
that is critically involved in wide range of physiological and biochemical processes 
in plants for the activation of different metal-dependent enzymes and proteins. 
However, at excess concentrations, they can become injurious to plants. Metals like 
cadmium (Cd), lead (Pb), mercury (Hg), chromium (Cr), aluminum (Al) and metal-
loid like arsenic (As) are nonessential and potentially highly toxic for any living 
organisms including plants (Flora et al. 2008; Tangahu et al. 2011; Hasanuzzaman 
and Fujita 2012; Zhou et  al. 2014; Emamverdian et  al. 2015). They inhibit seed 
germination, reduce plant growth, alter plant metabolism, decrease nutrient uptake, 
and inhibit photosynthesis by negatively affecting chlorophyll (chl) formation and 
chloroplast ultrastructure (Sharma and Dietz 2009; Hasanuzzaman and Fujita 2012; 
Hossain et al. 2012). So, in a whole they are able to create nutritional disorder and 
oxidative stress for plant, which jointly hinder the key mechanisms of plant growth 
and development.

Toxic metal/metalloid is extremely reactive and creates toxicity to plant cells in 
many ways depending on their types, nature, and concentration. At the very begin-
ning toxic metal/metalloids overgenerate toxic reactive oxygen species (ROS) 
(Hasanuzzaman and Fujita 2012; Panda et al. 2016; Mahmud et al. 2018). Moreover, 
metal/metalloid toxicity alters a wide range of important functions of plant in physi-
ological and molecular level. They inactivate or downregulate different enzymes, 
denature protein and destroy the integrity of cell membrane which lastly hinder 
plant metabolism, photosynthesis, respiration along with production of toxic ROS 
or free radicals. Cellular ultrastructures like lipids, proteins, and nucleic acids are 
oxidized by the elevated level of ROS (Sigfridsson et al. 2004; Hasanuzzaman and 
Fujita 2012). In addition, methylglyoxal (MG), a cytotoxic reactive oxidative com-
pound, impulsively formed under a variety of abiotic stresses including heavy 
metal/metalloid toxicity, which damages cellular ultrastructure and causes mutation 
and even cell death (Yadav et al. 2008; Hasanuzzaman et al. 2017a). But plants have 
antioxidant defense and glyoxalase systems to scavenge overgenerated ROS and 
MG. Plant cells contain non-enzymatic components (ascorbic acid, AsA; glutathi-
one, GSH; phenolic compounds; alkaloids; α-tocopherol and non-protein amino 
acids) and enzymatic components (superoxide dismutase, SOD; catalase, CAT; 
ascorbate peroxidase, APX; glutathione reductase, GR; monodehydroascorbate 
reductase, MDHAR; dehydroascorbate reductase, DHAR; glutathione peroxidase, 
GPX; and glutathione S-transferase, GST) within the antioxidant defense system 
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(Gill and Tuteja 2010; Hasanuzzaman and Fujita 2012). Glyoxalase or MG detoxi-
fication system established with two efficient vital enzymes, glyoxalase I (Gly I) 
and glyoxalase II (Gly II) (Yadav et al. 2008; Hasanuzzaman et al. 2017a). Beside 
these two system different osmolytes (proline, Pro; glycine betaine, GB; trehalose, 
Tre; etc.), chelating agents (phytochelatins, PCs; metallothioneins, MTs; etc.) were 
synthesized in plant cell to work against stress (Cobbett and Goldsbrough 2002; 
Singh et  al. 2015). So, effective function of antioxidant defense and glyoxalase 
systems against ROS and MG, improvement of osmolytes synthesis and production 
of different chelating agent under stress condition determines the tolerance capabil-
ity of plants. However, the efficiency of this system varies greatly with plant geno-
types and stress intensity. With the increase of metal/metalloid concentration, plants 
lose surviving capacity. So, enhancement of abovementioned molecular approaches 
is one of the major strategies to cope up against metal/metalloid stress. In recent 
times, using exogenous phytoprotectants such as plant hormones, organic acids, 
signaling molecules, and trace elements is now common in research and is antici-
pated to metal/metalloid stress tolerance. In this chapter we primarily focused on 
metal/metalloid-induced oxidative stress in plants and different molecular 
approaches in increasing antioxidant defense.

 Reactive Oxygen Species Generation Under Metal/Metalloid 
Stress

Production of ROS is an inevitable phenomenon in higher plants due to diverse cel-
lular metabolic activities (Hossain et al. 2012). But under different abiotic stress 
including metal/metalloid toxicity, ROS production increased dramatically and 
destroys the balance of it with antioxidant enzymes (Hasanuzzaman and Fujita 
2012). Under normal conditions, ROS play numerous indispensable functions in 
cell for regulating the expression of different genes. Moreover, ROS control numer-
ous processes like the cell cycle, plant growth, abiotic stress responses, systemic 
signaling, programmed cell death, pathogen defense and development. The imbal-
ance activation or reduction of oxygen at the time of different metabolic activities 
(photosynthesis, respiration, etc.) under stress condition is accountable for overgen-
eration of ROS in different important parts of plant cell including plastids, peroxi-
somes, mitochondria, cytosol, and apoplast. Among the cellular parts, chl is the 
principal site for ROS production (Hasanuzzaman et  al. 2012b; Tripathy and 
Oelmüller 2012; Hossain et al. 2012). Inequity between ROS production and safe 
detoxification produce oxidative stress and the accumulating ROS are detrimental 
for the plants. Conversely, certain level of ROS can act as signaling molecule in 
response to various stresses (Tripathy and Oelmüller 2012). Two categories of toxic 
metal are available in the earth including redox active (e.g., Fe, Cu, Cr, Co) and non- 
redox active (e.g., Cd, Pb, Zn, Ni, Al), where redox active metal can generate ROS 
directly through Haber–Weiss and Fenton reactions. Rest metals/metalloids (Cd, 
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Pb, Zn, Ni, Al, etc.—without redox capacity) enhance ROS production by reducing 
the antioxidant glutathione pool, inducing NADPH oxidase, displacing essential 
cations from specific binding sites of enzymes, activating calcium-dependent sys-
tems and influencing iron-mediated processes (Fig.  1; Chou et  al. 2011; 
Hasanuzzaman and Fujita 2012; Panda et al. 2016; Mahmud et al. 2018). Reactive 
oxygen species or free radicals principally include singlet oxygen, 1O2; superoxide 
anion, O2

•−; hydrogen peroxide, H2O2; and hydroxyl radical, OH• (Sigfridsson et al. 
2004; Hasanuzzaman and Fujita 2012). High amounts of O2

•− and H2O2 were pro-
duced in chl through the Mehler reaction, fundamentally during the reduced rate of 
photosynthetic carbon fixation, a typical situation during abiotic stresses (Takahashi 
and Murata 2008).

Productions of excess ROS under different metal/metalloids stress were 
recorded in a diverse range of studies. Reactive oxygen species (H2O2 content) of 
rapeseed seedlings increased by 37 and 60% exposed to 0.5 and 1.0 mM CdCl2 for 
2 days, respectively (Hasanuzzaman et al. 2012b). Shah et al. (2001) recorded ele-
vated level of superoxide anion generation of two rice cultivars (Ratna and Jaya) 
which were grown in sand cultures for a period of 5–20 days in the presence of 100 
and 500 mM Cd(NO3)2 in the medium. Mahmud et  al. (2017a) histochemically 
stained Cd-induced ROS accumulation in the leaves of three Brassica species and 
found dark blue spots of O2

•− and brown spots of H2O2 increasing with the increas-
ing dose of Cd (Fig. 2). Compared with control, Cd stress increased H2O2 and O2

•– 

Fig. 1 Metal/metalloid-induced ROS generation in plants. ROS, 1O2, O2
•−

, H2O2, and OH• indicate 
reactive oxygen species, singlet oxygen, superoxide anion, hydrogen peroxide, and hydroxyl 
radical
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generation in the leaves of mustard (Mahmud et al. 2018), mung bean (Nahar et al. 
2016a, b), and rice (Rahman et al. 2016) seedlings. Similarly As stress for 5 days 
in 14-day-old rice seedlings increased H2O2 content (Rahman et al. 2015). Luffa 
acutangula was exposed to two levels of As stress (5 and 50 μM) which resulted 
with dose- dependent increase of ROS (O2

•− and H2O2) generation (Singh et  al. 
2013). Mahmud et al. (2017b, c) carried out two separate experiments under Cr 
stress with mustard plant and observed higher generation of H2O2 and O2

•– in the 
leaves. Lower ATP production, higher lipid peroxidation, membrane impairment, 
and DNA damage due to high generation of ROS under Pb stress were observed in 
different plants (Ali et al. 2014; Shahid et al. 2015; Ashraf and Tang 2017). Similar 
with other metal excess, Zn (Wu et al. 2015a, b; Hamed et al. 2017a; Pramanick 
et al. 2017), Cu (Dong et al. 2014), Ni (Rajpoot et al. 2015), Mn (Srivastava and 
Dubey 2011), Al (Nahar et  al. 2017), B (Soylemezoglu et  al. 2009), etc. also 
enhance ROS generation in different plants.

 Metal/Metalloid-Induced Oxidative Stress in Plants

Metals/metalloids stresses are considered as imperative environmental hazards to 
plant because besides initiating nutrient imbalance they create serious oxidative 
stress in cellular level (Gjorgieva et al. 2013; Štolfa et al. 2015). Principally both 
redox active and non-redox active metal/metalloids enhance ROS production by 
Haber–Weiss and Fenton reactions or reducing the antioxidant glutathione pool, 
inducing NADPH oxidase, displacing essential cations from specific binding sites 
of enzymes, activating calcium-dependent systems and influencing iron-mediated 

Fig. 2 Histochemical detection of H2O2 (a) and O2
•− (b) of different Brassica species under Cd 

stress. Cd1 and Cd2 indicate 0.25 mM CdCl2 and 0.5 mM CdCl2, respectively (Source: Mahmud 
et al. 2017a)
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processes (Chou et al. 2011; Hasanuzzaman and Fujita 2012; Panda et al. 2016; 
Mahmud et al. 2018). Production of toxic MG under metal stress also recorded in 
many plants which directly or indirectly involved with oxidative stress (Nahar 
et al. 2016a, b; Hasanuzzaman et al. 2017a, b, c; Mahmud et al. 2017a, b, 2018). 
Overgenerated ROS and MG destroy the balance of them with antioxidative 
enzymes in cellular level which causes a wide range of detrimental physiological 
responses in plants including peroxidation of lipids, proteins, DNA, etc. and con-
sequently leads to cell death (Hasanuzzaman and Fujita 2012; Sharma et al. 2012; 
Hasanuzzaman et al. 2017c). There is enough evidence that exposure of plants to 
excess concentrations of metals/metalloids face serious oxidative stress as they 
destroy the balance of antioxidant defense and ROS production in cell. In this 
section, we discussed different metals/metalloids-induced oxidative stress in 
plants (Fig. 3).

 Cadmium

Cadmium has been assumed as a serious environmental contaminant in terms of 
damage to plant growth and human health. It accumulates in plants excessively 
from growing media/soil and subsequently transport into human food cycle. 
Increased Cd uptake in plants interrupts metabolism of plant and obstructs crop 
growth and development (Mahmud et al. 2017a, 2018). As a redox inactive metal 

Fig. 3 Metal/metalloid-induced oxidative stress in plants. ROS, MG, 1O2, O2
•− H2O2, and OH• 

indicate reactive oxygen species, methylglyoxal, singlet oxygen, superoxide anion, hydrogen per-
oxide, and hydroxyl radical
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Cd is unable to develop oxidative stress directly through Fenton or Haber–Weiss 
reaction, but enhance production of ROS by weakening antioxidant defense system 
(Srivastava et al. 2004; Benavides et al. 2005; Gill and Tuteja 2010; Mahmud et al. 
2017a) and hindering transfer of electron at photosystem II (Sigfridsson et al. 2004; 
Mahmud et al. 2017a). Being a nonessential inactive redox metal, Cd is not involved 
in generating oxidative stress through the Fenton or Haber–Weiss reaction. However, 
Cd can block the photosynthetic electron transport chain, which is the main reason 
for increased ROS production. Cadmium hinders the photoactivation of photosys-
tem II (PS II) by inhibiting electron transfer and leads to the generation of ROS 
(Sigfridsson et al. 2004). Cadmium impedes with the cellular structures and func-
tions of several important molecules with marked endpoints such as cell prolifera-
tion and cell death (Cuypers et al. 2010). Chou et al. (2011) observed that Cd is 
involved with the striking increase of lipid peroxidation and H2O2 rice seedlings. 
Considerable amount of electrolyte leakage was also observed under Cd stress 
(Agami and Mohamed 2013). Nahar et al. (2016a) carried out an experiment with 
mung bean plant and observed that Cd stress increased the oxidative stress markers 
(O2

•– generation, H2O2 and MDA contents) in a concentration-dependent manner. In 
their study lipoxygenase activity also increased under Cd stress, which may finally 
increase lipid peroxidation. Higher MG content also recorded under Cd stress. 
Similar findings were observed in previous experiments on Cd stress in different 
plants (Szollosi et al. 2009; Zheng et al. 2010; Nahar et al. 2016b). Oxidative stress 
also increased in rice seedling along with growth reduction under Cd stress 
(0.25 mM and 0.5 mM Cd) for 3 days (Rahman et al. 2016). They demonstrated 
MDA content increased by 83 and 136%, H2O2 content increased by 46 and 84%, 
LOX activity increased by 60 and 85% under 0.25 mM and 0.5 mM CdCl2, respec-
tively. They also observed considerable increase of MG content under both levels of 
stress. In 2017, Mahmud et  al. (2017a) checked the relative tolerance of three 
Brassica species (B. napus, B. campestris, and B. juncea) seedlings exposed to two 
concentration of Cd stress (0.25 and 0.5 mM CdCl2) for 3 days. They recorded Cd 
stress decreased seedlings biomass, leaf relative water content (RWC), and chloro-
phyll (chl) content, whereas proline (Pro), MDA, and H2O2 content, lipoxygenase 
(LOX) activity and MG content increased in all species in dose-dependent manner. 
Malondialdehyde content increased by 74, 57, and 55% under 0.25 mM CdCl2, and 
114, 94, and 85% under 0.5 mM CdCl2 in B. campestris, B. napus, and B. juncea, 
respectively, compared with the control plants. Similarly, Wu et al. (2017) demon-
strated a study with Chinese cabbage under Cd stress and found overproduction of 
MDA and H2O2. Very recently, Mahmud et al. (2018) treated 12-day-old B. juncea 
seedlings with Cd (0.5 mM Cd and 1.0 mM CdCl2) in a semi-hydroponic medium 
for 3  days. They found increasing Cd concentrations in growing media led to 
reduced growth, biomass, water status and chl content of seedlings by increasing 
oxidative damage. Malondialdehyde content; H2O2 level; superoxide, O2

•− genera-
tion; LOX activity; and MG content increased substantially under Cd stress, whereas 
activity of different major enzymes of antioxidant defense and glyoxalase system 
downregulated resulting oxidative stress.
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 Lead

Lead is a heavy metal well-known for its eco-toxicological properties like long-term 
persistence and non-biodegradability (Ashraf et al. 2015; Ashraf and Tang 2017). It 
has a broad range of harmful effects to both plants and animals affecting their mor-
phological, physiological, and biochemical properties. Many studies demonstrated 
the negative outcome of plants, e.g., reduced germination, impaired plant growth, 
root growth, seedling development, transpiration, reduced water and protein con-
tent, and chlorophyll synthesis upon exposure to Pb toxicity (Flora et  al. 2012; 
Kumar et  al. 2012a, 2017). It also results in lower ATP production, higher lipid 
peroxidation, membrane impairment, and DNA damage by producing ROS in a 
higher amount (Ali et al. 2014; Ashraf and Tang 2017). However, the toxic proper-
ties of Pb are depended on the applied chemical form and duration of exposure 
(Shahid et al. 2015). Vicia faba is considered to be a metal sensitive plant and hence 
Shahid et al. (2014a, b) used this plant to evaluate the role of different chelating 
agents on the Pb toxicity to plants. They used 5 μM Pb as lead nitrate for different 
durations (4, 8, 12, and 24 h) and observed that thiobarbituric acid reactive sub-
stances (TBARS) content was slightly higher at 4 h of Pb exposure while signifi-
cantly increased by 115, 74, and 62% at 8, 12, and 24 h of Pb stress, respectively, 
compared to the control plants. Unlike TBARS content H2O2 production was unaf-
fected at 4 h of Pb exposure but significantly rose after 8 h (61%) compared to 
control. But it was then declined to basal level at 12 h of same stress conditions and 
again enhanced by 80% after 24 h of Pb stress treatment compared to non-stressed 
control treatment (Shahid et al. 2014a). Two bursts of lipid peroxidation and H2O2 
induction at 1 and 12 h of same level of Pb stress in same plants were reported by 
Shahid et al. (2015), while after 4, 8, and 24 h of Pb exposure the oxidative stress 
levels were also evident. They explained in their findings that Pb induced lipid per-
oxidation and H2O2 induction occurs rapidly and simultaneously during first 24 h of 
Pb induction but these are not continuous process and occur in steps which might be 
due to the activation of different antioxidant enzymes involved in ROS scavenging 
(Shahid et al. 2015). Such increase in lipid peroxidation has also been reported in 
Triticum aestivum L. seedlings exposed to 3 mM Pb stress for 7 days (Lamhamdi 
et al. 2016) and in Juncus effusus L. treated with 0.5 and 1.0 mM of Pb for 15 days 
(Najeeb et al. 2017). In Medicago sativa plants, Pb (10 and 100 μM) stress for 2 and 
7 days showed time- and dose-dependent accumulation of Pb (Hattab et al. 2016). 
Lead accumulation induced lipid peroxidation in both roots and shoots in a time- 
and dose-dependent manner having stronger phytotoxic effects in roots than in 
shoots as the translocation rate from root to shoot was less (Hattab et  al. 2016). 
Another medicinal herb Acalypha indica L. was found to accumulate more Pb in 
roots (121.6 mg g−1 DW) than in shoots (17.5 mg g−1 DW) when exposed to Pb. This 
accumulation of lead resulted in about 49% higher MDA content in stressed plants 
compared to untreated control at various regimes during 5, 8, and 12 days of Pb 
exposure in both roots and shoots (Venkatachalam et al. 2017). Ashraf and Tang 
(2017) tested two rice cultivars under four different Pb levels viz., control (0), low 
(400), medium (800), and high (1200) mg kg−1of soil. They observed increased lipid 
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peroxidation, H2O2 content and electrolyte leakage under Pb stress while photosyn-
thetic pigments production was reduced. Lead toxicity also variably affected protein 
and soluble sugar contents in both rice cultivars.

 Arsenic

Arsenic (As) is one of the most toxic metalloids which has no known function as 
nutrient (Farooq et al. 2016). It is considered to be the 20th most ubiquitous element 
in the environment having more than 200 As-containing minerals (Zhao et al. 2010; 
Hoang et al. 2010). Uptake of As in different plant parts and further accumulation, 
translocation, and biomagnification not only affect the plant growth and productiv-
ity but also increase threat to human (Kumar et  al. 2015). Chlorosis, inhibited 
growth and water uptake, disrupted photosynthesis, transpiration and respiration, 
and interference with other metabolic activities are some of the results observed in 
plants exposed to As stress (Stoeva et al. 2005; Verbruggen et al. 2009). Like other 
metal stress As also promotes ROS production which induces oxidative stress and 
also exhibits generation of another toxic compound MG (Hasanuzzaman and Fujita 
2013; Rahman et al. 2015). Both ROS and MG cause serious damage to protein, 
lipid, DNA, and other biomolecules, if there is no protective mechanism involved 
(Yadav et al. 2005; Rahman et al. 2015). Arsenic induced oxidative stress and the 
consequences have been demonstrated by many researchers. Hasanuzzaman and 
Fujita (2013) tested T. aestivum L. plants under As stress (0.25 and 0.5 mM) and 
observed that the contents of MDA and H2O2 were markedly increased in a dose- 
dependent manner in the leaves of stressed plants. Rice (O. sativa) field is often 
flooded during the growing period and As is the most commonly occurring and 
mobile element in soil pore water. So, rice has been considered as a plant material 
in most of the experiments regarding As toxicity study. An interactive study was 
conducted by Ren et al. (2014) with As and mercury (Hg) where rice plants were 
exposed to different concentrations of arsenite (AsIII) and both shoots and roots 
were observed to show higher levels of lipid peroxidation and As accumulation in a 
dose-dependent manner (under As stress only). Rice seedlings grown under 0.5 and 
1.0 mM of As stress treatments resulted in 66 and 176% higher MDA, 69 and 89% 
higher H2O2, respectively, compared to the non-stressed control plants (Rahman 
et al. 2015). Enhancement of toxic MG content was also recorded in stressed leaves 
at both levels of As stress (Rahman et al. 2015). Accumulation of As in both shoots 
and roots of rice plants and subsequent acceleration of lipid peroxidation (denoted 
by higher MDA production) were also reported by other researchers (Singh et al. 
2016; Moulick et al. 2016, Nath et al. 2014). Vegetable like Luffa acutangula was 
also experimented under two levels of As stress (5 and 50 μM) which resulted with 
dose-dependent increase of superoxide radical (O2

•−), MDA and H2O2 production 
(Singh et al. 2013). Under 5 and 50 μM As stress, generation of O2

•− was raised by 
163 and 296%, H2O2 by 192 and 317%, and MDA content by 178 and 334%, respec-
tively, compared to their respective control.
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 Zinc

Being an essential micronutrient, zinc has significant roles in various enzymatic 
reactions involved in the metabolism of protein, carbohydrate, nucleic acid, and 
lipid (Broadley et al. 2007; Feigl et al. 2015). But, when it is present in soil at a 
concentration above the optimum level (300 mg kg−1), it becomes toxic to plant 
growth (Marschner 1995; Anwaar et  al. 2015). Inhibited seed germination, root 
development, plant growth, impaired membrane integrity, leaf chlorosis, altered cell 
division, nutrient imbalance, hampered photosynthesis, ultimate cell death, etc. are 
some effects of Zn toxicity documented so far by different researchers (Wang et al. 
2009; Michael and Krishnaswamy 2011; Anwaar et al. 2015; Feigl et al. 2015; He 
et  al. 2016). Like other metals, excess amount of Zn promotes ROS generation 
which induces lipid peroxidation, protein oxidation, and DNA and membrane dam-
age (Wu et al. 2015a, b; Hamed et al. 2017a; Pramanick et al. 2017). Zinc induces 
this oxidative stress not by the performance of univalent oxido-reduction reaction 
itself but by the inactivation of crucial enzymes restricting relevant functional 
groups that bind to oxygen, nitrogen, or sulfur atoms (Morina et al. 2010; Pramanick 
et al. 2017). Oxidative stress was induced by the accelerated production of H2O2 and 
O2

•− radicals in rice seedlings upon exposure to 100 μM Zn for 12 h (Chen et al. 
2017). While reduced production of O2

•− radicals was reported in wheat roots 
exposed to 3 mM Zn stress for 6 days (Duan et al. 2015). However in case of MDA 
and H2O2 contents, the values were higher compared to control which denotes the 
Zn-induced oxidative stress (Duan et al. 2015). Another Poaceae crop maize was 
earlier tested under Zn stress (250 and 1000 mg kg−1 soil, 7 weeks) and a dose- 
dependent increase in MDA content by 36 and 80%, respectively, compared to the 
treatments without Zn was observed (Cui and Zhao 2011). Higher MDA, H2O2 con-
tents and electrolyte leakage (%) were also observed in both roots and shoots of 
maize plants after 10, 20, and 30 days of 50 μM Zn stress (Islam et al. 2014). Zinc 
stress (10 mM) prevailing for 7 days increased the rate of O2

•− and MDA production 
in leaves of Solanum melongena plants (He et al. 2016) along with the higher con-
tent of H2O2 and electrolyte leakage (Wu et al. 2015a, b). Similarly, cotton plants 
showed increasing MDA, H2O2 and electrolyte leakage with increasing Zn concen-
trations under 25 and 50 μM of Zn stress conditions for 60 days (Anwaar et  al. 
2015). Mukhopadhyay et al. (2013) experimented tea (Camellia sinensis) under Zn 
deficient, optimum, and excess levels, and observed that both deficient and excess 
amounts of Zn resulted in higher levels of MDA, H2O2, O2

•− and electrolyte leakage 
compared to the optimum condition. Similar results were observed in Raphanus 
sativus L. plants (under 5 mM Zn stress) (Ramakrishna and Rao 2015). Crops like 
Morus alba (Tewari et al. 2008), Solanum lycopersicum (Cherif et al. 2011), Vigna 
Mungo (Gupta et al. 2011), and Phaseolus vulgaris (Michael and Krishnaswamy 
2011) were also investigated earlier which evidenced the Zn-induced oxidative 
stress. Seeds of a medicinal herb Plantago ovata were grown on agar-sucrose 
medium and exposed to different Zn toxicity levels to study the changes in expres-
sion levels of MT2 genes. Results revealed that there is a correlation between the 
enhanced expressions of MT2 gene and increased total antioxidant activity under 
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Zn-induced oxidative stress (Pramanick et al. 2017). Algae were also subjected to 
Zn stress where Zn-induced development of oxidative stress was demonstrated 
(Hamed et al. 2017a).

 Manganese

Manganese, a micronutrient for plant, has role in enzyme activation of several vital 
metabolic pathways linked to carbohydrates production through photosynthesis, 
respiration, and protein synthesis (Boojar and Goodarzi 2008). Manganese defi-
ciency altered the electron supply chain of photosystem II, resulted in upsetting of 
the water photolysis, which resulted in reduced photosynthesis (Fernando and 
Lynch 2015). Contrarily, excess Mn can be phytotoxic when concentrations are high 
in foliage (González and Lynch 1999). In acidic soil condition (pH below 5.5), Mn 
is readily uptake by the plant roots, hence become phytotoxic, and interfere with a 
range of metabolic processes and reduce plant growth (Lidon and Teixeira 2000; 
Hauck et al. 2003). Photo-oxidation is the principal consequence of Mn toxicity in 
plants (González et al. 1998). Photo-oxidative stress due to Mn toxicity includes 
alteration of electron transport chain, inactivation of Rubisco and disrupting energy 
dissipation. It also increase ROS generation, intervene in metal uptake, alter trans-
location and metabolism of the antioxidant enzymes (Houtz et al. 1988) and damage 
lipids and proteins by reaction with sulfhydryl groups (Van Asshe and Clijsters 
1990). A sharp photosynthetic decline is caused in excess of Mn due to hindered Chl 
biosynthesis (Hauck et al. 2002). Leaf chlorosis, correspondent to lack of Chl a and 
b, attributed to higher accumulation of Mn in leaves, damaging photosynthetic 
machinery (Millaleo et al. 2013, Weng et al. 2013, Rojas-Lillo et al. 2014). Thus, 
Mn toxicity possibly targets the chloroplast at the very beginning (Lidon et al. 2004; 
Chen et  al. 2015), attributed to overproduction of hazardous ROS, such as O2

•−, 
H2O2, 1O2, and OH• ahead of scavenging capability of plants causing oxidative stress 
(Faize et al. 2011; Fischel et al. 2015). Like other metal/metalloid stress plant cells 
overproduce O2

•− and H2O2. Rice seedlings treated with 6 mM Mn2+ for 20 days 
resulted in increased O2

•− level (197% and 199% in roots and shoots, respectively) 
in comparison to controls (Srivastava and Dubey 2011). These ROS overloads are 
the main causal entity for damaging membrane lipids, proteins, enzymes, nucleic 
acids, etc., damaging metabolic process and in most cases causing programmed cell 
death (Fernando et al. 2013). Furthermore, lower oxygen availability caused less 
reduction of NADP+ because of lesser efficiency of electron transport chain, which 
in turn dropped off CO2 assimilation rate (Foyer and Shigeoka 2011; Gururani et al. 
2015). Rice somewhat can tolerate Mn, by oxidizing toxic Mn2+ into less toxic Mn4+ 
(Wang et  al. 2002). Lipid peroxidation—a useful indicator of oxidative damage 
(Verma and Dubey 2003), but increased TBARS level (22% in root and 63% shoot 
compared to control) were observed in rice seedlings with excess Mn in growing 
media suggested the Mn persuade oxidative damage of cell macro-molecules 
(Srivastava and Dubey 2011).
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 Copper

Copper (Cu) is one of the essential micronutrients for plants which plays crucial roles 
in various metabolic activities including photosynthesis, respiration, protein metabo-
lism, cell wall formation, electron transport, nitrogen fixation, ethylene sensing, oxi-
dative stress protection, etc. (Kong et al. 2015; Mei et al. 2015). But, even a slightly 
higher concentration of this transitional metal than the optimum range can cause 
severe toxic effects on plants’ morpho-physiological and biochemical processes 
(Thounaojam et al. 2013; Dong et al. 2014; Mei et al. 2015; Jadid et al. 2017). Copper 
stress interferes with the Fenton’s reaction and hereby generates ROS in a higher 
amount leading to oxidative stress (Moenne et al. 2016; Hamed et al. 2017b). Copper 
stress induced oxidative damages were previously recorded by many researchers in 
different plant species (Mostofa and Fujita 2013; Mostofa et al. 2014, 2015; Sáez 
et al. 2015 and references therein). When rice plants exposed to two concentrations of 
Cu (200 and 500 μM) for 24 h and 7 days durations, a higher amount of MDA and 
H2O2 productions was observed (Thounaojam et al. 2013), which was also true for 75 
and 150 μM Cu for 48 h (Mostofa and Fujita 2013), 100 μM Cu for 48 h (Mostofa 
et  al. 2014), and 100  μM Cu for 4 and 7  days (Mostofa et  al. 2015) durations. 
Cu-induced overproduction of ROS like O2

•− and H2O2 was also visualized in rice 
leaves which was done by histochemical detection method (Mostofa and Fujita 2013; 
Mostofa et al. 2015). Mostofa et al. (2015) also observed that the toxic MG produc-
tion increases with the increasing duration of stress exposure. Habiba et al. (2015) 
experimented with B. napus seedlings under Cu stress conditions (50 and 100 μM Cu, 
8 weeks) and observed significant increases in MDA content, H2O2 concentrations 
and electrolyte leakage with reducing photosynthetic pigments and protein contents. 
Similarly, in ryegrass (Lolium perenne L.), MDA and H2O2 production and O2

•− gen-
eration rate were significantly higher under Cu stress (200 μM) conditions for 14 days 
(Dong et al. 2014). Three cotton genotypes were exposed to 100 μM of Cu stress for 
4 days and all of those resulted in increased MDA and H2O2 contents in both leaves 
and roots (Mei et al. 2015). Capsicum frutescens (Jadid et al. 2017) and two medici-
nal plants Cassia angustifolia (Nanda and Agrawal 2016) and Medicago lupulina 
(Kong et al. 2015) were tested under different levels of Cu stress and increased lipid 
peroxidation was reported in all cases. Experiments with different forms of algae 
were also done to study the oxidative stress responses under Cu-induced stress condi-
tion where similar trends of increase in lipid peroxidation were observed (Sáez et al. 
2015; Hamed et  al. 2017b). But, when Moso bamboo (Phyllostachys pubescens) 
plants were kept for 15 days under different concentrations of Cu (5, 25, and 100 μM), 
a non-significant increase in MDA content was recorded (Chen et al. 2015).

 Nickel

Nickel is another plant essential micronutrient which renders beneficial effects on 
plant growth at a lower concentration (0.01–5.00 mg kg−1) but creates structural, 
metabolic, and physiological constraints when present in excess amount (Molas 
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2001; Theriault et al. 2016). Nickel plays an important role in nitrogen metabolism 
as it is the key component of urease enzyme and also exerts plant disease resistance 
(Yan et al. 2008; Dubey and Pandey 2011; Rajpoot et al. 2015). However, higher 
concentration of nickel negatively affects seed germination, plant growth, photo-
synthesis, mineral nutrition, water relations, sugar transport, and root development, 
beside causing wilting, necrosis, and chlorosis symptoms (Martínez-Ruiz and 
Martínez-Jerónimo 2016; Soltani et al. 2016; Rizwan et al. 2017). At cellular level, 
overproduction of ROS and induction of lipid peroxidation, protein damage, DNA 
damage followed by modulation of antioxidant defense system have been docu-
mented as the results of Ni toxicity in various crop species (Ghasemi et al. 2013; 
Khaliq et  al. 2015; Soltani et  al. 2016; Farid et  al. 2017; Rizwan et  al. 2017). 
Overproduction of O2

•− and OH• radicals, higher H2O2 and TBARS contents were 
observed in O. sativa seedlings under Ni stress (200 μM) for both 4 and 8 days dura-
tions (Rajpoot et al. 2015). For longer duration (14 days), even with lower concen-
trations of Ni (10, 50, and 100 μM) O. sativa shoots exhibited higher MDA content 
with higher Ni doses (Rizwan et al. 2017). Farid et al. (2017) reported that electro-
lyte leakage, MDA and H2O2 contents of B. napus plants increased in a dose- 
dependent (10, 100, and 500 μM Ni) manner. Such dose-dependent increase of 
TBARS and H2O2 under Ni stress had also been reported in barley (Kumar et al. 
2012b). For 50 and 100 μM Ni exposure, cotton plants showed higher MDA and 
H2O2 contents, and electrolyte leakage compared to the non-stressed control plants 
(Khaliq et al. 2015). Earlier, Dubey and Pandey (2011) experimented with V. mungo 
plants under different concentrations of Ni (20, 40, 60, 80, and 100  μM) and 
recorded a very consistent dose-dependent increase in MDA content. Ni stress 
induced enhanced lipid peroxidation was also reported in wheat (Gajewska et al. 
2013), Eruca sativa (Kamran et al. 2016), Melissa officinalis (Soltani et al. 2016), 
and Pistia stratiotes (Singh and Pandey 2011).

 Chromium

Chromium is one of the most abundant, highly toxic and soluble environmental pol-
lutant that harmfully affects plant growth and development through inducing oxida-
tive stress (Homa et al. 2016; Gorny et al. 2016; Mahmud et al. 2017b, c). Like other 
redox active heavy metals, Cr is able to cause oxidative damage in different plants 
by reducing CO2 fixation and photosynthetic activities through hindering electron 
transport and inactivating the enzymes of Calvin cycle (Shanker et  al. 2005; 
Sundaramoorthy et al. 2010; Zhang et al. 2010). Chromium increased ROS genera-
tion, which completely distorted the chloroplastic membrane with harsh change in 
thylakoids resulting in oxidative stress and causing chlorosis (Choudhury and Panda 
2004; Panda and Choudhury 2005). Chromium-induced lipid peroxidation due to 
ROS generation destroys the integrity and function of cell membranes as well as 
results in cell death (Panda and Choudhury 2005). Gill et  al. (2015) checked 
Cr-induced physio-chemical and ultrastructural changes in four cultivars of B. 
napus L. viz. ZS 758, Zheda 619, ZY 50, and Zheda 622. They observed ROS (H2O2 
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and O2
•–) generation and MDA content were linearly enhanced in both the leaves 

and roots of all cultivars due to Cr stress. As a result, net photosynthetic rate, stoma-
tal conductance, intercellular CO2 concentration, and transpiration rate were ham-
pered negatively in all cultivars. Similar upsetting in physiological activities owing 
to oxidative stress was observed in other plants by different group of scientists 
(Choudhary et  al. 2012; Kováčik et  al. 2013; Ali et  al. 2015a, b). The damage 
enhanced in dose-dependent manner. Mahmud et al. (2017b) carried out an experi-
ment to observe the performance of B. juncea L. under two levels of Cr stress 
(0.15 mM and 0.3 mM K2CrO4, 5 days). They recorded overgeneration of ROS in 
the leaves of B. juncea L. under both levels of Cr stress. As a result, LOX activity 
and MDA content drastically enhanced. Moreover, MG content also increased. As a 
result, plant suffered severe oxidative stress and growth reduction occurred. In the 
same time, Mahmud et al. (2017c) checked the performance of Indian mustard seed-
lings under Cr stress (0.15 mM and 0.3 mM K2CrO4, 5 days) in another experiment. 
The TBARS content was increased by 30 and 65% under 0.15 mM and 0.3 mM 
K2CrO4 stress, respectively, in comparison with control plants. Similarly compared 
with control plants H2O2 content increased by 24 and 46% and LOX activity 
increased by 68 and 101% under 0.15 mM and 0.3 mM K2CrO4 stress, respectively. 
Furthermore, in contrast to control plants MG content increased by 47 and 82% 
under 0.15 mM and 0.3 mM K2CrO4 stress, respectively. All are responsible for 
oxidative damage as well as reduction of growth and biomass.

 Aluminum

Aluminum is the metal that found most abundantly in the earth crust; as a result, it 
is one of the major limiting factor for crop productivity in 30% of the world’s acidic 
soils (Kochian et  al. 2015). In cellular level, Al formed aluminum superoxide 
(AlO2

2+) a semi-reduced radical ion that is more powerful oxidant than O2
•– and 

boosts ROS production, which create oxidative damage in cellular level (Sun et al. 
2014; de Sousa et al. 2016). In the meantime, these overproduced ROS initiate lipid 
peroxidation and formed reactive carbonyl species (RCS), which are also toxic for 
the plant cells (Mano 2012; Biswas and Mano 2015) and believed to be the most 
injurious at the time of Al toxicity (Yin et al. 2010). Therefore, both upstream ROS 
and downstream RCS induced cell injury in plants during Al toxicity. Aluminum 
inhibits cell elongation and division in root tip, which is the first Al toxicity symp-
toms, inhibits root growth and showed stunted appearance; as a result, plant cannot 
uptake water and essential nutrients (Nahar et al. 2017; Kochian et al. 2015). It also 
decreases Chl content as well as the photosynthetic rate, which inhibit the growth 
and development of plants (Ali et al. 2008). As Al is very reactive, and it can bind to 
many binding sites of cells, for instance cell wall, plasma membrane surface, the 
cytoskeleton, and nucleus, these are the target of Al-induced injury (Panda et al. 
2009). Aluminum alters the cation exchange capacity, thus hampers the nutrient 
uptake (Matsumoto 2000) and can also trigger PCD (Panda et al. 2009). Like other 
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metals, Al induces oxidative stress in plant cells. The damage due to Al in cells may 
occur in different ways, for example Al induced radical chain reactions by Fe that 
enhances peroxidation of lipids (Nahar et al. 2017). Several reports on Al toxicity 
suggested that Al induced ROS overproduction such as 1O2, O2

•–, H2O2, and OH• that 
cause lipid peroxidation (Nahar et al. 2017; Ali 2017; Chowra et al. 2017; Pontigo 
et  al. 2017; Zhao et  al. 2017; Yin et  al. 2017; Ramírez-Duarte et  al. 2017). In 
Arabidopsis roots, various RCS are present, but after Al treatment the content of the 
most of the RCS boosted up to 163% causing oxidative stress (Yin et al. 2017). Rice 
seedlings exposed to Al (100 μM) showed higher lipid peroxidation, resulting in 
loss of membrane integrity (Awasthi et al. 2017). In rice, upon exposure to Al grow-
ing seedlings absorbed Al and translocation took place in shoots. But prolonged 
exposure caused lipid peroxidation, and furthermore caused DNA damage (Meriga 
et al. 2004). They also reported that Al accumulation boosted oxygen radicals that 
induce membrane lipid peroxidation, thus increased MDA levels were observed 
(Meriga et al. 2004). Research reports suggested that the Al tolerant maize line usu-
ally used avoidation technique to reduce oxidative damage due to Al. Therefore, 
2–2.5 times lower amount of Al was found in tolerant line. This line also showed 
higher Ca2+, Mg2+, and K+ concentration in roots with threefold increase in Pro con-
tent. In contrast, sensitive lines showed higher Al accumulation in roots, lower Pro 
content, and higher MDA content (Giannakoula et al. 2008). Achary et al. (2008) 
evaluated Al for induction of oxidative stress and DNA damage in the growing roots 
of Allium cepa L. and found overgeneration of ROS, thus caused lipid peroxidation, 
protein oxidation, and DNA damage in a dose-dependent manner. Therefore, these 
data provide some information about the Al-induced oxidative damage in different 
crops but further investigation is needed to clarify the reasons for the oxidative dam-
ages in genetic level and possible mechanism that is used by the Al tolerant variety 
to reduce the oxidative damages.

 Others

 Boron

Among the other metalloids, B is an essential element that is required for normal 
growth, development, and reproduction of higher plants, but its deficiency and tox-
icity threshold is very narrow (Singh et al. 2010). Some soils are naturally rich in B, 
as well sometimes ground water may contain high amount of B, or people may use 
excess B fertilizer to the soil or irrigate the B rich water to soil, which causes a con-
siderably higher concentration of B in crop fields leading to toxicity (Aftab et al. 
2012). Research findings suggested that B rich soils are the cause of poor plant 
growth and development as well as reducing yield (Papadakis et al. 2004). The typi-
cal symptom exhibited by the plants exposed to B toxicity is the loss of vigor, 
delayed growth, leaf burn, and small number and size of fruits (Nable et al. 1997). 
Regardless of these, B toxicity creates excess generation and accumulation of ROS, 
had reported by various researchers in several crops in apple rootstock (Molassiotis 
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et al. 2006), wheat (Gunes et al. 2007), barley (Inal et al. 2009), tomato (Cervilla 
et al. 2007), mung bean (Yusuf et al. 2011), and sweet basil (Landi et al. 2013). 
Furthermore, these overgenerated ROS have reported to induce peroxidation of 
membrane lipids and toxic H2O2 accumulation (Zhang et al. 2017; Soylemezoglu 
et al. 2009). Boron toxicity is common in arid and semiarid regions, responsible for 
significant growth and yields loss (Nable et  al. 1997; Eser and Aydemir 2016). 
Basically, B is relatively nonreactive but forms strong complexes with other metab-
olites having more than one OH group (Reid 2010). Unlike other plant nutrients, B 
exists as boric acid—an uncharged molecule, at normal physiological pH and can 
readily enter through the membrane layers (Eser and Aydemir 2016; Dordas et al. 
2000), and exerts its toxic effects when accumulated in a large amount in plant cell 
(Tombuloglu et al. 2012; Kaya and Ashraf 2015). Grape vine rootstock exposed to 
B toxicity was found with higher stomatal resistance, MDA, H2O2 and Pro concen-
trations, which clearly indicates the oxidative damage due to B (Soylemezoglu et al. 
2009). Eraslan et al. (2007) conducted experiment on lettuce to show the effects of 
B toxicity and finally concluded that B toxicity induced oxidative stress, which 
resulted in lipid peroxidation and losses of membrane integrity.

 Iron

Another well-known plant nutrient Fe is an essential metal at lower concentration, 
but may exert toxic effects on plants when remain in abundant in soil. This problem 
is common in low land rice soils around the world, where Fe exists as water-soluble 
Fe2+ ions. Although, Fe plays vital role in important biological processes like Chl 
biosynthesis, chloroplast development as well as photosynthesis (Olaleye et  al. 
2009). The Fe (II)/Fe (III) redox couple takes part in plant growth by modulating the 
enzyme catalyzed redox reaction (Gill and Tuteja 2010). Furthermore, a high 
Fe2+concentration may boost several redox reactions by donating electron (Sahrawat 
2003). But crops grown in low land especially rice may suffer iron toxicity, which 
is a major cause of low yield in many countries of Asia, South America, West and 
Central Africa (Sahrawat 2004) and lowered as much as 30–60% yield (Majerus 
et al. 2007). Toxicity at early vegetative stage hampers the growth and complete 
yield loss (Becker and Asch 2005). On the other hand, Fe2+ irons in excess boost up 
the production of ROS (O2

•–, H2O2, 1O2, HO2, OH•, OH−, and RO), which are highly 
toxic and reactive and cause protein oxidation, lipid peroxidation, carbohydrate and 
DNA damage leading to cell death (Baruah and Bharali 2015). In medicinal plant 
Bacopa monnieri L. Fe toxicity leads to overproduction of lipid peroxidation prod-
uct MDA in leaves and shoots (Sinh and Saxena 2006).

 Mercury

Nowadays, Hg has gaining attention to researchers due to high toxicity and distribu-
tion (Regier et al. 2013). It has no known physiological role and neither acts as plant 
nutrient, and the fact to be feared is that it is not metabolized (Israr et al. 2006). The 
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predominant form of Hg in soil and water is Hg2+, which is highly soluble and can 
readily accumulate in higher plants (Elbaz et al. 2010). On the other hand, Hg is 
highly toxic to plants as it can react with sulfhydryl groups (Zhou et al. 2007). This 
metal can also disrupt the membrane integrity by lipid peroxidation and can cause 
DNA damage (Malar et al. 2015). The most important feature of oxidative stress 
triggered by Hg is overproduction of ROS (Cargnelutti et  al. 2006; Deng et  al. 
2013). The accumulation of Hg increased in a concentration- and duration- dependent 
manner, and was positively correlated with the leaf damage. Oxidative stress after 
Hg exposure was evidenced in Lemna minor by a significant decrease in photosyn-
thetic pigments and an increase in MDA. Exposure to Hg also caused the overac-
cumulation of Pro and soluble sugars (Zhang et al. 2017).

 Selenium

Another important commonly found metalloid Se is emerged as a phytoprotectant 
and signaling molecule in plant science (Hasanuzzaman et  al. 2011), but it has 
potential role in creating health hazard for plants when applied in a large amount. It 
is accumulated in soil extensively from fertilizer or other anthropogenic activities 
which can cause phytotoxic effects in plants (Chen et al. 2014; El-Ramady et al. 
2014; Wu et al. 2015a, b). Very few researchers have investigated the effect of toxic 
Se. Lipid peroxidation was the main response observed at 0.05 mM sodium selenite 
(Gomes-Junior et al. 2007). Experiment with rice reported that Se caused phyto-
toxic effects on plants by inducing chlorosis and exacerbating oxidative stress by 
overproduction of H2O2 and O2

•– causing lipid peroxidation measured by increased 
MDA content (Mostofa et al. 2017).

 Molecular Approaches in Enhancing Antioxidant Defense 
Under Metal/Metalloids Toxicity

 Improving Osmolyte Synthesis

To prevent the adverse effects of various environmental stresses including metal and 
metalloids stress, plants exhibit a range of adaptive strategies mutually at the mor-
phological and cellular levels. Under metal/metalloid toxicity conditions, to cope 
with the metal-induced osmotic, ionic as well as oxidative stresses, plants produce 
and build up osmolyte or organic compatible solutes or osmoprotectants that bal-
ance water status, take part in the cellular energy transfer, stabilize membranes and 
proteins, scavenge ROS, and chelate heavy metal as well as lowering metal uptake 
(Ashraf and Foolad 2007; Gill and Tuteja 2010; Kaur and Asthir 2015). 
Osmoprotectants are small, highly soluble, uncharged, and nontoxic organic mole-
cules, including α-amino acids (proline, ectoine), ammonium compounds (glycine 
betaine, β-alanine betaine, dimethylsulfoniopropionate, choline), polyols, sugars 
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(trehalose), sugar alcohols (sorbitol, mannitol), etc. Thus, better stress adaptability 
and tolerance can be observed in the plants with enhanced biosynthesis of osmopro-
tectants or over-expressed osmoprotectant biosynthesis pathway genes (Singh et al. 
2015). Therefore, scientists are working to enhance the metal stress tolerance in 
plants by improving the osmolyte synthesis in cellular level by exogenous applica-
tion of phytoprotectants, together with tinkering in the genetic level. In this part 
several of these research findings are highlighted, where phytoprotectants favored in 
osmolyte biosynthesis as well as noteworthy protection against adverse effects of 
metal/metalloid stresses. Among the osmoprotectants or compatible solutes Pro is 
the most common, and accumulated when plants face various abiotic stress includ-
ing metal/metalloid stress (Asgher et al. 2013; Kaur et al. 2011; Min et al. 2013), 
thus, suit cellular atmosphere favorable for phytochelation and metal sequestration, 
hence cells get protection against ROS damage (Nahar et al. 2016b; Mahmud et al. 
2017a, b, c).

Proline is also an important parameter in stress marker to determine the metal 
toxicity among plants (Sharma et al. 2016). When toxic metals start to rise around 
the root zone, plants increase Pro accumulation. Patel et  al. (2016) found up to 
112% more Pro compared with control as the tannery sludge (TS) concentration 
increased in the growing media. Quantity of Pro in Cd-affected mung bean seed-
lings also increased by 53% compared with control (Nahar et al. 2016b) putting 
enormous pressure on the plant’s survival.

Toxic effect of the metals/metalloids can be avoided in a significant extent by 
exogenous application of polyamines (PAs) such as di-amineputrescine (Put), tri- 
aminespermidine (Spd), and tetra-aminespermine (Spm). Nahar et  al. (2016b) 
found up to 31% increase in Pro content after application of Put and/or sodium 
nitroprusside (SNP) in Cd-affected mung bean seedling, which reveals the influ-
ence of PAs in osmolyte biosynthesis. Exogenous Put increases Pro biosynthesis in 
Populus cathayana up to 60% and influences in the sex expression of male and 
female under Cu stress (Chen et al. 2013). Amooaghaie et al. (2017) found a notice-
able stimulatory effect of the Pro accumulation in Sesamum indicum roots under Pb 
stress, while treating with SNP. Furthermore, a number of studies recommended 
that plant hormones can increase Pro synthesis when applied from exogenous 
source. For example, brassinosteroids and indole acetic acid can induce Pro bio-
synthesis in abiotic stress conditions, thus conferring metal/metalloid stress (Kaya 
et al. 2010). The application of 1 mM epibrassinolide (EBL) with Cr stress in rice 
seedlings showed considerable increase of Pro level (7.25 mmole g−1 FW) as com-
pared to Cr-alone treated seedlings (4.76 mmole g−1FW) eliminate the Cr stress 
positively (Sharma et al. 2016). Spraying EBL on stressed or stress free chickpea 
plants also had additive effect compared with respective controls at 45-day-old 
plant. The highest Pro content was obtained from combined stress and EBL spray 
by 52% (Wani et al. 2017). In addition, EBL supports in the transcription and sub-
sequent translation of specific genes that improve the plant’s tolerance at metal/
metalloid stress (Hayat et al. 2014). Reports also suggested that jasmonic acid (JA) 
mediates accumulation of osmolytes in Cu stress and diminishes oxidative stress. 
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Proline accumulation increased up to 154% in 1  nM JA treated Cajanus cajan 
seedling compared to control (Poonam et al. 2013). Applying JA is known to bio-
synthesize betaine—another important osmolyte, under abiotic stress conditions 
(Gao et al. 2004). Moreover, kinetin is reported to alleviate toxic effects of B in 
wheat seedlings by increasing Pro biosynthesis up to 90% compared with corre-
sponding control (Eser and Aydemir 2016). Cellular free Pro content was enhanced 
by 590, 612, and 622%, respectively, in soybean (Glycine max L.) when exogenous 
EBL or Pro applied to As toxicity as compared to the control (Chandrakar et al. 
2017). This enhanced Pro level was the probable result of over-expressed activity 
of P5CS, the key enzyme responsible in Pro biosynthetic path (Singh et al. 2015; 
Reddy et al. 2015).

Organic acids and amino acids applied exogenously can promote osmolyte bio-
synthesis and can confer tolerance of plants at metal stress. For example, salicylic 
acid (SA) has linked to the alleviation of heavy metal-induced growth inhibition in 
Cucumis melo L. by endorsing Pro accumulation, antioxidant defense, and photo-
synthesis (Zhang et al. 2015). Proline was reported to employ against metal/metal-
loid toxicity in some plants to induce cellular Pro biosynthesis. Supplemental Pro 
supply by irrigation water to young date palm plants exposed to Cd showed increased 
free cellular Pro content by 38% giving osmotic adjustment (Zouari et al. 2016). In 
another experiment they found Pro increased by 55% and 102% in leaves and roots 
respectively under Cd stress in Olea europaea L. cv Chemlali. They suggested that 
Pro is a metabolite for conferring Cd stress (Zouari et al. 2016). The amounts of Pro 
increased significantly in Hyoscyamus niger plant under Ni stress treated with argi-
nine (Arg), where maximum accumulation of Pro was observed at 50 μM Ni stress 
treated with 20 μM Arg (Nasibi et al. 2013). Proline as a protectant amino acid was 
also reported in Indian mustard (Asgher et al. 2013) and wheat (Khan et al. 2015). 
Moreover, it was reported that the exogenous application of ALA noticeably 
improved the Pro content in Brassica napus leaves under variable Cd stress (Ali 
et al. 2015a, b). Heat shock protein may also contribute in osmolyte accumulation. 
In duckweed (Lemna minor), Pro level increased by 88% higher than that of control 
(Zhang et al. 2017).

Plant nutrients and trace elements are often used to eliminate metal/metalloid 
stress by enhancing osmolyte synthesis and accumulation. Mangrove plants 
Avicennia marina and Kandelia obovata were found with enhanced Pro content 
when supplemented with P at Cd stress owing to the optimistic association among 
P and water (Dai et al. 2017). Application of Si in As toxicity significantly increased 
the cysteine and Pro content by 30% and 38%, respectively, over the value of respec-
tive control (Pandey et  al. 2016). Proline accumulation was found in B. juncea 
leaves in response to Cu stress supplemented with Se and EBL, and 87.3% over the 
non-treated control plants (Yusuf et al. 2016). Moreover, Se increased Pro synthesis 
in B. napus plants exposed to metal/metalloids stress, and enhanced the antioxidant 
defense (Hasanuzzaman et al. 2012a).
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 Phytochelatins and Metallothioneins Synthesis

Similar with essential nutrients plants naturally uptake metal/metalloid from con-
taminated growing media by their roots. But, plants have potential to minimize 
toxicity at cellular level as they are able to sequestrate metal/metalloid into cell 
vacuole as an immobile form through a variety of chelating agent (Nahar et  al. 
2016a, b; Mahmud et al. 2017b, c, 2018). So, chelation and sequestration of metal/
metalloid by different ligands are the key mechanisms of plants to work against 
stress. Phytochelatins (PCs) and metallothioneins (MTs) are common and best char-
acterized chelating agent or ligands in plant which are involved in metal/metalloid 
detoxification under stress condition (Cobbett and Goldsbrough 2002). Phytochelatin 
is an oligomer of the γ-glutamyl (Glu)-cysteinyl (Cys) unit and enzymatically syn-
thesized polypeptides which produced from GSH with the help of the enzyme phy-
tochelatin synthase (Vatamaniuk et al. 2000; Zagorchev et al. 2013; Mahmud et al. 
2018). Like PCs, MTs also Cys-rich compound but it is gene-encoded polypeptide 
(Cobbett and Goldsbrough 2002). Rate of PCs synthesis is plant-specific and/or 
metal/metalloid-specific. Among the different metal/metalloid, Cd, Hg, As, and Fe 
confirmed higher synthesis of PCs in plant cell. On the other hand, Cu and Ni are 
moderate inducers while Pb and Zn are weak inducers of PCs (Anjum et al. 2015). 
Beside functioned as a metal detoxifier through chelating, MTs are involved in 
metal homeostasis and oxidative stress protection (Hossain et al. 2012). Therefore, 
high PCs and MTs synthesis under stress condition is considered as essential intrin-
sic criteria for decreasing metal/metalloid toxicity or increasing tolerance of plants. 
Plant scientists are trying to increase the metal/metalloid stress tolerance in plants 
by enhancing the cellular PCs and MTs content by applying different phytoprotec-
tant exogenously. Recently, Nahar et al. (2016a) exposed mung bean plant to two 
levels of Cd stress (1 mM and 1.5 mM) and observed PC content increased by 190 
and 267%, respectively, compared to control. A further increase in PC content was 
recorded when Cd-stressed mung bean seedlings were pretreated with exogenous 
spermine. Correspondingly, Nahar et al. (2016b) found similar result in other exper-
iment. They found Cd stress increased PC content in mung bean plant which further 
increased by different polyamines. Similarly Mahmud et al. (2018) raised mustard 
seedlings to Cd stress and found that PC content increased in a dose-dependent 
manner. They also exogenously applied citric acid to Cd-affected seedlings and 
observed that PC content further increased. Metal/metalloid toxicity activates the 
enzyme phytochelatin synthase which contributes to enhance synthesis of PCs and 
finally makes a HM-PCs complex. In contrast, cellular MTs are remarkably diverse 
and it is subdivided into three types based on the arrangement of the Cys residue 
(Zhou et al. 2006). The Cys-Cys, Cys-X-Cys, and Cys-X-X-Cys motifs (X indicates 
any type of amino acid) are characteristic and invariant for MTs. The association or 
allocation of cysteine residues bestows different MT iso-forms and their ability to 
bind and sequester different metal ions for detoxification and homeostasis. 
Metallothioneins biosynthesis is regulated at the transcriptional level and is induced 
by several factors, including hormones, cytotoxic agents, and toxic metals, such as 
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Cd, Zn, Hg, Cu, Au, Ag, Co, Ni, etc. (Kagi 1991, Yang et al. 2005; Hossain et al. 
2012). Ahn et al. (2012) carried out an experiment and found that three Brassica 
rapa MT genes (BrMT1, BrMT2, and BrMT3) are differentially regulated under 
various heavy metal stresses (Fig. 4).

 Antioxidant Defense

Plants have an inherent well-established apparatus termed as antioxidant defense 
system which regulates cellular ROS levels according to the requirements at a par-
ticular occasion. Antioxidant defense system is composed of non-enzymatic com-
ponents (AsA, GSH, phenolic compounds, alkaloids, α-tocopherol, non-protein 
amino acids, etc.) and enzymatic components (SOD, CAT, APX, GR, MDHAR, 
DHAR, GPX, GST, etc.) which helps to develop stress tolerance (Gill and Tuteja 
2010; Hasanuzzaman and Fujita 2012). Under the any abiotic stress condition, 

Fig. 4 Phytochelatins and MTs synthesis and their function in metal/metalloid chelation and 
sequestration. PCs, MTs, Cys, GSH, and HM indicate phytochelatins, metallothioneins, cysteine, 
glutathione, and heavy metal, respectively
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AsA- GSH cycle performs a fundamental function in regulating cellular redox bal-
ance through ROS scavenging (Mahmood et al. 2010; Hasanuzzaman and Fujita 
2012). Ascorbate and GSH, the key compounds of AsA-GSH pool, are available in 
almost all major cellular structure including cytoplasm, chloroplast, apoplast, per-
oxisome, mitochondria, etc. Both AsA and GSH are very efficient to scavenge H2O2 
(Gill and Tuteja 2010; Hasanuzzaman and Fujita 2012; Hasanuzzaman et al. 2017b, 
c; Mahmud et al. 2018). Ascorbate, a water-soluble non-enzymatic antioxidant, can 
easily make reaction with different ROS including O2

•− and OH• and able to dimin-
ish their contents in the cellular level (Gill and Tuteja 2010). Similar to AsA, GSH 
is also a non-enzymatic antioxidant which functioned as stress signaling molecule, 
acts as a substrate of GPX, regulates the glyoxalase system, contributes in ROS 
scavenging and inhibits protein oxidation which altogether improve stress tolerance 
mechanism of plant (Noctor et al. 2002; Mahmud et al. 2017c). So, enhancement of 
AsA and GSH contents in cellular level is very urgent task for improving metal/
metalloid stress tolerance. Ascorbate peroxidase, MDHAR, DHAR, and GR are 
major four enzymes of AsA-GSH cycle which contribute in regeneration of AsA 
and GSH. Where, APX utilizes AsA as a electron donor for reducing H2O2 to water 
(Hasanuzzaman et al. 2017b). Furthermore, MDHAR and DHAR are engaged with 
AsA regeneration in the cell. As a result, AsA content at cellular level predomi-
nantly depends on the activity of APX, MDHAR, and DHAR (Gill and Tuteja 2010; 
Hasanuzzaman and Fujita 2012; Mahmud et al. 2017a, b, c). On the other hand, 
renaissance of GSH greatly depends on the activity of GR (Gill and Tuteja 2010). 
Superoxide dismutase is considered a key enzyme in regulating intracellular con-
centrations of ROS because the first step in ROS detoxification starts with dismuta-
tion of O2

•– to H2O2, which is catalyzed by SOD (Gill and Tuteja 2010; Hasanuzzaman 
and Fujita 2012). Accordingly, CAT eliminates H2O2 by converting it to O2 and H2O 
(Miller et al. 2008). Glutathione peroxidase plays an important role in protecting 
cell components from oxidative damage by scavenging peroxides and different 
electrophiles (Gill and Tuteja 2010). On the other hand, GST is a multidimensional 
enzyme which works to improve stress tolerance and is very familiar for their func-
tion in enzymatic detoxification of xenobiotics. It performs through catalyzing the 
conjugation of GSH with electrophilic. Sometimes GST catabolized the toxic sub-
stances or sequestered into the cell vacuole (Dixon and Edwards 2010; Hossain 
et al. 2012).

A lot of studies described the roles of antioxidant in conferring metal/metalloid 
stress tolerance. Here we discussed some of them. Mahmud et al. (2017a) checked 
relative tolerance of three B. species under Cd stress (two levels; 0.25  mM and 
0.5  mM CdCl2) and found AsA content reduction was lower and GSH content 
enhancement was higher in B. juncea compared with other species. 
Monodehydroascorbate reductase, GR, and SOD activities increased significantly 
in B. juncea under Cd stress compared with the other species. Catalase activity did 
not decrease in B. juncea due to Cd stress, compared with the other species. Activity 
of DHAR decreased with both levels of Cd stress in all species except for B. juncea 
under 0.25  mM CdCl2 stress. These results prove that activity of antioxidants 
depends on plant type and stress intensity. Similar diverse upregulation and down-
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regulation of antioxidant enzymes under Cd stress were observed in mung bean 
(Nahar et al. 2016a, b), rice (Rahman et al. 2016), rapeseed (Hasanuzzaman et al. 
2012b), and mustard (Mahmud et al. 2018) seedlings. Hasanuzzaman et al. (2018) 
carried out an experiment with wheat seedlings under Pb stress and found Pb treat-
ment disrupted antioxidant enzyme activities and status of endogenous ascorbate 
and GSH pool. They found APX activity increased but MDHAR and DHAR activity 
decreased under Pb stress. On the other hand, GR activity increased under mild 
stress but decreased under severe stress. Under Cr stress AsA content decreased and 
GSH content increased in Indian mustard seedlings (Mahmud et al. 2017b, c). They 
also recorded APX and GR activity increased but MDHAR and DHAR activity 
decreased under Pb stress. Similar trend was observed in rice seedlings under As 
stress except MDHAR.  The activity of MDHAR was increased under As stress 
(Rahman et al. 2015). Noteworthy decrease in antioxidants pool along with elevated 
enzymatic antioxidant activity was observed in rice seedling treating with both 
3 mM and 6 mM MnCl2. With the increase in Mn concentration and exposure length, 
AsA and GSH along with their redox ratios declined. Plants treated with 6 mM 
MnCl2 for 20 days exhibited 48 and 65% reduction in roots and shoots, respectively, 
whereas DHA content declined by 27 and 32%. Like AsA the level of GSH also 
declined by the toxic effect of Mn, while GSSG displayed increased level in mild 
stress and declined at severe stress. The ratio GSH/GSSG was also declined steadily 
in the seedlings with severe stress treatments, with redox states alteration (Srivastava 
and Dubey 2011). Responses of Mn toxicity in soybean plants include upregulation 
of different antioxidative enzymes such as CAT, POD, and SOD (Santos et al. 2017). 
In rice, upon exposure to Al growing seedlings absorbed Al and translocation took 
place in shoots. But prolonged exposure caused lipid peroxidation and altered the 
activities of SOD and POD, furthermore caused DNA damage (Meriga et al. 2004). 
So, it is very clear that under stress condition some of the antioxidants upregulated 
and want to give tolerance to plant. But with the increase of stress intensity, antioxi-
dant defense system becomes inefficient. As a result, scientists are using different 
exogenous protectants (organic acid, osmolytes, etc.) to increase activity of antioxi-
dant enzymes as well as stress tolerance.

 Conclusions and Future Perspectives

Metal/metalloid pollution has become an indispensable incidence to the modern 
world due to urbanization and industrialization. This is resulting in the pollution of 
environment— soil, air, and water, ultimately leading to hazardous condition for 
both flora and fauna. Metals like Cd, Pb, Hg, Cr, Al and metalloid like As are poten-
tially toxic to plants, while some essential elements (e.g., Zn, Fe, B, Cu, Mn, Ni) 
may also become injurious when present in excess amount. These elements not only 
hamper plant physiology but also result in oxidative stress in plants. Another impor-
tant fact is, metal stress induced toxic MG production has also been recorded in 
many plants which is involved with oxidative stress, directly or indirectly (Nahar 
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et al. 2016a, b; Hasanuzzaman et al. 2017b; Mahmud et al. 2017a, b, 2018). This 
overproduction of ROS and MG destroys the balance of them with antioxidative 
enzymes at cellular level which causes multiple negative responses in plant physiol-
ogy including lipid peroxidation, protein peroxidation, DNA degradation, etc. or 
even cell death (Hasanuzzaman and Fujita 2012; Sharma et al. 2012; Hasanuzzaman 
et  al. 2017b). Therefore, it is of prime need to understand the physiological and 
molecular mechanism of metal stress and identify the ways to develop tolerance 
within the plants essential for agricultural survival. However, rational knowledge of 
crop physiology and modulated crop management procedures can make it possible 
to lessen the losses caused by metal/metalloid stress. Researchers of divergent fields 
have so far experimented with a number of crop varieties and metal forms to under-
stand and disclose the possible mechanisms of inducing tolerance against metal/
metalloid stress. Among the molecular approaches endogenous synthesis of osmo-
lytes, PCs and MTs, and antioxidant defense enzymes is of utmost importance. 
Application of different types of exogenous protectants (e.g., organic acids, osmo-
lytes, etc.) may play a crucial role in this case. In addition, modified agronomic 
practices can also be a promising way to minimize the uptake or to diminish the 
effect of metal/metalloid on plants. On the other hand, geneticists can also play a 
vital role by producing transgenic plants related to antioxidant which induces toler-
ance to metal/metalloid stress. Improving genetic potential in plants by tailoring the 
genes responsible for the upregulation of antioxidant defense components can be a 
very efficient way of phytoremediation of metals/metalloids which would be a sus-
tainable green technology.
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 Introduction

The presence of reactive oxygen species (ROS) in plants is an inevitable conse-
quence of their aerobic metabolism (Halliwell and Gutteridge 1989; Halliwell 
2006). They are produced during aerobic metabolism, which is limited to cellular 
organelles with a powerful electron flow. The list of such organelles includes the 
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mitochondria, peroxisomes, and chloroplasts. ROS comprise singlet oxygen (1O2), 
superoxide radical (O2

−), hydroxyl radical (HO•), hydrogen peroxide (H2O2), etc. 
In plants, various physiological responses have been studied besides cellular struc-
tural changes and degradation of enzymes, nucleic acids, proteins, etc. It has been 
assumed that under abiotic stress, ROS production could be a crucial indication of 
phytotoxicity (Choudhury et al. 2013).

ROS are oxygen-containing molecules exhibiting higher chemical reactivity than 
O2. Their ability to cause cellular damage has been mitigated to some extent through 
evolutionary pressure for plants to expand their range of enzymatic and nonenzy-
matic ROS scavengers. Rapid changes in the compartmental redox balance and 
ROS homeostasis are among the initial symptoms that follow fluctuations in envi-
ronmental conditions (Waszczak et al. 2018). Plants detect these parameter changes 
and exploit them as signals in multiple processes that serve to regulate metabolism 
or physiology at the tissue level, at the whole-plant level, or in specific subcellular 
compartments.

ROS are constantly formed as derivatives of various metabolic pathways, which 
are confined to a small area in cellular compartments (Foyer and Harbinson 1994). 
These molecules are scavenged by antioxidative defense components located in par-
ticular sections of the cell, under physiological steady-state conditions (Alscher 
et al. 1997). Recent research has revealed that ROS work as major signals because 
they show reactions to a wide range of biomolecules, result in irreversible damage, 
and may be directed toward death and necrosis (Rebeiz et al. 1988; Girotti 2001).

On the other hand, it has also been observed that ROS can control various bio-
logical processes and can manipulate signal transduction pathways and gene expres-
sion, thereby signifying cellular strategies for ROS utilization (Dalton et al. 1999). 
ROS can operate as signaling molecules, since they are very small and can disperse 
over small distances. Among the different ROS members, only H2O2 has the ability 
to diffuse through plant membranes and therefore manipulate function directly in 
cell-to-cell signaling. The composition and accessibility of the antioxidant system 
are determining factors for concentration and longevity of ROS. HO• is the most 
reactive form of ROS, with an estimated lifetime measured in nanoseconds, while 
that of 1O2 is measured in microseconds.

The most stable ROS—H2O2 and O2
−—have considerably longer lifetimes 

(measured in milliseconds to seconds), which depend upon the presence and activ-
ity of dedicated ROS scavengers (Mhamdi et al. 2010). The concept of oxidative 
stress has changed during the past few decades. The belief that ROS are destruc-
tive substances that indiscriminately oxidize various molecules and structures has 
been superseded by the concept of ROS signaling (Foyer and Noctor 2005). 
According to our current understanding, effective antioxidative systems in sym-
plastic compartments keep ROS concentrations low even in the presence of 
increased ROS production rates (Foyer and Noctor 2016; Noctor et al. 2016). In 
this chapter, we discuss recent progress in the understanding of the functions of 
ROS. Their roles in cellular responses, cellular retrograde signaling, stomatal clo-
sures, and defense against pathogens in the presence of biotic and abiotic stress are 
the focuses of this chapter.
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 Main Cellular Basis of the Effects of Reactive Oxygen Species

For effectiveness, a signaling molecule needs to be formed rapidly and effectively 
on demand for induction of distinct effects within the cell, and when it is no longer 
required, it should be removed promptly (Neill et  al. 2003). The onset of stress 
results in rapid formation of ROS. These are so reactive that they even show reac-
tions with membrane carbohydrates, proteins, lipids, and DNA. H2O2 is able to pass 
through biological membranes, using aquaporins (Bienert et  al. 2007; Dynowski 
et al. 2008; Mubarakshina et al. 2010; Borisova et al. 2012), and is directed at 
systemic responses.

There is genetic confirmation that ROS can also operate as signaling molecules 
for regulation of diverse plant functions (Foyer and Noctor 2005). The primary ROS 
(i.e., O2

− and H2O2) in plants can also be considered as a main ROS because in 
plants it can a vital functions as a secondary envoys by monitoring miscellaneous 
functions of growth and development (Foreman et al. 2003). ROS generated in cel-
lular organelles (e.g., chloroplasts and mitochondria) can cause changes in the 
nucleus, but the complete mechanism of signaling is still not fully understood (Apel 
and Hirt 2004). Considerable research has achieved acceptance of ROS signaling 
mechanisms in plants, and now it is beyond doubt that ROS are indeed major signal-
ing molecules in various processes in plants (Pitzschke et al. 2006). For example, 
production of H2O2 is activated for the duration of biotic and abiotic stresses. During 
abiotic stress the ROS production triggered by cytosolic membrane–bound reduced 
nicotinamide adenine dinucleotide phosphate (NADPH) oxidase is considered a 
signal (Laloi et al. 2004).

As expression of several genes is influenced by ROS, this suggests that ROS 
work as biological signals in stress regulation (Laloi et al. 2004; Neill et al. 2002a). 
Laloi et al. (2004) confirmed that ROS interaction with targeted molecules is very 
selective, as the ROS concentration is amplified and alters gene expression. 
Additionally, it has been explained that oxidation of signaling pathways induces 
changes at the gene level that result in the creation and activation of transcription 
factors that are probably redox sensitive (Neill et al. 2002a). Research has revealed 
that in Arabidopsis, H2O2 can activate two stress mitogen-activated protein kinases 
(MAPKs)—AtMPK3 and AtMPK6—and strongly stimulate nucleotide diphos-
phate kinase 2 (AtNDPK2) (Kovtun et al. 2000). Because they have controlled anti-
oxidant systems, plants are tolerant of H2O2, as it helps in elimination and upholding 
the steady redox state (Foyer and Noctor 2000, 2003). Key roles of glutathione and 
ascorbate in plant redox nodding have been described in numerous reports, and the 
roles of these species in plant signaling have been confirmed in previous reports 
(Horling et al. 2003; Foyer and Noctor 2000, 2003). In the redox state the chloro-
plasts of plants have been found to respond to redox-signaling gene expression. 
Chloroplast protein expression is affected by changes in the chloroplast redox state. 
In chloroplasts, glutathione, ascorbate, plastoquinone (PQ), and ROS work as key 
signaling factors, along with ferredoxin and thioredoxin (Pfannschmidt et al. 1999).

Photosystem II (PSII) is associated with the manufacture of 1O2, while production 
of O2

•− is associated equally with photosystem I (PSI) and PSII (Asada 2006; Møller 
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and Sweetlove 2010). Flu mutant studies of Arabidopsis have revealed that 1O2 sig-
naling is related to planned cell death (PCD) acquire precise characteristic for gene 
induction, in contrast to other ROS (Pitzschke et  al. 2006; Triantaphylidès and 
Havaux 2009). ROS are excessively produced in peroxisomes through various bio-
chemical reactions, as these are major sites. In C3 plants, during photosynthesis, 
peroxisomes produce prominent quantities of H2O2, and antioxidant activity is 
greatly elevated in them (Foyer and Noctor 2000). The enzymes that are involved 
include ascorbate peroxidase (APX), catalase (CAT), and others that are associated 
with the ascorbate–glutathione system (Jimenez et al. 1997; Foyer and Noctor 2003).

These enzymes are requisites for H2O2scavenging. During photorespiration, 
CAT activity decreases, which leads to oxidized glutathione accumulation (Foyer 
and Noctor 2003). It has also been shown that glutathione and ascorbate accumula-
tion can stable CAT scarcity, and the glycollate oxidase effect is responsible for 
transferring the indication from chloroplasts to peroxisomes (Robson and 
Vanlerberghe 2002). Such measures have been studied under drought conditions 
and high temperature stress in plants. Direct correlations have been reported in cel-
lular redox homeostasis and mitochondrial redox conditions, but the scavenging 
activity of ROS in the mitochondria is lesser than that in peroxisomes and chloro-
plasts, so the stability of the self-redox state depends on the total cellular redox 
status (Foyer and Noctor 2003).

ROS production in chloroplasts and peroxisomes far exceeds that in the mito-
chondria. Despite this, the mitochondria are rich in oxidized protein. Oxidized pro-
tein exists in high concentrations because of its vulnerability to ROS, and these 
oxidized proteins are important components of mitochondrial electron transport 
complexes I and III (Møller and Sweetlove 2010). Production of ROS in the mito-
chondria is primarily due to the existence of alternative oxidase (AOX) (Robson and 
Vanlerberghe 2002; Vanlerberghe et al. 2002). However, PCD in plants is controlled 
by higher mitochondrial ROS generation (Tiwari et al. 2002). Numerous phytocom-
pounds—including abscisic acid (ABA), jasmonic acid (JA), salicylic acid (SA), 
and phytohormones—standardize the defensive reaction in plants under abiotic 
stress. However, ROS with these phytocompounds have not been yet implicated. 
ABA is broadly associated with abiotic stress and is involved in directing growth 
and development. Phytocompounds such as SA, ethylene, and JA (but not ABA) 
have noteworthy functions in biotic stress, and sometime ABA behaves as a negative 
regulator of disease resistance (Fujita et al. 2006).

 Cellular Retrograde Signaling in Plants

The nucleus of the cell controls the expression of genes in organelles. Retrograde 
signaling is organ signaling regulated by gene expression in the nucleus. Retrograde 
signaling synchronizes gene communication for development and metabolism 
between the organelles and the nucleus, and afterward it adjusts retrograde progres-
sion (Suzuki et al. 2012). ROS are produced in the mitochondria and chloroplasts in 
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adverse stress conditions, and the metabolism and redox index in organelles are 
significant sources of backward signals that play a prospective function in stress 
acclimatization in plants (Woodson and Chory 2008).

It has been claimed that enough time has been spend on studying chloroplast 
retrograde signaling. There are multiple pathways for chloroplast–nucleus retro-
grade signaling. Mg–protoporphyrin IX (Mg-PPIX) has been studied predominantly 
(Nott et al. 2006) but is still not properly understood. Under developed chloroplast 
in mutants of Arabidopsis and carotenoid biosynthesis inhibitors norflurazon 
showed that the nucleus receives signals from chloroplasts that change nuclear gene 
expression (Suzuki et al. 2012; Nott et al. 2006), but this is generally dependent on 
the existence of AB14 in the nucleus and GUN1 in the chloroplasts.

Moreover, gene expression of Arabidopsis is altered with accumulation of a 
methyl ester of Mg-PPIX (Nott et  al. 2006). Studies of Mg-PPIX in Arabidopsis 
have revealed that stress responses are related to approximately 35% of identified 
proteins (Suzuki et al. 2012). These include peroxidases (ATP15, PER22, and ATP3) 
and glutathione S-transferases (AtGST10 and AtGSTF3), which play a considerable 
role in deprivation of the methyl ester of Mg-PPIX (Kindgren et al. 2011). The pro-
tein phosphorylation process is involved in chloroplast–nucleus signaling mediated 
by ROS (Nott et al. 2006). Microarrays have been used to study the association of 
1O2 in chloroplast backward signaling in mutants of Arabidopsis, exposing various 
sets of alleles that are stimulated by 1O2 (Suzuki et al. 2012; Gadjev et al. 2006).

Mitochondrial retrograde signaling is still not apparently implicited compared to 
chloroplast. In mitochondrial ROS signaling, alternative oxidase 1 (AOX1) expres-
sion is used. The nucleus encodes the AOX1, which plays a major role as a key 
marker for mitochondrial reversing signaling (Suzuki et al. 2012). In mitochondrial 
signaling, the involvement of protein has still not been evidenced. In Arabidopsis 
mitochondria, the mutants scarce in backward signaling not capable to persuade 
luciferase activity motivated by AOX1  in reply as treatment of antimycin-A 
(Zarkovic et al. 2005; Rhoads and Subbaiah 2007). So, evidently, it is clear that 
though a significant advance has been achieved in comprehension of ROS backward 
signaling in plants, the exact regulation percentage is still not fully understood 
(Asada 2006).

 Effects of Reactive Oxygen Species Signaling in Plants

Reactive oxygen species are an indispensable part of aerobic life (Mittler et  al. 
2004). ROS can react with a large number of biomolecules, causing irreversible 
damage and leading to necrosis and death (Rebeiz et  al. 1988; Girotti 2001). 
However, ROS can also manipulate gene expression and signaling pathways, sug-
gesting that cells have evolved a strategy to use ROS for signaling to control various 
biological processes (Dalton et al. 1999).

ROS such as H2O2, OH•, and O2
•− either are produced by redox (oxidation–

reduction) reactions or are active derivatives of O2. Among these ROS, only H2O2 
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can cross the plant membrane, so they can directly act on the cell signal. These ROS 
are permanently produced in different organelles, are highly reactive and toxic, and 
can be oxidized to damage proteins, nucleic acids, and lipids (Suzuki et al. 2012; 
Singh et  al. 2016) (Table  1). Rather than focusing on their toxic nature, recent 
research has concentrated on their signaling roles in several key physiological pro-
cesses in plants (Baxter et al. 2014). In the development process, the involvement of 
ROS as a signaling molecule suggests that plants may have developed the toxicity 
of highly tolerant ROS in their evolution (Bhattacharjee 2014; Mattila et al. 2015). 
ROS are amazing, multipurpose molecular species that are constantly produced in 
plants as an inevitable result of oxygen-metabolizing redox cascades.

 Effects of Reactive Oxygen Species on Stomata

Stomata are well known for arbitration of photosynthetic CO2 exchange and effi-
cient utilization of water produced by transpiration-driven sap ascent (Song et al. 
2014). The signaling mechanisms and networks involved in stomatal activities are 
of great interest. Each network has unique receptors and early signal elements, but 
they also have a common component, such as the plasma membrane anion channel 
and the potassium channel, with solute flux in the actual stomatal movement pro-
moting the inflow of water.

Plant hormone ABA—which is synthesized in buds, roots, and especially in 
seeds, veins, and guard cells—plays an important role in various physiological pro-
cesses, such as stomatal function development and regulation, to deal with abiotic 
stress (Boursiac et  al. 2013). Shinozaki and Yamaguchi-Shinozaki (2007) have 
reported that in the case of high salinity and water stress, ABA begins to accumulate 
in plant cells, and its accumulation directs the change of gene expression and stoma-
tal closure, then reduces transpiration and water loss.

Gas exchange decreases as a result of stomatal closure, thereby leading to a 
reduction of photosynthetic activity (Song et al. 2014; Boursiac et al. 2013). Under 

Table 1 Various sites of reactive oxygen species (ROS) production

ROS Main sites of production References

H2O2 Chloroplast, peroxisome, plasma 
membrane, apoplast, mitochondria, 
endoplasmic reticulum

Halliwell and Gutteridge (1989), Cona 
et al. (2006), Rasmusson et al. (2008), 
Khan et al. (2012)

OH• Chloroplast, mitochondria Elstner (1991), Turrens (2003), Murphy 
(2009)

O2
•− Chloroplast (electron transport chain), 

mitochondria (respiratory chain), plasma 
membrane

Elstner (1991), Turrens (2003), Apel and 
Hirt (2004)

1O2 Chloroplast, plasma membrane, 
mitochondria

Halliwell and Gutteridge (1989), Foyer and 
Harbinson (1994)
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stress conditions, the concentration of ABA increases with the release of a conjugate 
form or enhancement of biosynthesis, and the degradation rate decreases. These 
steps occur in the affected cells or in adjacent cells, resulting in the absorption of 
ABA by pressureless cells. Therefore, ABA can be directly involved in stomatal 
closure. For example, to contend with increased ROS, the activity of superoxide 
dismutase (SOD) may increase, along with those of APX and CAT, and proteins 
such as dehydrins may be produced to mitigate the effects of cell dehydration (Neill 
et al. 2008).

 Effects of Reactive Oxygen Species on Pathogens

When a cell is exposed to a pathogen, this results in production of ROS at an early 
stage. Exposure to different types of pathogens leads to production of O2

− or its 
disproportionation product, H2O2, in the apoplast (Doke 1983; Grant et al. 2000a, b). 
Abdollahi and Ghahremani observed the function of chloroplasts in the synergy 
between Erwinia amylovora and a recipient by using uracil as a chloroplast electron 
transport chain (ETC) inhibitor. As a result of the presence of uracil, ROS produc-
tion was reduced at the time of the pathogen–host interaction, and ROS production 
is related to the release of necrosis in all species (Abdollahi and Ghahremani 2011). 
Research by Liu et al. showed that activation of the salicylic acid–induced protein 
kinase/neutrotrophin 4/wound-induced protein kinase (SIPK/Ntf4/WIPK) cascade 
by disease-causing agent activity enhances the production of ROS in plastids, and 
mainly in chloroplasts, and this plays a key role in the signaling for and/or execution 
of hypersensitive response (HR) cell death in plants. They finally deduced that chlo-
roplast rupture occurs before an NADPH oxidase burst and ROS generated by the 
mitochondria might play a crucial role in the acceleration of the cell death process 
(Liu et  al. 2007). According to pharmacological studies, various portions of the 
overall ROS formation due to infection appear to be affected by a lot processes. The 
active role of NADPH oxidase has been shown to be predominant in most cases 
(Torres and Dangl 2005). ROS formation due to the host–pathogen interaction is 
affected by NADPH oxidases and cell wall peroxides (Grant et al. 2000a, b).

 Redox Oxygen Species Under Biotic Stress

Various biotic and abiotic stresses occur in the plant life cycle in a natural environ-
ment. Plants have evolved complex mechanisms to identify various stresses and 
mount their best responses to these conditions; thus, plants have evolved and devel-
oped mechanisms to maintain the balance between energy production and utiliza-
tion (Suzuki et al. 2012). It is not easy to attribute a change in the physiology of the 
metabolism of a crop to a specific stress, because various complex stress factors 
affect the plants simultaneously, with interconnections existing between different 
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and opposite signaling response pathways for security against insects and patho-
gens, depending on the specific stress conditions (Kusnieczyk et al. 2007).

Biotic stresses include damage due to living organisms (bacteria, viruses, fungi, 
harmful insects, and weeds) (Lata et al. 2018), causing diseases in plants. Wilting in 
plants, root rot, leaf spots, and seed spoilage are caused by microorganisms. 
However, plants produce various natural products of a toxic nature to protect them-
selves against microbial pathogens, and these products are also important for com-
munication between plants and other organisms (Schafer and Wink 2009). Del-Rio 
et al. (2002) proposed a protoplastic source centered upon chloroplastic and mito-
chondrial ROS generation systems. Some biotic stresses lead to synthesis of super-
oxide on plasma membranes from NADPH oxidase (Lamb and Dixon 1997), similar 
to synthesis of reduced nicotinamide adenine dinucleotide (NADH)–dependent 
superoxide (Auh and Murphy 1995), which is dismutated to H2O by superoxide 
dismutase; moreover, hydrogen peroxide originates from a cell wall in a three- 
component system requiring ion fluxes and leading to extracellular alkalinization 
(Bolwell et al. 1999). Some insects act as vectors for viruses and bacteria, and most 
of them cause severe physiological damage in plants. Disturbance of plants through 
allelopathy results in severe damage to native plants. Microorganisms living in 
healthy plant tissues without causing any apparent damage to the host plants are 
known as endophytes (Bacon and White 2000), and some fungi and bacteria are 
known to live their whole lives inside the plant body (Wilson 1995). The term 
“endophyte” was first used by De Bary in 1866. In 1846, Leveille recognized fungi 
in wheat leaves and named them endophytic fungi (Riesen and Close 1987). 
Backman and Sikora (2008) divided endophytes into the following three types 
based on the nature of their pathogenicity:

 1. Pathogens of another host that are not pathogenic in an endophytic relationship
 2. Nonpathogenic microbes
 3. Nonpathogenic pathogens that are capable of colonization through selection 

methods

The presence of redox oxygen species is inevitable in organisms leading an aerobic 
existence; however, plants have adopted successful defenses against the lethal 
effects of ROS during the course of evolution. ROS are chemical compounds pro-
duced in all living organisms in response to any type of stress (Halliwell and 
Gutteridge 1989; and Halliwell 2006). Plants produce an extensive series of physi-
ological responses with changes in cellular assembly and degradation of nucleic 
acids, proteins, enzymes, antioxidants, etc. (Halliwell and Gutteridge 1989). 
Biosynthesis of ROS is considered phytotoxicity, and the mechanism of ROS pro-
duction has been widely studied in plant species under various abiotic stresses 
(Choudhury and Panda 2004). High production of ROS is a distinctive property of 
living plants, exerting severe impacts on plant metabolism that cause negative 
impacts on plant growth and development. In higher plants, productivity under abi-
otic stresses (drought, salinity, heat stress, heavy metals, etc.) results in high pro-
duction of redox oxygen species, which are prominent in a wide range of biological 
and chemical fluctuations, such as degradation of antioxidants, lipid peroxidation, 
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and gene mutations (Choudhury et al. 2013). Production of H2O2 is activated by 
cytosolic membrane–bound NADPH oxidase for plant signaling under biotic and 
abiotic stresses (Laloi et al. 2004), with changes in gene expression, signifying that 
ROS acts as a natural signal in regulating various environmental stresses (Neill et al. 
2002b; Laloi et al. 2004).

Plant growth and development are adversely affected by high activity of ROS in 
cells during abiotic stress. During high stress, ROS are produced in the mitochon-
dria and these ROS play a role in direct signaling that play a possible role in accli-
matization to stress in plants (Suzuki et  al. 2012; Woodson and Chory 2008). 
Mg–protoporphyrin IX is the best-studied chloroplast–nucleus retrograde signaling 
pathway in higher plants (Nott et  al. 2006); however, the chloroplast reverse- 
signaling mechanism is still under study. Chloroplasts send signals to the nucleus 
that alter nuclear gene expression, as shown in studies of carotenoid biosynthesis 
inhibitors of Arabidopsis (Nott et al. 2006; Suzuki et al. 2012).

In plant organelles, metabolic processes are responsive to alterations in environ-
mental conditions, and metabolic variations can lead to oxidative stress in cells by 
enhancing the production and accumulation of ROS, which retards metabolic activi-
ties and causes oxidation of components of the cell (Suzuki et al. 2012). Changes in 
the energy balance and carbon metabolism in response to stress have been revealed 
in both mitochondria and chloroplasts (Takahashi and Murata 2008), and to avoid 
uncontrolled production of ROS and oxidative destruction, significant metabolic 
coordination is needed to maintain the flow of energy through these organelles in all 
possible growing conditions. During stress situations, ROS metabolism in the mito-
chondria and chloroplasts and the organelle redox state are initiators for retrograde 
(organelle-to-nucleus) signals, which play a key role in the adaptation of plants 
(Woodson and Chory 2008). With elevated temperatures or high light intensities, 
active transport or leakage and diffusion of ROS from the mitochondria or chloro-
plasts can cause destruction of normal metabolism and ultimately cell death (Suzuki 
et al. 2012).

At the early stage of plant exposure to salinity, nutrient deficiency occurs and 
regular patterns of growth and development are lost (Munns and Tester 2008). 
Drought inhibits photosynthesis, reduces membrane integrity, and increases ROS 
generation in the body (Greenberg et al. 2008). Xu et al. (2016) showed that pro-
longed water stress reduces leaf size, root growth, leaf water potential, and stomatal 
opening; delays flowering and fruiting; and finally limits the plant’s growth and 
productivity.

Heavy metals hamper photosynthesis, respiration, nutrient uptake, and nitrogen 
and protein metabolism in all types of plants (Zhang et al. 2009). High accumula-
tion of Cd in the growth medium results in oxidative stress through excessive pro-
duction of ROS, which damage the plant’s antioxidant system (Rahman et al. 2016). 
Because of their function as cell signaling molecules and their innate reactivity, 
ROS are of significant importance, with one key target of ROS signals being amino 
acids (Dautreaux and Toledano 2007). Accumulation of ROS is naturally associated 
with generation of the plant signaling molecule nitric oxide (Neill et  al. 2002b). 
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Antioxidant enzymes such as APX, CAT, and others determine the lifetime of ROS 
(Munné-Bosch et al. 2013). ROS signal mediation due to hormones, pathogens, and 
atmospheric pollutants can be controlled by use of ascorbate (Pignocchi et al. 2003).

 Conclusion

Aerobic life makes the existence of reactive oxygen species (ROS) inevitable. 
During evolution, plants have developed the ability to detect harmful effects of ROS 
and use ROS in different biological processes. In the presence of abiotic stress, the 
concentration of ROS in cells is high, which limits the growth and development of 
plants. Plants deploy complex antioxidant defense mechanisms that limit the pro-
duction of ROS and remove them from the cellular environment. In this chapter the 
important role of reactive oxygen–mediated gene expression in regulating the devel-
opment and survival of plants has been described. Although much progress has been 
made in our understanding of the role of ROS in plants, it is far from clear that reac-
tive oxygen species play a key role in stress regulation and metabolism.
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 Introduction

In view of the unsettling increase in the human population coupled with climate 
change and global warming, considerable enhancement in agricultural productivity 
is the need of the hour. However, a variety of environmental constraints like biotic 
and abiotic pressures act as confronting factors to the crop productivity (Wani and 
Sah 2014; Rejeb et al. 2014). Abiotic stress is currently being realized as one of the 
most ubiquitous and potential threats to human existence resulting in the over-
whelming consequences to our health as well as agricultural systems (Pereira 2016; 
Roberts and Mattoo 2018). Decreased crop yield and soil fertility together with the 
accumulation of the harmful elements in the food chains are questioning human 
survival, an annoying gift of abiotic stress to humanity, leading to severe health as 
well as ecological consequences (McLaughlin et al. 1999; Verstraeten et al. 2008). 
In order to meet the feeding requirements of the world population, 70% increase in 
the agricultural productivity has to be achieved to feed a supplementary 2.3 billion 
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population by 2050 (Tilman et al. 2011). Thus, in order to meet the desired goal, 
stress tolerance in plants is of chief importance. However, stress tolerance mecha-
nisms as well as responses in plants are far more complex as compared to animals 
(Qin et al. 2011). This complexity of the stress tolerance traits in plants has forced 
us to look for alternative mechanistic approaches as plant-breeding methods have 
proven unsuccessful in this regard. Thus, potent and novel approaches are the 
demand of the hour and plant biologists are leaving no stone unturned to meet the 
desired aim. Among the various approaches, engineering of phytohormones has 
proven a very effective method of choice for the production of climate-resilient 
crops with prominent yields (Wani et al. 2016, 2018).

In order to respond to the wide range of internal and external stimuli, plants need 
to regulate different aspects of growth and development. A diverse and discrete 
assemblage of signaling compounds, known as phytohormones, often found in min-
ute quantities in the cells of the plants, come to their rescue in mediating such 
responses playing fundamental roles in promoting plant acclimatization to con-
stantly changing environments. Such acclimatization in plants brought about by the 
phytohormones-mediated regulation of different aspects of growth and develop-
ment, nutrient allocation, and source/sink transitions has been well established 
(Fahad et al. 2015; Ciura and Kruk 2018). Although responses of plants to abiotic 
stresses are determined by a range of factors, phytohormones have been observed to 
be the most imperative endogenous compounds responsible for modulating diverse 
physiological and molecular responses, a decisive prerequisite for survival of plants 
as sessile life forms (Fahad et al. 2015; Bücker-Neto et al. 2017; Pál et al. 2018a). 
In the recent past, exogenous application of plant growth regulators (PGRs) has 
proven quite successful in alleviating different types of abiotic stresses in plants. 
These signaling compounds either act at the site of biosynthesis or are transported 
elsewhere to act there (Peleg and Blumwald 2011). Exogenously applied elicitors 
are of imperative significance in augmenting plant stress tolerance mechanisms in 
plants and include PGRs or their derived products like (abscisic acid, ethylene, 
5-aminolevulinic acid, salicylic acid, brassinosteroids, jasmonates, nitric oxide, 
etc.), degraded and non-degraded polysaccharides (carrageenan, chitosan, sodium 
alginate) (Hayat et al. 2012; Ahammed et al. 2015; Wani et al. 2016; Ahmad et al. 
2017a, b, 2018; Akram and Ashraf 2013; Singh et  al. 2017a, b), strigolactones 
(Banerjee and Roychoudhury 2018; Mostofa et  al. 2018), hydrogen sulfide (Zhu 
et  al. 2018; Banerjee et  al. 2018), polyamines (Paul and Roychoudhury 2017; 
Mustafavi et  al. 2016), melatonin and serotonin (Zhang et  al. 2018; Mukherjee 
2018; Ke et al. 2018), non-enzymatic antioxidant like ascorbic acid (Alamri et al. 
2018), glucose (Sami and Hayat 2018), vitamin derivative (Rasheed et al. 2018). In 
this chapter, we will discuss the role of selective exogenous phytohormones abscisic 
acid (ABA), salicylic acid (SA), methyl jasmonate (MeJA), hydrogen peroxide 
(H2O2), and nitric oxide (NO) in abiotic stress tolerance.
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 Role of Exogenous Elicitors in Conferring Abiotic Stress 
Tolerance in Plants

 Abscisic Acid

Abscisic acid (ABA), an isoprenoid phytohormone synthesized via 2-C-methyl-d-
erythritol- 4-phosphate (MEP) pathway in plastids, is one of the exceptionally stud-
ied signaling molecules playing an exceptionally distinct role in plant abiotic stress 
tolerance, hence also called as stress hormone in plants (Dar et al. 2017; Fernando 
and Schroeder 2016). In addition to its distinct role in different physiological pro-
cesses, its function as a fundamental messenger in the adaptive response of plants to 
diverse abiotic stresses in stress tolerance mechanism has attracted substantial 
attention (Sreenivasulu et al. 2010; Peleg and Blumwald 2011). Endogenous levels 
of ABA increase swiftly in response to environmental perturbations and modify 
gene expression by the stimulation of specific signal transduction pathways 
(Sreenivasulu et al. 2010; O’Brien and Benková 2013). ABA has been recognized to 
act as an endogenous signal enabling plants to overcome the detrimental environ-
mental conditions and has also been reported to govern transcriptional regulation of 
up to 10% of the imperative protein-encoding genes involved in diverse physiologi-
cal processes (Nemhauser et al. 2006; Keskin et al. 2010). Acting as a signal under 
water scarcity, ABA enables the plants to transduce signal to the shoot eventually 
activating antitranspirant activity and helping the plant to save water particularly by 
reduced leaf expansion and closure of stomata (Wilkinson et  al. 2012). Besides 
other architectural modifications, ABA is efficiently implicated in vigorous root 
growth under drought stress and nitrogen-deficient conditions (Giuliani et al. 2005; 
Zhang et  al. 2007a, b). Expression of various stress-responsive genes has been 
attributed to ABA in addition to those involved in the synthesis of dehydrins and 
LEA proteins (Verslues et al. 2006; Sreenivasulu et al. 2012). Synthesis of antioxi-
dant enzymes and osmoprotectants which confer drought tolerance and the up- 
regulation of processes involved in the maintenance of cell turgor have been 
endorsed to ABA (Chaves et  al. 2003). ABA concentration has been reported to 
increase proportionately in the plants exposed to salt stress indicating its possible 
role in overcoming salt stress (Zhang et  al. 2006). In an experiment involving 
Landoltia punctata plants, Liu et al. (2018) tested the efficacy of ABA application 
on carbohydrate metabolism enzyme activity, endogenous phytohormone content, 
photosynthetic pigments, starch content, and fresh and dry weights and found that 
ABA supplementation regulated the activity of key starch metabolism enzymes, and 
hormone content to increase biomass and starch accumulation.
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 Salicylic Acid

Salicylic acid (SA) (ortho-hydroxy benzoic acid), an imperative endogenous plant 
growth regulator of phenolic nature ubiquitously distributed in the plant kingdom, 
regulates various aspects of growth and development in plants, chiefly those impli-
cated in response to biotic and abiotic stress (Miura and Tada 2014; Asgher et al. 
2015; Hasanuzzaman et al. 2017). As a naturally occurring endogenous signaling 
compound, it helps the plant to establish and modulate its defense in response to a 
wide variety of stresses including the metal/metalloid stress in different crop plants 
(Hayat et al. 2010; Patel and Hemantaranjan 2012; Mostofa and Fujita 2013; Singh 
et al. 2015; Ahmad et al. 2018). Furthermore, it plays a vital role in regulating vari-
ous physiological processes in plants, like uptake of nutrients, transpiration, stoma-
tal closure, chlorophyll biosynthesis, photosynthesis and synthesis of protein, and 
antioxidant regulation (Shakirova and Sakhabutdinova 2003; Khan et  al. 2015; 
Fardus et al. 2018). In addition, increased rate of transpiration, quantum yield, water 
use efficiency, internal CO2 concentration, sugar translocation, stomatal conduc-
tance and net photosynthetic rate, mineral nutrient concentrations, and prevention 
of degradation of CO2 fixing enzymes (RuBisCO) have been endorsed to the exog-
enous SA application (Fariduddin et al. 2003; Khan et al. 2003; Gondor et al. 2016; 
Garg and Bharti 2018). Moreover, exogenous sourcing of SA impedes ethylene bio-
synthesis, enriches photosynthetic pigments, triggers the induction of flavonoid bio-
synthesis pathways, arouses photosynthetic machinery, and ameliorates the 
detrimental effects produced by heavy metal stress in plants (Zhao et  al. 1995; 
Zhang and Chen 2011; Gondor et al. 2016). In a more recent experiment, Soliman 
et al. (2018) reported the preventive role of acetylsalicylic acid in Phaseolus vul-
garis plants to chilling stress conditions in which acetylsalicylic acid improved pho-
tosynthesis, antioxidants, and growth and induced cold stress resistance by 
up-regulating the expression of cold-responsive genes CBF3 and COR47, 
respectively.

 Jasmonic Acid

In plant kingdom, jasmonic acid (JA) and its methyl ester, methyl jasmonate (MeJA), 
are cosmopolitan in distribution (Per et al. 2018; Zaid and Mohammad 2018). JA as 
well as its methyl ester methyl jasmonate (MeJA) are known to influence diverse 
processes in plants thereby acting as natural plant growth regulators (Ueda and 
Saniewski 2006; Norastehnia et al. 2007; Ahmad et al. 2016; Mir et al. 2018). The 
initial isolation of JA was reported from the culture filtrate of the fungus Lasiodiplodia 
theobromae (Aldridge et al. 1971). Reports regarding the role of JAs in protection 
of plants against abiotic stresses are contradictory as MeJA has been generally 
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observed to inhibit photosynthetic activity, stomatal opening, and plant growth 
(Anjum et al. 2011; Yan et al. 2015). However, reports have also revealed that MeJA 
at stumpy concentrations augments growth and enhances plant abiotic stress toler-
ance, thereby acting as stress modulators (Walia et al. 2007; Keramat et al. 2009). 
JAs have been well documented for their vital roles in plant responses to wide range 
of abiotic stresses including drought (Brossa et al. 2011), salt (Dong et al. 2013; Qiu 
et al. 2014; Zhao et al. 2014), heavy metals (Maksymiec et al. 2005; Ahmad et al. 
2017a, b), and heat stress (Clarke et al. 2009). Application of MeJA modulates pho-
tosynthesis and antioxidant system considerably by regulating the expression at the 
gene level (Maserti et al. 2011).

 Nitric Oxide

Nitric oxide (NO), a major signaling molecule involved in various signal transduc-
tion cascades, is beneficial to plants exposed to different abiotic stresses and acts 
diversely as a free radical, released from numerous noxious by-products of oxida-
tive metabolism and also aids in plant sustenance. NO is exceedingly diffusible 
ubiquitous bioactive endogenous signaling molecule which gained substantial 
engrossment in last decade or two due to its widespread participation in mediating 
different plant physiological processes. A research outbreak during the last two 
decades in plant NO biology has shown the association of this key signaling mole-
cule with germination, growth, pollen growth, photosynthesis, leaf senescence and 
reorientation, floral regulation, hypocotyl growth, pathogen defense, and root 
organogenesis (Mur et al. 2013; Beligni and Lamattina 2000; Šírová et al. 2011; He 
et  al. 2004; Jasid et  al. 2009; Neill et  al. 2008; Pagnussat et  al. 2003; Correa- 
Aragunde et al. 2004). NO also finds association with apoptosis and biosynthesis of 
phytoalexins in plants (Misra et al. 2011). The beneficial effects in plants have been 
documented at lower concentrations while higher doses repress growth. Exogenously 
application of sodium nitropruside (SNP) in Citrus aurantium has been reported to 
prevent carbonylation of prevents thereby helping to overcome the damaging effects 
of salinity (Beligni and Lamattina 2000). During heat stress, NO acts as an antioxi-
dant, limiting the excessive production of ROS (Suzuki and Mittler 2006). 
Exogenous SNP application and other NO donors protect plant leaves by reducing 
oxidative damage through increased activity of antioxidant enzymes like CAT, 
SOD, and POX under heat stress (Song et al. 2006). Exogenous SNP application 
promisingly ameliorates the decline in chlorophyll content and net photosynthetic 
rate under osmotic stress (Tan et al. 2008).
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 Hydrogen Peroxide

The growth and development of plant species has apprehensively regulated by min-
ute concentrations of hydrogen peroxide (H2O2) which is regarded as a versatile 
second messenger in phytohormone signaling biomolecule for myriad of processes 
under stressful environments (Wojtyla et al. 2016; Maruta et al. 2012; Khan et al. 
2018). H2O2 controls various functions in plants owing to its diverse properties like 
small size, high diffusibility, and as one of the main components of reactive oxygen 
species (Leshem et al. 1998; Si et al. 2018). In cells, the source of H2O2 is NADPH 
oxidase (respiratory burst oxidase homolog, RBOH), whose production mediates 
initial response to various environmental stresses (Gilroy et al. 2014; Dietz et al. 
2016; Neill et al. 2002a, b; Gaupels et al. 2016). Various studies have established the 
role of external application of H2O2 in controlling plant metabolism under stress 
conditions by stimulating the activation and expression of genes related to stress 
tolerance for physiological adjustment and their capacity to endure continued sub-
jection to environmental change (Saxena et al. 2016; Wang et al. 2018a, b; Iqbal 
et al. 2018). Several complex signaling pathways and defense responses triggered 
by H2O2 have been studied in detail nevertheless; there is great scope of future 
research which could clarify the underlying mechanisms and signaling pathways. 
H2O2 affects growth, development, photosynthesis, antioxidant, and osmoprotectant 
systems. In a field experiment, Farouk and Qados (2018) assess the role of different 
(0, 2, and 4%) doses of H2O2 on growth, anatomical characters, yield, and some 
biochemical aspects and of pea plant. Results indicate that H2O2 caused a significant 
increment in growth, photosynthetic attributes, pigment contents, yield as well as 
the quality of pea plants. In quinoa plants, Iqbal et al. (2018) applied two modes of 
H2O2, 80 mM through seed priming and 15 mM as foliar supplementation under 
drought stress conditions. 80 mM H2O2 improved emergence attributes of plants 
while 15 mM H2O2 caused a significant increment in stomatal conductance, transpi-
ration rate, net photosynthetic rate, chlorophyll content, proline, and total soluble 
sugar contents. Both H2O2 application modes reduced endogenous ABA content and 
also enhanced the activities of enzymatic antioxidant batteries, including superox-
ide dismutase, catalase, peroxidase, and ascorbate peroxidase. In a recent study, 
Bagheri et al. (2019) working on pistachio seedlings observed that H2O2 improved 
salt tolerance through coordination with antioxidant systems.

 Signaling Cross Talk Between Phytohormones in Abiotic 
Stress Tolerance

Phytohormones play an important role in regulating diverse metabolic and physio-
logical processes in plants by their synergistic and antagonistic interactions among 
themselves or with other signaling agents like transcription factors, secondary mes-
sengers, and in order to maintain a balance between defense mechanisms and plant 
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growth and development, their signaling pathways are either interconnected or bio-
synthesis or responses are modulated by each (Kazan 2015; Hu et al. 2017; Asgher 
et  al. 2018). Nevertheless, unraveling molecular mechanisms on these aspects to 
mechanistically understand how distinct signaling cascades interplay with each 
other to fine tune growth, development, and physiology of plants under biotic and 
abiotic environmental cues. Moreover, the interplay between various phytohor-
mones can program new machinery at genetic level which could affect defense 
mechanisms, ameliorate the impacts of environmental pressures thereby enhance 
plant abiotic stress tolerance.

ABA has diverse functions during the growth and development of plants together 
with its role during various abiotic stresses like drought and salinity stresses (Zhang 
et al. 2006). On the other hand, NO has its hand in varied plant metabolic and physi-
ological processes and studies reveal that numerous interactions (synergistic and 
antagonistic) between NO and ABA (Freschi 2013; Simontacchi et  al. 2013). 
Studies show an interdependence of NO and ABA; NO generation is essential for 
ABA-induced stomatal closure and ABA regulates biosynthesis of NO inside the 
guard cells (Bright et al. 2006; Neill et al. 2002a, b). The aforesaid fact can be cor-
roborated with studies regarding Vicia faba (Garcia-Mata and Lamattina 2002) and 
Pisum sativum (Garcia-Mata and Lamattina 2003). Garcia-Mata et  al. (2003) 
reported that NO maintain Ca2+ ion concentration in guard cell (Vicia faba) by regu-
lating K+ channels resulting in stomatal closure. Defective ABA-induced stomatal 
closure in Arabidopsis NR-deficient mutant (nia1::Ds) that have no NR1-associated 
NO generation, as well as by the cPTIO, an NO scavenger supports that NO is 
essential for ABA-regulated signaling pathway. Since Arabidopsis mutant, rcn1 
(insensitive to ABA and methyl jasmonate) also did not accumulate NO, thus con-
clusively NO regulates downstream signaling of ABA as well as methyl jasmonate 
(Garcia-Mata and Lamattina 2003; Saito et  al. 2009; Hancock et  al. 2011). 
Considering the earlier reports NO synthase is a key enzyme involved in NO gen-
eration. Out of the two isoforms of NR (NR1; NR2), NR1 is involved in ABA- 
mediated signaling and nitrite-NO oxido-reductase (Ni-NOR) helps in nitrate 
assimilation but recent reports suggest that NOA1 is the enzyme involved in regula-
tion of NO production. Reports support that NOA (mitochondria) in Triticum aesti-
vum is up-regulated by ABA as well as by NaCl treatment, thus giving a further 
support to ABA-associated NO generation (Hao et al. 2010; Moreau et al. 2010; 
Stohr and Stremlau 2006). A similar interface has been observed in Arabidopsis 
thaliana between salicylic acid and NOA1-mediated NO generation regulated by 
ABA (Sun et al. 2010).

Under stressful conditions such as water deficit and UV-B radiation, both NO 
and ABA extensively cross talk, leading to different plant adaptive responses viz., 
stomatal closure and antioxidant defenses (Neill et al. 2008; Tossi et al. 2009). A 
significant enhancement in the concentration of ABA, NO, and H2O2 was observed 
in the leaves of Zea mays after UV-B irradiation. A mutant, viviparous 14 (vp14), 
defective in ABA synthesis shows higher UV-B damage, shows ameliorative 
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response after the application of ABA, and reinstates NO and ABA accumulation 
(Tossi et al. 2009; Wilkinson and Davies 2010). The effect is brought about by the 
ABA-induced H2O2 generation that escalates the NO accumulation in the leaves due 
to the activity of mitogen-activated protein kinase and up-regulation of antioxidant 
enzymes activity (Zhang et al. 2007a, b). Nevertheless, H2O2 and NO levels in the 
leaves of Nicotiana tabacum are enhanced by the overexpression of SgNCED1 
(9-cis epoxycarotenoid dioxygenase) gene by increased ABA levels that leads to the 
up-regulation of the expression and activity of various antioxidant enzymes (Zhang 
et al. 2009). Under water and nutrient-limited conditions, bromeliads ensure their 
survival from crassulacean acid metabolism which is under the control of NO and 
ABA interplay in these plants (Freschi et  al. 2010; Mioto and Mercier 2013). 
Tominaga et al. (2010) has reported that enf1(enhanced nitrogen fixation 1) mutant 
of Lotus japonicus have higher rates of nitrogen fixation and number of root nodules 
with lower ABA sensitivity and reduced NO production in nodules. However, in 
Lactuca sativa, NO invigorates seed germination with a gradual increment in ABA 
catabolism and NO accumulation (Hancock et al. 2011). S-nitrosylation promotes 
degradation of a transcription factor ABI5 that ameliorate seed germination in 
Arabidopsis (Albertos et al. 2015) although the ABA receptors inactivation via tyro-
sine nitration adjusts cellular responsiveness to ABA after the formation of NO and 
ROS in the cell (Castillo et al. 2015). Some of the representative examples of inter-
action between various exogenous elicitors are listed in Table 1.

 Conclusion Remarks and Future Perspectives

In view of the collected literature above, it is clear that plant stress signaling is gov-
erned by the complex interactions and cross talks between various phytohormones. 
Phytohormones undergo synergistic and antagonistic cross talks during stress sig-
naling in a tissue-specific manner. Abiotic stress causes oxidative stress in plants by 
the overproduction of reactive oxygen species (ROS) (Fig.  1). Phytohormones 
retained the oxidative state either directly quenching the ROS or stimulating the 
antioxidant batteries indirectly. Phytohormones also modify the expression of genes 
responsible for undesired, negative effects on plants’ metabolism. A schematic 
overview of phytohormones-mediated abiotic stress tolerance is given in Fig.  1. 
Thus, there is an urgent need to exploit the knowledge of stress-induced promoters 
in abiotic stress tolerance for genetic modifications. In addition to traditional lab- 
based experiments, the engineering effect of phytohormones should be tested under 
open field conditions in a changing and natural environment.
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 Introduction

Agriculture production is now overwhelmed with different abiotic stresses, such as 
high temperature, chilling, drought, flooding, salinity, and metal toxicity, which 
altogether causes reduction in biomass and yield of major crops up to 70% (Thakur 
et  al. 2010; Hasanuzzaman et  al. 2012) threatening world food production. This 
adverse environmental condition is mostly due to direct or indirect effect of 
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different anthropogenic activities. Plant faces dehydration stress due to drought, 
salinity, and high temperature, which limits the plant growth and production 
(Vorasoot et  al. 2003; Thakur et  al. 2010). As a negative consequence of abiotic 
stress, plants suffer from nutritional and hormonal imbalance (Yildiztugay et  al. 
2014; Ashraf 2009). In addition, plant produces excess amount of reactive oxygen 
species (ROS), such as singlet oxygen (1O2), superoxide (O2

•−), hydrogen peroxide 
(H2O2), and hydroxyl radicals (OH•) at cellular level under stresses resulting in oxi-
dative stress, which potentially damage the intracellular machinery and thus inter-
rupt the antioxidant defense mechanism (Hasanuzzaman et al. 2018; Nahar et al. 
2016). Overproduction of ROS induces lipid peroxidation, protein oxidation, distur-
bance of enzymatic activities, electrolyte leakage (EL), nucleic acid damage as well 
as cell death (Gill and Tuteja 2010; Hasanuzzaman et al. 2013). Naturally, plants 
can defend this adverse environmental condition up to certain level for their survival 
and sustaining next generation. Overcoming environmental stress is not only essen-
tial for sustainable increase of food production, but also essential for keeping envi-
ronmental balance. As a defense mechanism, plants possess different enzymatic and 
non-enzymatic compounds, which play a significant role in preventing ROS pro-
duction, check oxidative injury, and other damages. Plant tolerance to abiotic stress 
is a heterogeneous attribute, which depends on various factors. Thus, a complex 
stimulus is produced under abiotic stresses causing alteration in genomic expression 
leading to metabolic changes for making stress tolerance. Genomic expression is 
occurred due to changes in some physiological and biochemical features in plants 
under stresses, including changes in morphology, anatomy, water relations, photo-
synthesis, hormonal balance, ion distribution pattern, and biochemical adaptation 
(Parida and Das 2005; Hernández et  al. 2001; Ashraf and Harris 2013; Acosta-
Motos et al. 2015a, b).

Calcium (Ca) is an essential macronutrient and also known as the second mes-
senger, as it acts as signaling molecule in different physiological and biochemical 
processes in plant to improve stress resistance (White and Broadley 2003; Rahman 
et al. 2015a, b; Ahmad et al. 2015). Calcium significantly plays its role in cell mem-
brane stabilization, nutrient uptake as well as enzymatic and hormonal regulations 
to mitigate abiotic stress (Ahmad et al. 2015; Rahman et al. 2015a, b) in plants. 
Besides oxidative damage, ROS also acts as signal molecules for mediating stress 
tolerance responses in plant by activating stress-responsive genes governed by Ca2+ 
signaling (Mittler et al. 2004). The relationship between Ca2+ signaling and ROS 
signaling are strongly related, which involve Ca2+ and Ca2+-binding proteins, such 
as calmodulin (Mittler et al. 2004). Thus, under stress condition, cytosolic Ca2+ rap-
idly increases depending on Ca2+-binding protein (Snedden and Fromm 2001; Luan 
et al. 2002; Sanders et al. 2002) and increased cytosolic Ca2+ signal via Ca2+-binding 
protein to downstream responses involving protection and adjustment of plant with 
adverse condition. The Ca-dependent protein kinases (CDPKs) activate expression 
of stress-responsive genes and play an important role in antioxidative stress response 
(Liu et al. 2006) by regulating physiological responses to abiotic stresses, such as 
K+ uptake, gene expression, and stomatal movement (Li et  al. 1998; Choi et  al. 
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2005; Yu et al. 2007). Moreover, exogenous Ca2+ application increases photosynthe-
sis, enhances stomatal conductance, decreases malondialdehyde (MDA) and proline 
(Pro) content, and improves catalase (CAT) activity to bring more adaptivity to 
stress condition (Liang et al. 2009; Tan et al. 2011).

Therefore, in this chapter, we focused the effects of different abiotic stresses on 
plant growth, development, physiological attributes, and yield. Plants’ mechanisms 
to sustain and tolerate abiotic stress will also be focused. Furthermore, calcium 
induced abiotic stress tolerance in aspect of growth and physiology and yield 
improvement will also be reviewed.

 Plant Response to Abiotic Stress

 Salinity

Salt stress is associated with increasing level of Na+ and Cl− ions, which are toxic to 
plant and causes both ionic and osmotic stresses, which may hamper the membrane 
integrity, nutrient balance, functions and levels of growth regulators, enzymatic 
activity, metabolic function, photosynthesis, and other physiological and biochemi-
cal activities that ultimately lead to plant death (Mahajan and Tuteja 2005; 
Hasanuzzaman et al. 2012). Reduced seed germination, retarded vigorous seedling 
production, obstruction of plant growth and development, restriction in photosyn-
thesis, disruption of dry matter accumulation and partitioning are occurred under 
salt stress that contributes to lower yield.

Under salinity, as excess salt concentration increases the amount of Na+ in growth 
medium, plant uptakes more Na+ than K+, increases K+ efflux that triggers K leakage 
from cell, and creates an increase of Na/K ratio (Wu and Wang 2012; Parvin et al. 
2016; Rahman et al. 2016). Thus, excess Na+ influx causes membrane depolariza-
tion, disturbance of membrane ion channel and nutrient replacement, and further 
leads to imbalance nutrient uptake and assimilation under salt stress (Nahar et al. 
2016; Shabala et al. 2007; Zhao et al. 2007). Nahar et al. (2016) observed reduced 
amount of Ca, Mg, and Zn in mung bean seedlings leaf due to salt stress.

Besides, salinity is responsible for delayed germination and maturity (Yadav 
et al. 2011) due to osmotic stress and mineral toxicity, the seed germination pro-
cess hampered, including restriction of water uptake, solute metabolism and emer-
gence of embryonic organs (Wahid et  al. 2014). Salt toxicity also disturbs the 
seedling emergence, growth and development, and establishment in soil causing 
lower seedling emergence percentage and increase the mortality (Al-Mutawa 
2003; Turhan and Ayaz 2004). Similar result was recorded in Oryza sativa (Xu 
et al. 2011), Zea mays (Khodarahmpour et al. 2012) and Solanum lycopersicum 
(Kaveh et al. 2011).

Salt hampers the normal plant growth and development procedure by directly 
affecting cell expansion, division and differentiation, which results in stunted plant 
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growth (Hasegawa et al. 2000). This phenomenon is due to reduction of soil water 
potential as well as water uptake ability reduced resulting in slower leaf area 
expansion. Leaf is the main photosynthetic organ, and thus due to saline-induced 
leaf area reduction, photosynthesis rate reduced, hence, photosynthate assimila-
tion and translocation also lowered, which causes reduction of plant growth 
(Mazher et al. 2007).

Plants suffer from low osmotic pressure due to salinity that creates low leaf water 
potential (Munns 2005; Álvarez et al. 2012). In addition, salinity decreases stomatal 
conductance and transpiration (Vysotskaya et  al. 2010), causing reduced CO2 
assimilation, decrease photosynthesis, as well as lower protein biosynthesis (Parida 
et al. 2004; Zobel et al. 2007; Mugnai et al. 2009). Reduction of photosynthesis 
under saline condition depends upon plant species, age of the plant, level and dura-
tion of salinity. Salt stress also decreases photosynthetic pigments content, such as, 
Chl a and Chl b, and hampered photosynthesis, which was well documented in O. 
sativa (Amirjani 2011), Brassica juncea (Ahmad et al. 2012), Vicia faba (Azooz 
et al. 2011) and Morus alba (Ahmad et al. 2010).

Under salinity excess amount of different ROS produced in chloroplasts and 
mitochondria. These ROS induce oxidative damage, like, lipid peroxidation, protein 
oxidation, denaturation of nucleic acids, imbalance hormones and vital nutrients 
etc., hence plants faces stress. Biosynthesis of different antioxidant compounds both 
enzymatic and non-enzymatic are hampered causing reduced scavenging of these 
ROS, hence plant faces oxidative damage (Nahar et al. 2016; Gill and Tuteja 2010). 
Many previous reports illustrated the oxidative damage induced by salinity in differ-
ent crops. Nahar et al. (2016) found higher concentrations of ROS including H2O2 
and O2

•– with increased lipoxygenase (LOX) activity in Vigna radiata, which led to 
cellular oxidative damage with increased lipid peroxidation. They also found 
reduced ascorbate (AsA) and dehydroascorbate (DHA) ratio, and altered superox-
ide dismutase (SOD) and CAT activity, moreover higher methylglyoxal (MG) con-
tent was also recorded, which also responsible for oxidative damage. Due to salt 
stress, higher level of H2O2 with higher MDA and overproduced MG were also 
observed in rice seedling, where LOX and SOD activity increased, while CAT activ-
ity decreased (Rahman et al. 2016).

The reduction of yield is the eventual result of changes water relation, stomatal 
conductance, transpiration, nutritional balance with oxidative damage due to salt 
stress. Salinity hampers the yield and productivity of crops by changing morpho-
physiological and biochemical processes (Kaveh et al. 2011). Yield per plant may 
reduce up to 62% (Parvin et al. 2017) at 8 dSm−1 in Brassica oleracea var. capitata. 
Salinity significantly affects reproductive response of crops with yield contributing 
attributes causing yield loss (Parvin et al. 2015a). Reduction of yield component 
and yield under salinity was observed in various crop species, such as V. radiata 
(Nahar and Hasanuzzaman 2009), Solanum lycopersicum L. (Parvin et al. 2015a), 
B. oleracea var. capitata (Parvin et al. 2017), B. oleracea var. italica (Parvin and 
Haque 2017).
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 Drought

As a reaction of global climate changes the frequency and severity of drought has 
been increasing in an alarming rate (Walter et al. 2011). Due to lack of water or 
moisture, plants often suffer from drought stress in any growth and developmental 
stages of life cycle. Shortage of precipitation, lack of groundwater and higher 
evapotranspiration are primarily responsible for creation of drought (Mishra and 
Cherkauer 2010). Drought affects plant growth and development by hampering ger-
mination, growth and dry matter accumulation. This water shortage causes loss of 
turgor, reduces energy balance, enzymatic activity, which impairs cell division, 
elongation and differentiation, and ultimately reduces the productivity of plant 
(Kiani et al. 2007; Farooq et al. 2009a; Taiz and Zeiger 2010). Adverse effect of 
drought varies with different plant species, growth stages of plant, and severity and 
duration of drought. Effect of drought on vegetative stage of plant demonstrated 
lower economic benefit, while drought stress at reproductive stage is most destruc-
tive as it severely affects the yield (Reddy et al. 2003; Yadav et al. 2004). Reduced 
transpiration by drought stress decreases nutrient absorption and thus plants suffer 
from nutrient deficiency. Drought-induced disruption of membrane integrity is 
another reason for reduced water/nutrient uptake. Alteration of enzyme activities 
and lack of energy dissipation also disturb nutrient accumulation under drought 
condition (Baligar et al. 2001; Ashraf and Iram 2005). Under drought stress reduced 
N and P contents were noticed in L. esculentum (Subramanian et al. 2006), while 
decreased N and K were recorded in Gossypium hirsutum (McWilliams 2003), yet 
devastating loss of P was found in Tagetes erecta (Asrar and Elhindi 2011).

In addition, water deficit causes alteration in different physiological attributes 
such as water potential, leaf relative water content, pressure and osmotic potential 
and transpiration rate (Kirkham 2005). For example, S. lycopersicum (Subramanian 
et al. 2006), Capparis spinosa (Ozkur et al. 2009), Glycine max (Liu et al. 2004), 
Helianthus annuus (Tezara et al. 2002) showed decreased water and osmotic poten-
tial, resulting in low leaf relative water content under drought stress. Subsequently, 
lower water potential in plant due to drought stress reduces transpiration rate and 
disrupts nutrients uptake and CO2 influx. Reduction in transpiration was also 
reported in T. aestivum and O. sativa (Siddique et al. 2001), citrumelo (Poncirus 
trifoliata × Citrus paradisi) (de Campos et al. 2011).

Upon drought stress, lack of turgidity and subsequent stomatal closure causes 
reduction in transpiration and CO2 assimilation, eventually reduce photosynthesis, 
which was reported in Phaseolus vulgaris (Miyashita et al. 2005), Cocos nucifera 
(Gomes et al. 2010), and H. annuus (Correia et al. 2006). Moreover, impaired pho-
tosynthetic enzyme activities namely ribulose-1,5-bisphosphate carboxylase/oxy-
genase (Rubisco), pyruvate phosphate dikinase, phosphoenolpyruvate carboxylase, 
and NADP-malate dehydrogenase also responsible for declining photosynthesis 
under drought condition (Reddy et al. 2004; Farooq et al. 2009a, b). Drought stress 
reduces the regeneration of Rubisco causing quick decrease of photosynthesis 
(Flexas and Medrano 2002; Reddy et al. 2004) and this was observed in different 
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grassland species (Signarbieux and Feller 2011). Drought also decreases the photo-
synthetic pigment synthesis such as Chl a and Chl b contents was reduced in T. 
erecta (Asrar and Elhindi 2011).

Water deficit increases photorespiration and declines carbon fixation stimulates 
oxidative stress by producing H2O2 (Noctor et al. 2002; Ghannoum 2009). Drought 
produces excess amount of ROS, which damage lipid, protein, photosynthesis pig-
ments, nucleic acids and other cellular organelles (Pinheiro and Chaves 2011; Rout 
and Shaw 2001). Thus, overgenerated ROS reduced stomatal conductance and pho-
tosynthesis in Pinus canariensis (Tausz 2001), carry out lipid peroxidation in C. 
spinosa (Ozkur et al. 2009) and Triticum aestivum (Qiu et al. 2008). In addition, 
higher level of H2O2, O2

•–, MDA and LOX activity were observed in Z. mays, where 
activities of SOD, peroxidase (POD) increased with reduction in CAT activity 
(Anjum et  al. 2017). In mung bean, H2O2, O2

•–, MDA, and MG content were 
increased under drought, whereas, decreased AsA and increased DHA content 
resulted in reduction of AsA/DHA ratio (Nahar et al. 2017).

Drought hampers yield contributing characters as well as yield by changing phe-
nological, physiological, and biochemical response of plant. When drought occurs 
at flowering stage, it increases the pollen sterility, which reduces yield. For instance, 
declined yield was observed in H. annuus (Hussain et al. 2008), Pennisetum glau-
cum L. (Yadav et al. 2004), Z. mays (Schussler and Westgate 1995), and G. max (Liu 
et  al. 2003) due to drought at flowering period. Nouri-Ganbalani et  al. (2009) 
showed about 50% reduction of average grain yield under water deficit condition in 
T. aestivum. Producing unfilled grain in O. sativa was also recorded due to spikelet 
sterility under drought stress in any growth stage, which results in yield reduction 
(Shahryari et  al. 2008). Similar yield loss was also recorded in Cicer arietinum 
(Mafakheri et  al. 2010), Hordeum vulgare (Babaeian et  al. 2011), V. radiata 
(Ranawake et al. 2011), L. esculentum (Pervez et al. 2009), Abelmoschus esculentus 
(Hussein et al. 2011), Lens culinaris (Panahyan-e-Kivi et al. 2009), V. unguiculata 
(Zadehbagheri et al. 2012), and G. max (Mirakhori et al. 2009).

 High Temperature

High temperature (HT) stress is caused by relatively high temperature beyond opti-
mum level for a certain period of time. High temperature stress is one of the most 
important problems and burning issue for agriculture especially for plant growth 
and development. Because of rising levels of greenhouse gases, the global tempera-
ture is increasing, and it has already been risen by 0.89 ± 0.2 °C, and estimated to 
be increased by 2.6 ± 4.8 °C between 2081 and 2100 (Stoker et al. 2013). Each 
degree Celsius of increased temperature may cause up to 17% of crop yield reduc-
tion. High temperature stress reduces the plant growth and development, disturbs 
physiology and biochemical processes such as seed germination, photosynthesis, 
respiration, transpiration, nutrient uptake, dry matter accumulation and partitioning 
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and thus suffering from nutritional imbalances, O2
•− causes alteration of crop qual-

ity as well as yield reduction. This stress also disturbs processes by denaturing of 
protein, inactivation of enzymes, regeneration of excess ROS, disorganization of 
membrane structure, etc. and damage of cellular components (Nahar et al. 2015). 
Types and extent of deteriorative effect of HT stress depend on degree of tempera-
ture, time of exposure, and plant species (Hasanuzzaman et al. 2013). High tem-
perature stress hampers seed germination or loses seed vigor, which leads to 
reduction of seedling emergences and establishment (Hasanuzzaman et al. 2013). 
Reduction of radicle and plumule growth at the time of seed emergence causes 
abnormal seedling growth resulting in poor seed germination percentage under heat 
stress in various crop species (Kumar et al. 2011; Piramila et al. 2012). Grown up 
plants also suffer from different abnormalities under HT stress such as scorching of 
leaves and twigs, partial burning of plant parts, leaf senescence and abscission, 
imbalance of dry matter accumulation and partitioning, hence relatively slower 
growth rate (Hasanuzzaman et al. 2013). Photosynthesis is negatively affected by 
HT stress, where chloroplast may injured and alternation of photochemical reac-
tions occurred (Hasanuzzaman et al. 2013; Szymańska et al. 2017). In chloroplast 
Rubisco activity, PSII activity and ATP synthesis are mostly affected under HT 
stress (Asthir 2015). Photochemical pigments decreased after exposed to HT stress 
(Hasanuzzaman et al. 2013; Szymańska et al. 2017). In addition, decreased total 
chlorophyll (Chl) content including Chl a and Chl b and imbalance in their ratio are 
also reported as a negative consequence of HT (Hasanuzzaman et al. 2013). All of 
these impairs the total photosynthesis and net assimilation rate. Moreover, HT stress 
induces stomatal closure, reduces the relative water content, and lowers the carbon 
metabolism (Hasanuzzaman et al. 2013; Szymańska et al. 2017). Reduction of leaf 
area, relative leaf water potential, and premature leaf senescence also occurred 
under HT stress (Greer and Weedon 2012; Hasanuzzaman et al. 2013).

Excess amounts of ROS are attributes to HT stress, which causes oxidative dam-
age. Consequently, plant suffers from oxidative stress that induced various physio-
logical damages, such as lipid peroxidation, damage of nucleic acids, protein 
denaturation, enzyme deactivation, and disruption of cell membrane stability, even-
tually causes cell death (Qi et  al. 2010; Hasanuzzaman et  al. 2013; Nahar et  al. 
2016). Nahar et al. (2017) reported higher content of H2O2, O2

•–, LOX, and MDA in 
mung bean when facing HT stress that reduces the ratio of AsA/DHA with increase 
of SOD activity along with increase of MG content. Heat stress also increases H2O2 
with increased SOD and CAT activity (Ferreira-Silva et al. 2011).

Ultimate result of HT stress is yield reduction, which imposes a threat to food 
safety. Negative effect of heat stress on different phenological developmental pro-
cesses is responsible for yield reduction (Hasanuzzaman et al. 2013). It is well doc-
umented that this reduced yield due to HT stress was found in many crops including 
cereals, pulse, and oil yielding crops (Hasanuzzaman et al. 2013). Reduced yield up 
to 90% in O. sativa was recorded under heat stress due to decreased grain size and 
weight, including increased spikelet sterility (Suwa et al. 2010). Similarly, reduced 
seed size and weight are also responsible for yield loss in Sorghum bicolor (L.) 

Calcium-Mediated Growth Regulation and Abiotic Stress Tolerance in Plants



298

Moench (Mohammed and Tarpley 2010). Thus, high temperature induced various 
changes in morphological, physiological, and yield contributing characters, 
 subsequently reduce yield of different plant species, which is a great threat to crop 
production worldwide.

 Chilling Stress

As high temperature, temperature below optimum level (low temperature) also 
causes various detrimental effects on plants and thus termed as chilling or cold 
stress. Low temperature hampers the plant growth, development, productivity, and 
thus reduces the quality and quantity of yield by affecting different metabolic and 
physiological processes (Ding et  al. 2017; Sheteiwy et  al. 2017). Chilling stress 
causes damage to the germinating seeds and also established plant (Farooq et al. 
2017). Poor seed germination percentage, low seed vigor, and slow seedling growth 
are noticed in plants under chilling stress (Sheteiwy et al. 2017). Delayed seedling 
emergence is one of the negative consequences of chilling stress and causing poor 
seedling establishment. Farooq et  al. (2017) also observed this phenomenon in 
chickpea.

Chilling stress reduces water and mineral uptake, stomatal conductance, and 
photosynthesis causing reduction of plant growth and development (Yadav 2010; 
Farooq et  al. 2017). Chilling stress directly impairs photosynthetic apparatus by 
damaging thylakoid membranes and also Chl pigments formation (Yadav 2010; 
Farooq et al. 2017). Due to the imbalanced stomatal movement, CO2 fixation faces 
difficulty under chilling stress causing excess sugar accumulation and lipid peroxi-
dation as well as disturbance in the water potential (Allen and Ort 2001; Farooq 
et al. 2017). Thus, lower CO2 assimilation rate is observed in plant with reduction 
of photosynthesis rate (Ding et al. 2017; Farooq et al. 2017). Root hydraulic con-
ductivity is also reduced under chilling stress, which causes reduced leaf water con-
tent (Yadav 2010; Farooq et al. 2017). Reduced root growth occurs under chilling 
stress, resulting in low water and mineral nutrient uptake (Aroca et al. 2003; Farooq 
et al. 2017). Hence, chilling stress causes major nutrient deficiency in plants, such 
as N, K, and Ca (Farooq et al. 2017). In addition, chilling stress makes inability of 
stomatal closing despite having low relative leaf water potential, which ultimately 
promotes chilling-induced water stress (Yadav 2010; Farooq et al. 2017).

Low temperature stress induces flower and pod abortion, infertility of pollen and 
ovule, breakdown of pollination and fertilization process, disruption of seed filling 
and also produces smaller seed, eventually yield loss (Nayyar et al. 2005a; Farooq 
et al. 2017). Thus, cold stress during reproductive phase has great economic and 
social consequence (Thakur et  al. 2010). Furthermore, chilling stress-induced 
imbalanced metabolic processes lead to overproduction of ROS and causes oxida-
tive damage to protein, lipid, and DNA (Gururani et al. 2015; Shi et al. 2015; Ding 
et al. 2017). Ding et al. (2017) observed the increment in H2O2 content in tomato 
plants when exposed to chilling (4 °C) as a reflection of oxidative stress. Banana 
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plant also showed up to 349% increase in H2O2 content under chilling exposure 
(Kang et al. 2003).

On the other hand, chilling-induced imbalanced stomatal regulation leads to 
lower CO2 fixation guide to more ATP and reduced NADP+ escorts to the generation 
of excess ROS (Allen and Ort 2001; Gururani et al. 2015; Mignolet-Spruyt et al. 
2016; Ding et al. 2017). Thus, chilling stress inhibits crop yield by damaging plant 
growth and development including oxidative stress-induced damaged.

 Toxic Metals/Metalloids

Various kinds of solutes are required for plant growth and development, which are 
uptaken from rhizosphere by roots and then distributed to the whole plant body. 
Uptake of mineral elements with water is very crucial for successful plant life and 
plays a key role in physiological activity and developmental plasticity in root sys-
tem (Ovečka and Takáč 2014). Hence, essential ions maintain the structural and 
physiological functions in plant cells (Conn and Gilliham 2010).

However, despite being essential, the imbalance in relative abundance of these 
elements including non-physiological concentration in soil can become limiting 
factors for plant growth through affecting cellular homeostasis (Ovečka and Takáč 
2014). Thus, ion toxicity causes irreversible damage through various physiological 
and developmental changes (Ovečka and Takáč 2014). Despite the plant essential 
minerals some other metals/metalloids are contaminating the rhizosphere in recent 
decades due to anthropogenic activities as well as industrialization. These metals/
metalloids can be incorporated into plant tissue with plant nutrients at the time of 
water and nutrient uptake. Metals/metalloids that can be toxic to plants are copper 
(Cu), iron (Fe), manganese (Mn), zinc (Zn), nickel (Ni), chromium (Cr), aluminum 
(Al), cobalt (Co), cadmium (Cd), molybdenum (Mo), arsenic (As), and lead (Pb) 
(Hossain et al. 2012; Dal Corso et al. 2013; Hossain and Komatsu 2013; Ovečka and 
Takáč 2014).

Agricultural soils are now being contaminated by these metals/metalloids world-
wide due to excessive use of phosphatic fertilizers, dust from smelters, bad sewage 
system, use of sewage sludge, mismanagement of industrial waste (Passariello et al. 
2002: Yadav 2010; Lu et al. 2015a, b). These metal ions affect plant growth and 
metabolism as well as various physiological and biochemical processes, and the 
degree of negative impacts varies with the metal, soil characters, plant type, etc. 
(Singh and Agrawal 2010; Sheetal et al. 2016). Excess metals/metalloids causes leaf 
chlorosis, necrosis, leaf rolling, stunted shoot growth, reduced root growth, altera-
tion of stomatal movement, reduced water potential, reduced membrane integrity, 
cation efflux, inhibition of photosynthesis, altered enzymatic activities, reduced 
biomass production, and eventually cause death (Rahman et al. 2015a; Nahar et al. 
2016; Sheetal et al. 2016). Comparatively higher amount of toxic metal/metalloid 
accumulates in roots than shoots (Rahman et  al. 2015a) and strongly affects the 
water and nutrients uptake mechanism by roots (Ovečka and Takáč 2014). Whole 
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process of transpiration and transport among various organs are also inhibited (Ying 
et al. 2010). Relative leaf water content is also disturbed and causes perturbation of 
plant—water relationship (Nahar et al. 2016).

Toxic metal causes negative changes in structural and physiological integrity of 
leaves and then reduces photosynthesis and respiration rate, which has detrimental 
effect on energy supply and other metabolic processes (Ovečka and Takáč 2014). 
Consequently, due to changes in the leaves and roots functions, various develop-
mental processes such as embryogenesis, flowering, and seed formation are ham-
pered (Ovečka and Takáč 2014). Reduction of Chl content increased with higher 
metal content in soil where Chl a is more sensitive to metal stress than Chl b by 
showing more reduction (Rahman et al. 2015a). This reduction of Chl has direct 
effect on inhibition of enzymatic activities and nutrient availability (Van Assche 
and Clijsters 1990; Sheetal et al. 2016). This reduction of Chl content is also con-
sidered for reduction of photosynthesis rate where stomatal conductance also 
decreased under metal stress (Sheetal et al. 2016). Yield of crop plants also reduced 
due to metal stress-induced different physiological, biochemical as well as meta-
bolic changes and this yield reduction was recorded (Sheetal et al. 2016). In addi-
tion, metal stress also causes cell toxicity by enhancing overproduction of various 
ROS, which triggers oxidative damage by restricting the antioxidant defense sys-
tem in plants (Rui et al. 2016; Bücker-Neto et al. 2017) and also reacts with lipids, 
proteins, and DNA and damages other biomolecules (Rahman et al. 2015a; Nahar 
et al. 2016).

Mustard (B. juncea) showed the increased level of H2O2 with lipid peroxidation, 
EL, as well as enhancement of antioxidant enzymes activities such as SOD, ascor-
bate peroxidase (APX), and glutathione (GSH), when treated with Cd (Ahmad 
et  al. 2016). Nickel also enhanced the H2O2, OH•, and O2

•– content in O. sativa 
(Rajpoot et al. 2016). It was reported that 1 mM concentration of As also enhanced 
89% of H2O2 along with 51% and 40% decrease of AsA and DHA, respectively, in 
rice, thus reducing the AsA/DHA ratio where SOD and CAT activity were also 
increased with higher MG level (Rahman et  al. 2015a). Therefore, as like other 
abiotic stresses, metal stress disrupts the plant morphology, physiology and bio-
chemistry as well as hampers the developmental processes and inhibits plant growth 
along with yield reduction.

 Flooding

Flooding is another form of water stress, which adversely affect the root environ-
ment. Most of the plant species are very vulnerable to prolonged submergence or 
soil waterlogging condition (Loreti et  al. 2016). Complete submergence or flash 
flood is very common in lowland area and seriously hampers the crop survival, lead-
ing to extreme yield losses (Gautam et  al. 2016). Flooding leads to low oxygen 
availability to plants causing shift to anaerobic and hypoxic condition, while 
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complete lacking of oxygen (anoxia) is worst for plant survival (Oh and Komatsu 
2015; Loreti et al. 2016). Thus, drastic reduction in oxygen concentration leads to 
physicochemical alteration (Avivi et al. 2016). Flooding stress causes reduced root 
permeability with initiation of adventitious roots, hampers the mineral and water 
uptake, and decreases photosynthesis and alteration of hormonal balance (Oh and 
Komatsu 2015). Flooding affects seed germination, seedling growth, and even 
established plants. In the first phase of development, seeds and seedlings are more 
vulnerable to flooding resulting in decreased seed germination as well as seedling 
establishment (Ferreira et al. 2007; Lal et al. 2015). Submergence affects the plant 
morphology by reducing shoot, leaf, and root dry weight due to decay, rotting, and 
death of living tissue and also causes leaf senescence, chlorosis, reduction of stoma-
tal conductance, and photosynthesis leading to poor survival (Gautam et al. 2016). 
Plant also suffers from dehydration due to reduced leaf relative water content and 
water potential by decreasing root hydraulic conductivity (Gimeno et al. 2012). The 
reduction of photosynthesis may be due to decreased stomatal conductance, reduced 
Chl content, reduced leaf area, and leaf senescence (Avivi et al. 2016). Then, the net 
CO2 assimilation rate is also hampered by flooding resulting in lowered yield. Both 
soluble sugar and starch are decreased in leaf and root due to reduction of CO2 
assimilation and supply of photo-assimilate that in turn is responsible for the reduc-
tion of carbohydrate concentration (Gimeno et  al. 2012). In addition, plant also 
faces the nutrient deficiency due to disturbance in nutrient uptake caused by lack of 
oxygen (Gimeno et al. 2012). Plants also suffer from oxidative damage induced by 
the overproduction of ROS, which hampers the membrane integrity and induces 
damage of PSII, thereby reducing photosynthesis (Gautam et al. 2016). These ROS 
also causes lipid peroxidation, damage of nucleic acid, and some key enzymatic 
activities (Nahar et al. 2016). Higher amount of H2O2 was found in hypoxia-induced 
H. vulgare and T. aestivum (Kalashnikov et  al. 1994; Biemelt et  al. 2000). 
Waterlogging-stressed maize, pigeon pea, and mung bean also found to be suffered 
from oxidative damage indicated by ROS overproduction, increased lipid peroxida-
tion, and membrane injury (Yan et  al. 1996; Kumutha et  al. 2009; Sairam et  al. 
2011). Hence, flooding causes morphological, physiological, and metabolic changes 
in plants, where plant growth become stunted, development processes become ham-
pered, eventually plant produces lower yield with poor quality.

 Others

Besides the most common abiotic stresses viz., salinity, drought, high temperature, 
chilling, flooding, and metal/metalloid stresses, plants face other abiotic stresses, 
such as ultraviolet (UV) radiation, ozone, high and low light, wind, mechanical 
injury, and herbicidal toxicity. Effects of some of these stresses on plant have been 
presented below.
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 Ultraviolet and Other Radiation

Plants are strongly affected by non-ionizing radiation, which reduces plant bio-
mass production, photosynthetic pigments, and also causes severe chloroplast 
damage resulting in harmful effect for plant growth and development (Stefi et al. 
2017). In addition, UV-B radiation causes stress to plant by its detrimental effect 
on photosynthetic components with degradation of Chl and carotenoid (car) (León-
Chan et al. 2017). This inhibition of photosynthesis may be due to higher ROS 
generation, which causes lipid peroxidation, protein denaturation, nucleic acid 
damage, and disruption of photosystems (PSI and PSII) and the light harvesting 
complexes (LHCs) (Nishiyama et al. 2011; Nahar et al. 2016; León-Chan et al. 
2017). It is well known that the level of UV-B radiation is higher in tropical and 
subtropical zone compared to temperate region due to thin ozone layer (Jaakola 
and Hohtola 2010) that indicate the vulnerability of plants of tropical and subtropi-
cal regions to UV-B stress. Ozone, an active form of oxygen, which is formed in 
troposphere acts as a protectant for plants from the UV radiation damage although 
it also has some negative impacts depending on its concentration, exposure, and 
duration ranging from photosynthetic damage to cell death (Chakraborty and 
Acharya 2017). As an ionizing radiation, gamma radiation also causes damage to 
DNA and tissue directly or indirectly where direct effect is damage of macromol-
ecules such as lipid peroxidation, inactivation of enzyme, and DNA lesions with 
breakdown (Esnault et al. 2010). Again with exposure to gamma radiation plant 
also suffers from oxidative damage through producing excess ROS that leads to 
cellular damage (van de Walle et al. 2016).

 Ozone

Ozone (O3)—the reactive form of oxygen produced in the troposphere zone, which 
acts as a protective layer for the entrance of UV radiation to the earth but exerts 
damaging effects to the living organisms. Anthropogenic activities release air pol-
lutants, such as volatile hydrocarbons and oxides of nitrogen, which can enhance O3 
breakdown through photochemical reactions. Decreased photosynthesis and growth, 
stomatal regulation, necrosis, surplus excitation energy, and excess generation of 
ROS have been reported as a common phenomenon of O3 stress (Dumont et  al. 
2013; Gottardini et al. 2014; Feng et al. 2016). Ozone can enter through stomata, 
and depending upon its severity photosynthetic damage and cell death may occur 
(Oz et al. 2015). Ahlfors et al. (2009) have demonstrated cell death in Arabidopsis 
thaliana due to O3 stress. Photosynthetic pigments destruction, reduced gas 
exchange rates, lower Chl a fluorescence, decreased antioxidants contents, and 
altered antioxidative enzyme activity, together with increased lipid per oxidation 
and accelerated leaf senescence were reported in T. aestivum cultivars under O3 
stress (Feng et al. 2016). Combination of drought and O3 was imposed to different 
species of oak, which significantly decreased leaf dry weight of Quercus pubescens 
and Q. cerris by 70 and 75%, respectively. A decrease in maximum carboxylation 
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rate and an increase in Pro content and MDA were noticed in three different oak 
species (Cotrozzi et al. 2016). Under O3 stress, many plant species produce smaller 
roots. Among 68 different plant species, 22.5% were unaffected, 33.5% had 
increased stomatal opening, and 44% stomatal closure due to O3 stress (Mills et al. 
2016). The beneficial effect of N on root development was lost at higher levels of O3 
stress (Mills et al. 2016). High O3 concentration (average 73 ppb) decreased leaf 
photosynthesis and grain yield of wheat by 20% and 29%, respectively, as com-
pared to plant without O3 stress (Feng et al. 2008). Ozone-induced changes in Chl a 
fluorescence parameters including reduction in quenching of photochemical effi-
ciency (qP) and quantum yield of PSII (Feng et al. 2011), as well as altered antioxi-
dant defense system (Inada et  al. 2012) were noticed to cause physiological 
disorders. In field condition, continuous exposure to O3 can decline photosynthesis, 
increase leaf senescence, and consequently decrease productivity and yield (Feng 
et al. 2011; Zhu et al. 2011; Burkart et al. 2013).

 Nutrient Deficiency Stresses

Macronutrients (N, P, K, Mg, Ca, S), micronutrients (Cl, Fe, B, Mn, Zn, Cu, Ni, 
Mo), non-mineral (C, H, O) elements are vital elements because these compose 
structural skeleton and are involved in metabolic, physiological, and developmental 
processes of plants. Deficiency of these elements negatively affects the plant growth 
and yield. Differential root elongation pattern in response to N and P deficiencies 
were reported in O. sativa (Sun et  al. 2016). Nitrogen deficiency slowed down 
growth and increased sucrose and trehalose 6-phosphate accumulation in 
Arabidopsis (Nunes et al. 2013). Under N shortage condition, Z. mays plant accu-
mulated a number of proteins, which were involved in photosynthesis and metabo-
lism (Nazir et  al. 2016). Deficit of P modulates CO2 assimilation, causes PSII 
inhibition, and reduces the metabolism in glycolysis and TCA cycle (Hernández 
and Munne-Bosch 2015). Deficiency of S significantly hampers N assimilation, 
purine metabolism, increases lipid breakdown, disrupts S assimilation, mitochon-
drial respiratory chain activity, and causes high photorespiration rate as well as 
interrupts energy assimilation mechanisms (Victoria et al. 2005; Ostaszewska et al. 
2014). Arabidopsis plant showed differential responses to S deficiency. Distorted 
mitochondrial respiratory chain activity, ATP levels, and energy status of cell were 
noticed under S deficiency stress (Ostaszewska et al. 2014). Decreased gene expres-
sion of Rubisco and increased photorespiration were reported in S deficit Arabidopsis 
(Nikiforova et al. 2005). Phosphate fertilizers and fluorine (F) containing pesticides 
may release F in soil and environment that is one of the most toxic pollutants dis-
tressing the environment harshly and limiting plant growth and development (Wahid 
et al. 2014; Choubisa and Choubisa 2016). Olive plants were treated with NaF (20, 
40, and 80 mM, 5 months). Increased F content in plant tissues with a higher level 
in roots compared to leaves was noticed. High level of H2O2, thiobarbituric acid 
reactive substances (TBRS), lipid peroxidation and electrolyte leakage, reduction of 
antioxidant enzyme activities (SOD, CAT, and glutathione peroxidase; GPX), and 
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lack of mineral contents have been demonstrated in both roots and leaves especially 
at the highest dose of NaF (Zouari et al. 2017). Insufficiency of K improved radio 
caesium (Cs) translocation from stem to old leaves and then to younger organs of 
rice plant (Nobori et al. 2016). Potassium deficiency decreased stomatal conduc-
tance, mesophyll conductance and caused biochemical limitations by 23.9%, 33.0%, 
and 43.1%, respectively, in B. napus (Lu et al. 2016). In Arabidopsis, Fe deficiency 
not only generated H2O2 and oxidative stress responses but also this generation of 
H2O2 acted as signal for Fe deficiency responses and up-regulated iron deficiency- 
induced transcription factor (Le et al. 2016). Reduced roots and shoots growth, leaf 
necrosis (Hermans et al. 2010), impaired carbon metabolism, and decline of Chl and 
carbon fixation have been proved through transcriptomic analysis in A. thaliana 
grown under Mg deficit soil (Hermans et al. 2010). Inhibition of photosynthesis, 
assimilate translocation events including phloem loading, sucrose export, and trans-
port were adversely affected under Mg deficiency stress (Cakmak and Kirkby 2008).

 Low Light

Low light also exerts abiotic stress, which causes different morphological, physi-
ological as well as yield contributing characters, yield, and yield quality (Liu et al. 
2014); it also hampers the membrane integrity, ATPase activity, and causes photo-
inhibition of PSII and PSI including decreased Chl content (Meng et al. 2012). 
Low light may increase plant height and leaf area, which is a kind of plant adapta-
tion to capture more light (Ren et al. 2002; Liu et al. 2009). Low light before the 
heading stage hampers the fertility of panicle in O. sativa. Low light stress after 
the heading stage decreases net photosynthetic rate, dry matter accumulation, and 
sink capacity, which decrease the number of filled grain, 1000-grain weight, and 
the final yield (Kato 1986; Deng et al. 2009; Liu et al. 2009). Low light stress is 
liable for insufficient supply of assimilates; decreased activity of a soluble starch 
branching enzymes involved in starch synthesis in grains, which reduces the num-
ber of filled grains and increases the percentage of chaffy/unfilled grains (Ren 
et al. 2003). Effect of low light on growth, yield, pigment composition, photosyn-
thetic efficiency, and antioxidant defense systems of T. aestivum cultivars have 
been studied at different growth stages. Low light stress at the early stage of seed-
ling didn’t affect different studied parameters significantly. But at reproductive 
stage, low light adversely affected different studied parameters. An increase in 
POD activity was associated with loss of photosynthetic activity and formation of 
H2O2. Harvest index (HI), yield, and nutrient contents were negatively affected, 
when low light stress was imposed at grain filling stage. No substantial gain was 
formed under low light at grain filling stage, which affected the final production 
(Dong et al. 2014).
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 Herbicide Toxicity

To increase plant productivity, herbicide and pesticide become indispensible, but 
these chemicals and their residues have become one of the serious ecological evils 
across the earth (Lu et al. 2015a, b; Yadav et al. 2015). Wheat plants exposed to 
0.8–8.0 mg kg−1 simetryne (which is the so-called s-triazine herbicide used in agri-
culture and aquatic environment) for 7  days exhibited suppressed growth and 
decreased Chl content, overproduction of ROS, injured the membrane lipids with 
higher activities of antioxidant enzymes, SOD, CAT, POD, APX, glutathione reduc-
tase (GR), and glutathione S-transferase (GST) (Jiang et al. 2016). Mixtures of her-
bicides imazethapyr and imazapic or imazapyr and imazapic caused greater 
reduction in total Chl and car contents in rice plant (Avila et al. 2015). Topramezone 
is used for post-emergence control of broadleaf and grass weeds in corn field but it 
was found as detrimental to the green algae Chlorella vulgaris growth during the 
24–96 h of exposure. Pigments content and relative transcript of photosynthesis- 
related genes were adversely affected. Membrane permeability damage rate was up 
to 40.40% due to ROS triggered by topramezone, and morphology was also affected 
in those green algae (Zhao et al. 2017).

Interactive effects of 24-epibrassinolide (EBL) and imidacloprid (IMI) pesti-
cides on AsA, tocopherol, GSH, polyphenols, and total phenols, B. juncea plants 
were studied and it was revealed that all these antioxidants were significantly 
increased due to interaction of 24-EBL and IMI (Sharma et al. 2016). Willow (Salix 
miyabeana, cultivar SX64) was exposed to glyphosate (0, 1.4, 2.1, and 2.8 kg ha−1) 
and aminomethylphosphonic acid (AMPA, the principal glyphosate by-product; 0, 
0.28, 1.4, and 2.8  kg  ha−1). Decreased Chl pigment contents (and increased Chl 
degradation), Chl fluorescence, increased oxidative stress markers (higher H2O2 
content and inhibition of antioxidant enzyme activities) in leaves were evident after 
12 h of exposure (Gomes et al. 2016). Root meristems of Allium cepa cells showed 
loss of membrane integrity, increased chromosome aberrations, micronucleus for-
mation, DNA strand breaks, and cell-cycle arrest due to exposure of ZnO nanopar-
ticles. In Vicia faba and Nicotiana tabacum, toxicity of ZnO nanoparticles was 
characterized by ROS production, lipid peroxidation, and modulation in activities of 
antioxidant enzymes (Ghosh et al. 2016). Another popular herbicide paraquat also 
causes damage to crops. Paraquat is well known for its O2

•– generating capability 
that resulted in oxidative stress, which was evidenced with higher lipid peroxidation 
(MDA), H2O2 content and O2

•– generation rate, higher LOX activity and MG level. 
Paraquat toxicity also decreases plant biomass, leaf Chl, and relative water content; 
disrupts the antioxidant defense by altering the content and activity of antioxidants. 
Furthermore, activities of glyoxalase system were also disrupted by paraquat in B. 
napus (Hasanuzzaman et al. 2018).
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 Wind and Mechanical Injury

Almost all of the plants need mechanical support throughout their lifetime. Wind is 
one of the major mechanical barriers that has an important role on plant growth, 
morphology, physiology, and ecology (Gardiner et  al. 2016). Wind causes leaf 
scraping, tearing, folding to plant resulting in damage to cuticle, and then induces 
quick water loss and desiccation as well as allows pathogen entry. Most of the plants 
including agricultural crops are susceptible to wind damage by lodging (Gardiner 
et al. 2016). Yield losses under wind stress in T. aestivum, O. sativa, and Z. mays is 
reported due to insufficient light penetration owing to canopy compactness 
(Kashiwagi and Ishimaru 2004; Gardiner et al. 2016).

 Calcium-Induced Regulation of Growth and Physiology 
of Plants Under Abiotic Stress

Calcium (Ca) is one of the essential macronutrients for plant growth and develop-
ment, where Ca plays multifunctional roles in many processes, such as structural 
and functional integrity of plant membrane, including cell wall stabilization, regula-
tion of ion transportation and selectivity, regulation of ion-exchange behavior, and 
also involved in activation of different enzyme activities (Rengel 1992; Marschner 
2012). It is also called as an intracellular second messenger to engage in extracel-
lular stimuli for intracellular responses and also coordinate a vast range of endoge-
nous actions (Edel et al. 2017). Hence, Ca is not only a mineral nutrient for plant, 
but also mediates the cell and plant development processes, as well as plant response 
to different stress conditions by regulating many physiological and cellular aspects 
(White and Broadley 2003; Hirschi 2004; Tang et al. 2006; Rahman et al. 2015a). 
Calcium plays its regulatory role on seed germination, growth and development, 
water relations, photosynthesis, and many more (Table 1). Some of them have been 
presented below.

 Seed Germination

The fundamental phase in plant life cycle is seed germination; it is also a vital phase 
of growth and development that affect the plants establishment and yield. Seed ger-
mination starts with water imbibition, which reactivates the metabolic activity and 
ends by giving the seedling radicle and plumule emergence from the dry seed 
(Bewley and Black 1994; Duval et  al. 2002). Naturally, seeds contain essential 
miner nutrient as per requirement for their germination, but availability of these are 
hampered by stresses like salinity, drought, cold, etc. (Knight and Knight 2001). In 
this situation, Ca provides stress protection by regulating many physiological and 
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Table 1 Calcium-induced growth and yield improvement in different crop species under various 
abiotic stress conditions

Crop species Abiotic stresses
Exogenous Ca 
application

Improvements of growth 
and yield References

Lycopersicon 
esculentum 
Mill.

75 mM NaCl 2.5 mM and 5 mM 
of Ca as CaSO4

• Increased plant 
growth and biomass

• Improved fruit 
number, weight, and 
yield

Tuna et al. 
(2007)

Phragmites 
karka Retz.

100, 200, 300, 
400, 500 mM 
NaCl

10 mM CaCl2 • Increased seed 
germination (80%)

Zehra et al. 
(2012)

Nicotiana 
tabacum L.

Heat stress; 
30 °C, 35 °C, 
40 °C, 45 °C, 
47 °C

20 mM CaCl2 • Improved CO2 
assimilation under 
both stress and 
recovery

• Increased net 
photosynthesis rate up 
to 86%

Tan et al. 
(2011)

Cucumis 
sativus

50, 100, 150, 
200 mM NaCl

CaC2 at 5, 10, 20, 
30 mg plate−1

• Enhanced seed 
germination through 
increase ethylene 
level

Shakar et al. 
(2016)

Pisum sativum 75 mM or 
150 mM NaCl

5.44 mM CaCl2 • Increased root 
elongation and plant 
development

• Stimulated the 
remobilizations of 
seed nutrients stores

Bonilla 
et al. (2004)

L. esculentum 50, 100, and 
150 mM NaCl

100, 200, and 
300 mg L−1 CaCl2

• Increased leaf number 
and leaf fresh weight

• Increased number of 
fruit and fruit weight

Lolaei et al. 
(2012)

L. esculentum 2, 4, 6, 8 dS m−1 
of NaCl

5, 10 mM of Ca as 
CaSO4.0.5H2O

• Reduced the yield 
reduction rate

• Increased flowers and 
fruit number

• Increased fruit size

Parvin et al. 
(2015b)

Oryza sativa 
L.

0.5, 1 mM 
Na2HAsO4

10 mM CaCl2 • Decreased As 
accumulation and 
restored plant growth 
and water loss

• Lowered Pro content 
and increased plant 
dry weight

• Increased 
photosynthetic 
pigments (Chl a and 
Chl b)

Rahman 
et al. 
(2015b)

(continued)
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Table 1 (continued)

Crop species Abiotic stresses
Exogenous Ca 
application

Improvements of growth 
and yield References

Cicer 
arietinum L.

200 μM Cd as 
CdSO4.8H2O

50 mM Ca as CaCl2 • Enhanced 67% shoot 
and 35% root length

• Increased biomass 
production

• Pod number and seed 
yield increased by 
29% and 52%, 
respectively

• Reduced Cd 
accumulation in root 
about 82%

• Chlorophyll and Pro 
content increased

Ahmad 
et al. (2016)

Hordeum 
vulgare

100 μM Co as 
CoCl2.6H2O

2 mM CaCl2 • Stimulated growth by 
increasing length and 
dry weight

• Chlorophyll content 
was increased up to 
39%

• Reduced Co 
concentration in both 
root and shoot, while 
translocation rate was 
also decreased

Lwalaba 
et al. (2017)

Brassica 
juncea;
Sesbania 
sesban

50 μM CdCl2 0.2 and 2 mM Ca 
where 1 mM as 
CaSO4 and 1 mM 
as CaCl2

• Resulted in higher 
shoot biomass 
production

• Increased root length

Eller and 
Brix (2016)

L. esculentum 150 and 300 μM 
NiSO4

400 and 700 μM Ca 
as CaCl2

• Increased shoot and 
root length

• Enhanced leaf RWC; 
total Chl and car 
content

Mozafari 
et al. (2013)

Zoysia 
japonica

Drought stress; 
7 days

5, 10, and 20 mM 
CaCl2

• Increased above and 
below ground 
biomass

• Enhanced the Chl 
content including Chl 
a, b and Chl (a+b)

• Exhibited increased 
photosynthetic rate 
(Pn)

Xu et al. 
(2013)

Camellia 
sinensis L.

Drought; 
20 days

50 and 100 μM 
CaCl2

• Increased leaf dry 
mass

• Improved RWC up to 
93%

Upadhyaya 
et al. (2011)

(continued)
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cellular responses (Zehra et al. 2012). Under saline condition, Ca restricts the entry 
of Na+ and thus reduces the adverse effect of NaCl on seed germination (Marcar 
1986; Nayyar 2003; Bonilla et al. 2004; Zehra et al. 2012). Toxicity of salt on ger-
mination of Pisum sativum, T. aestivum, H. annuus, L. esculentum (Bonilla et al. 
2004; Turkmen et al. 2004; Daowei and Moxin 2010; Li-Yun and Ming-You 2010), 
Haloxylon ammodendron, Artemisia ordosica, Aristida adscensionis, Bassia dasy-
phylla, Chenopodium album (Tobe et al. 2004; Yao et al. 2010), and several other 
halophytic species of Pakistan coast (Gul and Khan 2006) were minimized by Ca 
application.

Calcium significantly mitigates the toxicity of Na+ and Mg2+ on the germinating 
seeds of Kalidium capsicum (Tobe et al. 1999), H. vulgare (Bliss et al. 1986), and 
Urochondra setulosa (Shaikh et al. 2007). Again, chloride and sulfate salts toxicity 
on seed germination of K. capsicum and H. ammodendron were alleviated by low 
concentration of Ca and also reduced the K+ efflux (Tobe et  al. 2004), and thus 
enhanced seedling growth. Application of CaCl2 (10 mM) improved seed germina-
tion up to 80% of Phragmites karka under 500 mM of NaCl (Zehra et al. 2012). Use 
of 50 mM concentration of Ca2+ (CaCl2) as seed priming agent showed most benefi-
cial for seed germination regardless of genotypes in H. vulgare under drought stress 
(Kaczmarek et al. 2017). Use of Ca as seed osmopriming is also beneficial for other 
field and cereal crops such as O. sativa (Basra et al. 2004; Farooq et al. 2009a), T. 
aestivum (Nayyar et al. 1995), and H. annuus (Kathiresan et al. 1984) by improving 
germination rate, seedling emergence as well as seedling growth and establishment. 
Medium or low concentrated Ca2+ improved seed germination characteristics of 
Koelreuteria paniculata (Cai et  al. 2013). Under waterlogging condition, Ca 
increased seed germination percentage of rice by making pelleting of seed with 
CaO2 as well as improved seedling growth (Mei et al. 2017) because of increased 
oxygen availability due to increased CaO2 (Baker and Hatton 1987). Inhibition of 
germination of P. karka was alleviated by Ca2+ addition under dark condition (Zehra 
et al. 2012), which was also observed in U. setulosa (Shaikh et al. 2007). Calcium 
can also partially mitigate the chilling-induced (10 °C) oxidative stress from germi-
nating of seed, such as wheat grains (Nayyar and Kaushal 2002).

Application of Ca causes perturbation in cytoplasmic Ca2+ and triggers Ca sensor 
proteins, for example, calmodulin (CaM), calcenurin B-like proteins (CBLs), and 
Ca-dependent protein kinases (CDPKs), which are involved in activation of meta-

Table 1 (continued)

Crop species Abiotic stresses
Exogenous Ca 
application

Improvements of growth 
and yield References

Zea mays Drought; 30% 
FC

20, 40, and 
60 mg L−1 Ca2+ as 
CaCl2.2H2O

• Enhanced 
photosynthesis (45%)

• Resulted increment of 
13% in Chl a, 20% 
Chl b, and 32% in car

• Improved 20% grain 
yield

Naeem et al. 
(2017)
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bolic processes (Zehra et al. 2012). The CDPKs is involved in embryogenesis, seed 
development, and germination in Santalum album (Anil et al. 2000).

 Growth

Calcium enhances the plant tolerance to different abiotic stresses by improving the 
growth and development of crops. Supplemental Ca can enhance the plant dry mat-
ter by increasing root and shoot dry weight of S. lycopersicum under saline condi-
tion (Tuna et al. 2007). Exogenous application of Ca showed the increased plant 
height, leaf and branch number, leaf area of S. lycopersicum under salt-stressed 
condition (Parvin et al. 2015a). Plant dry weight was also increased with additional 
Ca application. Improvement of growth- related parameters thus indicates the salin-
ity tolerance behavior of plants supplemented with Ca. Salt-stressed wheat plant 
showed better plant height, when treated with Ca (Al-Whaibi et al. 2011). Similar 
result was also found in date palm tree (Jasim et al. 2016). Calcium also improved 
leaf area under salt-stressed condition in date palm (El-Khawaga 2013; Jasim et al. 
2016). Under drought condition, Ca also improved fresh root and shoot biomass 
along with increased dry weight of Zoysia japonica, whereas 10 mM Ca showed a 
comparative better result (Xu et al. 2013).

Calcium effectively reduces the Cd toxicity, which was observed in C. arietinum 
by improving 66.8% shoot length, 34.79% root length along with increased shoot 
and root fresh and dry weight (Ahmad et al. 2016). Moreover, Ca may enhance cell 
elongation and expansion resulting in improvement of plant growth, which was also 
observed by Hernandez and Almansa (2002) in P. sativum and Abdel Latef (2011) 
in B. napus. Again Ca-induced growth promotion was also found in P. vulgaris 
under Cd toxicity (Ismail 2008). Shoot and root biomass were also increased by Ca 
to Cd-stressed B. juncea plant (Eller and Brix 2016). Plant responded under Ni tox-
icity by showing increased fresh and dry weight of shoot and root with improved 
leaf area with supplemental Ca application (Mozafari et al. 2013). Application of Ca 
gave higher dry weight in As-treated rice plant (Rahman et  al. 2015a) and also 
increased fresh and dry weight of Cd-exposed rice seedling (Rahman et al. 2016). 
Toxic metal accumulation in roots is greater than shoot, which causes cell damage 
resulting in growth inhibition (Talukdar 2012). Supplemental Ca application in 
growth medium enhances the rate of Ca accumulation as well as reduces Cd uptake 
(Tian et al. 2011; Ahmad et al. 2015) resulting in restoration of plant growth.

 Water Relations

Leaf relative water content (RWC) was increased by Ca (Mozafari et al. 2013) in 
Ni-stressed L. esculentum plants. Cadmium-treated rice seedling showed higher leaf 
relative turgidity with the exogenous application of Ca (Rahman et al. 2016). Proline 
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content is related to water status of plant, and its accumulation is increased under 
different abiotic stress conditions (Hasanuzzaman et al. 2018; Nahar et al. 2015), 
and shows reduced RWC (Hasanuzzaman and Fujita 2013; Alam et al. 2013; Nahar 
et al. 2015). Moreover, exogenous Ca improves plant water status by regulating a 
balanced Pro content (Rahman et al. 2016). Calcium also reduced Pro accumulation 
in salt-stressed V. radiata (Manivannan et al. 2007). Exogenous Ca application on 
drought-stressed plant showed the lower Pro content, due to increased Pro degrad-
ing enzyme (Jaleel et al. 2007). In addition, Ca prevents salt-induced damage from 
cellular dehydration through regulating osmotic strength of cytoplasm (Arshi et al. 
2006). Similar result was also found in Ni-stressed S. lycopersicum plants (Mozafari 
et al. 2013). Improved RWC in S. lycopersicum leaves by supplemental Ca under 
salt stress was also reported (Tuna et  al. 2007). Salt-stressed date palm plants 
showed increased RWC with the supplemental application of Ca (Jasim et al. 2016).

 Photosynthesis

Calcium increased the Chl a, Chl b, total Chl, and car content in chickpea when 
grown under Cd toxic condition (Ahmad et al. 2016). Thus, exogenous Ca improved 
photosynthetic pigments in other crops such as V. faba (Siddique et al. 2012) and B. 
juncea (Ahmad et al. 2015) under Cd toxicity. It was told that Ca plays its role as 
second messenger for activating cytokinin activity and thus can improve Chl bio-
synthesis (Lechowski and Bialczyk 1993).

Leaf Chl content including both Chl a and Chl b of L. esculentum was increased 
under both Ni-stressed or unstressed condition, and this increment of Chl showed 
that leaf growth and expansion depend on Ca concentration (Mozafari et al. 2013). 
Supplementation of Ca improved photosynthetic pigments such as Chl a, Chl b, and 
car in Cd-treated rice seedling, where only car had increased up to 44% (Rahman 
et al. 2016). Increased Chl content was also found in B. juncea L. with Ca supple-
mentation under Cd exposure (Ahmad et al. 2015). Exogenous Ca showed increased 
Chl a, Chl b, total Chl, and car content in O. sativa (Sivasankaramoorthy 2013) and 
Withania somnifera (Jaleel and Azooz 2009). Total Chl content was increased up to 
39% in Co-stressed H. vulgare plant with exogenous application of Ca (Lwalaba 
et al. 2017). When plant suffers from loss of Chl under salt stress, Ca rejuvenated 
Chl in date palm (Jasim et al. 2016). Although Ca successfully increased the Chl 
content in drought-stressed plant (Xu et al. 2013), this increment in drought-stressed 
plant indicates the growth promoting behavior of Ca under drought stress (Xu et al. 
2013). Photochemical efficiency (Fv/Fm) is known as an indicator for the measure-
ment of photosynthesis efficiency, and this Fv/FM ratio had increased in Ca-treated 
plant under drought stress (Xu et al. 2013).

Calcium inhibited heat stress-induced loss of Chl possibly by reducing photo- 
oxidation or keeping membrane integrity (Coria et al. 1998). Calcium plays its vital 
role on PSII acceptor side, and oxygen evolving complex (OEC) in heat-stressed 
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plant especially enhances the thermo tolerance and thus maintains photosynthetic 
capacity (Tan et  al. 2011). Exogenous Ca also improves net photosynthetic rate, 
stomatal conductance, and also photochemical efficiency in HT-stressed Nicotiana 
tabacum plant. Calcium also improved Rubisco activity that enhances photosynthe-
sis as well as CO2 assimilation rate. Then, reduction of Chl in leaves indicates the 
reduction of photosynthesis as well as dry matter production, where Ca plays its 
alleviating role to improve Chl content, as well as photosynthate production under 
different abiotic-stressed condition.

 Ca-Mediated Yield Improvement of Crop Plants 
Under Abiotic Stress

Ca can regulate the yield improvement of various crops under abiotic stresses such 
as salinity, drought, flooding, heat, chilling, and heavy metal stress. Calcium sup-
plementation not only improved morphological and physiological features of plant 
but also significantly increased yield characteristics as well as yield under saline 
condition (Parvin et al. 2015b).

Salinity at 75 mM concentration was harmful for yield of S. lycopersicum by 
reducing both fruit number and fruit weight per plant, and in this condition exoge-
nous Ca application (5 mM) improved both of these characters and improved yield 
under salt stress (Tuna et al. 2007). Exogenous Ca also reduced the flower drop, 
ultimately increased yield under salt stress (Parvin et al. 2015b). Calcium-treated 
plants showed higher fruit weight per plant, which resulted in higher yield from 
NaCl-treated tomato plant (Lolaei et al. 2012). Similar result was also observed by 
Rubio et al. (2009). Calcium supplementation produced higher number of flowers 
as well as fruit weight of sweet pepper under drought stress condition, and also in 
control plants (Azam et al. 2016), where 15 mM of Ca gave the best result. Fruit 
yield of tomato plants was enhanced by Ca as it increased the rate of nitrogen uptake 
by the fruits. Higher amount of fruit yield production may also be due to the effect 
of increase in root primordia and results in the greater absorption of nutrients 
(Siddiq et  al. 2009). Supplemental Ca enhanced the pod number and seed yield 
about 29.42% and 52.45%, respectively, of C. arietinum under Cd-stress (Ahmad 
et al. 2016). Again, application of Ca with combination of K can enhance both pod 
number and seed yield up to 68.51% and 92.21%, respectively, under Cd-stress. 
Exogenous application of Ca and K increased yield, which might be due to higher 
mineral and water uptake, restoration of photosynthetic pigments and rehabilitation 
of other metabolic processes that were previously affected by Cd. Similar result was 
also recorded from Brassica plant under Cd toxicity where Ca enhanced the bio-
mass yield (Ahmad et al. 2015). Hence, it is evident that the combination of Ca and 
K supplementation is more effective than Ca solely, and the findings are in confor-
mity with the finding of Siddique et al. (2012) in Cd-stressed V. faba (Table 1).
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 Calcium-Induced Oxidative Damage Mitigation 
and Up-Regulation of Antioxidant Defense

Upon various abiotic stresses, plant goes through oxidative damage by facing oxida-
tive stress. Being a macronutrient, Ca plays an important role in signal transduction 
mechanism of plant cell metabolism (Lwalaba et al. 2017). Directly or indirectly Ca 
regulates the target proteins through Ca-binding proteins, such as CaM to activate 
protein kinases and other proteins including enzymatic antioxidants (Lwalaba et al. 
2017). Calcium keeps membrane more integrated and prevents EL with reduced 
lipid peroxidation and thus strengthens the plant’s tolerance to abiotic stresses 
(Antosiewicz and Hennig 2004; Hirschi 2004).

Under different abiotic stress situation, there is a net increase in cytosolic Ca2+ 
content to stimulate various biological upstream and downstream responses causing 
plant adjustment to harmful environment by regulating different antioxidant defense 
mechanisms and decrease of membrane lipid peroxidation leads to plants survival 
(Nayyar and Kaushal 2002; Upadhyaya et al. 2011; Zhu et al. 2013).

In metal-stressed condition, Ca hampers metal accumulation through controlling 
membrane permeability and movements of divalent cations across cell membrane, 
also competes for transporter site (Farzadfar et al. 2013). Reduction of ROS genera-
tion such as H2O2 and O2

•− were found in Co-stressed H. vulgare plant with the 
supplementation of Ca. Again the decreased MDA content was recorded as an indi-
cator of reduction of lipid peroxidation resulting in reduction of oxidative stress by 
Ca under metal stress (Lwalaba et al. 2017). Cobalt-stressed H. vulgare seedling 
showed higher content of GSH, SOD, POD, CAT, and GR naturally to alleviate the 
oxidative stress, where exogenous use of Ca enhanced all of these antioxidant com-
ponents compared to stressful condition. Cadmium-exposed rice seedling also 
showed lower oxidative damage when treated with supplementel Ca by decreasing 
H2O2 and O2

•− including reduced MDA production, together with up-regulated anti-
oxidant defense and glyoxalase system (Rahman et al. 2015a). Moreover, calcium 
induced lower LOX activity in Cd-stressed rice plant showed comparative relief 
from oxidative damage (Rahman et al. 2015a). Several other researchers also stated 
that Ca can effectively reduce the Cd-induced oxidative damage by checking pro-
duction of ROS in O. sativa (Srivastava et al. 2014), Lens culinaris (Talukdar 2012), 
and Sedum alfredii (Tian et  al. 2011). Arsenic-stressed plant also showed up- 
regulated antioxidant defense and glyoxalase activity when treated with exogenous 
Ca (Rahman et al. 2015b). Application of Ca decreased H2O2 and MDA by 20.4% 
and 23.3%, respectively, in Cd-treated Sesamum indicum thereby providing cell 
protection from oxidative damage and up-regulated activities of antioxidant 
enzymes (Abd_Allah et al. 2017). Moreover, reduction of H2O2 and lipid peroxida-
tion due to Ca supplementation in stressed plants were also found in A. thaliana 
(Suzuki 2005), V. faba (Siddique et al. 2012), B. juncea (Ahmad et al. 2015), and H. 
vulgare (Lwalaba et al. 2017).

Thus, it is well established that exogenous Ca application in growth medium- 
stressed plants alleviated oxidative stress by decreasing ROS through antioxidative 
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activities. Heat-shocked tobacco plant showed lower MDA content with Ca treat-
ment and Ca-treated plant significantly decreased electrolyte leakage in both normal 
and high temperatures environment (Tan et al. 2011). Moreover, Ca also increased 
some antioxidant enzymatic activities and thus reduced the rate of O2

•− production 
and H2O2 content in tobacco leaves under both optimum and high temperature 
condition.

Chilling stress-induced oxidative damage as evident by lipid peroxidation 
(MDA) and H2O2 was decreased by Ca application in C. arietinum seedlings 
(Nayyar et al. 2005a). Calcium-treated cold-stressed T. aestivum plants showed 
reduction in lipid peroxidation and membrane damage, which indicate the toler-
ance of plants against cold-stress induced oxidative damage (Nayyar and Kaushal 
2002). Calcium supplementation under salt-affected plants increased Pro pro-
duction, which reflects more tolerance to osmotic stress caused by ROS through 
acceleration of better enzymatic (POD, CAT) and non-enzymatic antioxidant 
defense (Jasim et  al. 2016). This result is also supported by Al-Whaibi et  al. 
(2011), who studied the salt toxicity alleviation effect of Ca on T. aestivum plant. 
Foliar application of Ca is also very effective in imposing drought tolerance. In 
favor of this, Naeem et al. (2017) stated that Ca successfully regulates the activi-
ties of antioxidant compounds, such as 37% of SOD, 24% of CAT, and 49% of 
APX along with reduction of lipid peroxidation expressed by 24% decrease of 
MDA content in drought-exposed Z. mays plant. Yet, supplementation of Ca 
causes improvement of drought tolerance by modifying the water shortage-
induced ROS metabolism (Xu et  al. 2013; Zhu et  al. 2013). Thus, Ca signifi-
cantly reduces oxidative damage in plants under different abiotic stress condition, 
making plant more tolerant (Table 2).

 Mineral Nutrient Uptake Regulation by Ca Under Abiotic 
Stress

Calcium is very essential plant nutrient, which plays a role in balancing membrane 
integrity and ion transport regulations in plants (Sivasankaramoorthy 2013). 
Supplemental Ca increased K+, Ca2+, and N in L. esculentum plant against salinity 
(Tuna et al. 2007). Salt-stressed L. esculentum plant showed decrease of Na+ content 
in leaves along with increased Ca2+ and K+ when treated with exogenous Ca (Parvin 
et al. 2016), and in this condition 0.25 mM of Ca showed comparatively better result 
in ion modulation than 0.50 mM concentration, caused increased K+ content, K+/
Na+ and Ca2+/Na+ ratios. Thus, Ca sustains the transport of K+ and the selectivity of 
K+/Na+ ions. Calcium-treated date palm plants showed increased K+ content and K+/
Na+ ration in saline-stressed condition (Jasim et al. 2016). This increase of K+ con-
tent helps to decrease Na+ uptake under salt-stress, which is required for sustaining 
osmotic balance (Tuteja and Mahajan 2007); in addition, Ca is also responsible for 
restoring N, P, and K content in tissue (Grattan and Grieve 1999). Therefore, ion 

K. Parvin et al.



315

Table 2 Calcium-induced mitigation of abiotic stress in different crop species

Crops Stress levels Ca doses Effects References

Lycopersicon 
esculentum 
Mill.

75 mM NaCl 2.5 mM and 
5 mM of Ca 
as CaSO4

• Strengthen membrane by 
decreasing EL

• Reduced Na+ concentration 
in leaves and increased Ca2+, 
N, and K+

Tuna et al. 
(2007)

Matricaria 
chamomilla L.

0, 120, and 
180 μM CdCl2

0, 0.1, 1, and 
5 mM CaCl2

• Notably reduced H2O2 and O2
•−

• Lowered MDA content
• Reduced the CAT, SOD, and 

POX activity in both shoot 
and roots

Farzadfar 
et al. (2013)

Hordeum 
vulgare L. 

100 μM Co as 
CoCl2. 6H2O

2 mM CaCl2 • Reduced Co concentration in 
both shoots and roots

• Decreased H2O2 and O2
•− as 

well as MDA content
• Increased GSH content
• Enhanced the activities of 

CAT, POD, SOD, GR

Lwalaba 
et al. (2017)

Nicotiana 
tabacum L.

High 
temperature; 
43 °C for 2 h

20 mM CaCl2 • Decreased the content of 
H2O2 and O2

•−

• Increased the activity of 
SOD, CAT, POD, APX, and 
GR

• Reduced both MDA and EL

Tan et al. 
(2011)

Cicer 
arietinum L.

Chilling 
(4 °C); 
10 days

1 μM
Ca2+ as CaCl2

• Decreased 30% of H2O2

• Reduced EL up to 30%
• Reduced MDA up to 29%

Nayyar et al. 
(2005b)

Triticum 
aestivum L. 

Low 
temperature as 
at 10 °C for 
24 h

1 mM CaCl2 • Lowered H2O2 and MDA 
content in embryos

• Increased membrane stability 
and AsA content

• Stimulated the activity of 
CAT, APX, SOD

Nayyar and 
Kaushal 
(2002)

T. aestivum 90 mM NaCl 40 mM CaCl2 • Decreased the MDA content
• Increased POD, CAT, SOD, 

GR, and APX activity
• Lowered Pro content

Al-Whaibi 
et al. (2011)

Zea mays Drought; 30% 
FC

20, 40, and 
60 mg L−1 
Ca2+ as 
CaCl2.2H2O

• Improved water potential and 
turgor potential

• Increased stomatal 
conductance, transpiration 
rate, and total soluble sugars

• Declined H2O2 content

Naeem et al. 
(2017)

Zoysia 
japonica

Drought; 3, 6, 
9, and 16 days

5, 10, and 
20 mM CaCl2

• Lowered MDA and Pro 
contents

• Increased SOD, CAT, and 
POD activities

Xu et al. 
(2013)

(continued)
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Table 2 (continued)

Crops Stress levels Ca doses Effects References

N. tabacum 0.05 mM 
Cd(NO3)2

0.01, 1, 3, 
10 mM 
Ca(NO3)2

• Accumulated less Cd in roots 
and thus enhanced Cd 
tolerance

Antosiewicz 
and Hennig 
(2004)

Camellia 
sinensis L.

Drought; 
20 days

50 and 
100 μM 
CaCl2

• Decreased H2O2 and lipid 
peroxidation

• Increased the activities of 
enzymatic antioxidants 
(SOD, CAT, POX, and GR)

• Increased Pro and phenolic 
content in leaves

Upadhyaya 
et al. (2011)

Oryza sativa 
L. 

0.25 and 
0.5 mM CdCl2

2.5 mM 
CaCl2

• Reduced Cd uptake upto 64 
and 46% in shoot and root, 
respectively

• Increased leaf relative 
turgidity in Cd-treated plant

• Markedly reduced Pro 
content

• Reduced H2O2 and O2
•− 

generations as well as LOX 
activity

• Maintained higher AsA and 
lower oxidized GSH content

• Increased 
monodehydroascorbate 
reductase (MDHAR) and 
dehydroascorbate reductase 
(DHAR) activity along with 
81% increased of GST 
activity.

• GPX, SOD, and CAT activity 
were also increased

• Enhanced glyoxalase I (Gly 
I) and glyoxalase II (Gly II) 
activity and resulting 
declined MG content

Rahman et al. 
(2015a)

O. sativa 200 mM NaCl 2 mM CaCl2 • Improved ROS and MG 
detoxification by antioxidant 
defense and glyoxalase 
system, respectively

• Improved RWC as well as 
reduced Pro content

• Decreased membrane 
damage indicated by the 
reduction of 42% MDA 
content and lowered LOX 
activity

Rahman et al. 
(2016)

Catharanthus 
roseus

10, 15, and 
20 days 
interval 
drought stress

5 mM CaCl2 • Diminished Pro content
• Slightly reduced the H2O2 

content
• Reduced the TBARS content 

in both root and shoot

Jaleel et al. 
(2007)
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imbalance caused by salinity through substitution of K+ by Na+ and decrease of Ca2+ 
can be controlled by the application of exogenous Ca, throughout and restricting 
Na+ accumulation and maintaining higher K+/Na+ and Ca2+/Na+ ratios, resulting in 
enhancement of salt tolerance (Tuna et al. 2007; Wu et al. 2013). Addition of 5 mM 
Ca caused higher content of Ca2+, N+, and K+ in both shoots and roots of O. sativa 
plants against of 50 mM of NaCl (Sivasankaramoorthy 2013). Adequate amount of 
Ca in growth medium thus improves the K+/Na+ selectively by exchanging the 
uptake ratio in favor of K+ at the expense of Na+.

Calcium is also essential for recovery from drought-induced damage by regulat-
ing plasma membrane ATPase, which requires to pump back the nutrients that were 
lost in case of cell damage (Palta 2000).

Calcium treatment caused increase of mineral nutrient uptake, such as K+ uptake 
in plant shoots and roots of L. esculentum plants under both Ni-stressed and control 
condition (Mozafari et al. 2013). Moreover, Ca can improve K uptake in Cd-exposed 
Z. mays plants by reducing Cd concentration in roots (Kurtyka et al. 2008). Calcium 
(50 mM) treatment in Cd-stressed plants appreciably restored mineral elements (S, 
Mn, Mg, Ca, and K) that were also suppressed in Cd-stressed C. arietinum plants in 
both shoot and root (Ahmad et al. 2016).

Exogenous application of Ca causes an increase of specific utilization rate (SUR) 
of Ca2+, Mg2+, and K+ in both stressed and non-stressed plants (Murillo-Amador 
et al. 2006). Calcium increased the N uptake and N assimilation in L. esculentum 
shoots and pods and responsible for the higher yield (Siddiq et al. 2009).

 Conclusion

Now we are under threat of food security, while world population is increasing with 
decreasing of cropping area. It is essential to increase world food production by 
making plant more tolerant to different stressful environment. Therefore, it remind 
us to think about developing some quick actions including use of chemical 
approaches, especially those are available for farmers and inexpensive compared to 
molecular approach. Then the use of plant nutrient to enhance crops’ tolerance is 
very promising. Hence, Ca is a very important nutrient element, which also acts in 
stimulating intracellular responses under environmental deviations. Many research-
ers already reported about the stress alleviating role of Ca to different kind of abiotic 
stresses including salinity, drought, heavy metal, heat, chilling, etc. In this chapter, 
we tried to highlight the available information briefly regarding the physiological 
responses of plants to supplementation of Ca. However, the mechanisms of stress 
alleviation by exogenous Ca by enhancing physiological processes demand further 
research focusing the interactions of Ca with other signaling molecules and 
phytohormones.
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 Introduction

The world’s population is approximately seven billion, and it has been predicted to 
enhance by ten billion in the next 50 years (Glick 2014). Food security is considered 
as one of the most serious challenges. Recent trends of crop production indicate that 
fertility of soil is declining due to intensive use of natural resources, indiscriminate 
use of pesticides, and lack of proper soil management practices (Cakmak 2001). 
There is a need to use new technologies which could help us to curb the problem of 
food insecurity. Abiotic stress is known as one of the most important constraints to 
agricultural production in the world (Meena et  al. 2017). Abiotic stresses have 
become more common and challenging due to the unpredictable climate conditions. 
The change in climatic conditions has exacerbated the frequency and severity of 
many abiotic stresses with significant reduction in crop yield (Carmen and Roberto 
2011). More than 70% decrease in crop yield has been reported due to land degrada-
tion, undesirable effects on agriculture, loss of biodiversity, and abiotic stresses 
(Veatch-Blohm 2007). The main constraints to agricultural production are change in 
environmental conditions causing various abiotic stresses such as drought, flood, 
high and low temperature, salinity, UV-B radiation, inadequate mineral supply, and 
heavy metal toxicity (Jewell et al. 2010; Shrivastava and Kumar 2015). Hence, there 
is a need to find the reliable eco-friendly methods to alleviate the impact of abiotic 
stresses on agricultural system to sustainably meet growing global food demands. 
The management of the soil with mineral nutrients offers both environmental and 
economic benefits (Marschner 1995). The positive effects of silicon on the crop 
yield and quality have been well documented (Liang et al. 2015). The beneficial 
effects of silicon in stressed plants are more visible than non-stressed plants (Cooke 
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and Leishman 2016). The role of silicon in enhancing the resistance of plants to 
various abiotic stresses has been widely recognized by researchers (Guo et al. 2005; 
Gunes et al. 2007; Etesami and Beattie 2017; Etesami and Jeong 2018).

Application of silicon in agriculture is a sustainable strategy for the alleviation of 
abiotic stresses in plants (Cooke and Leishman 2011; Guntzer et  al. 2012; Van 
Bockhaven et al. 2013; Hernandez-Apaolaza 2014; Adrees et al. 2015; Coskun et al. 
2016; Imtiaz et al. 2016; Luyckx et al. 2017; Wang et al. 2017; Etesami and Jeong 
2018). Silicon fertilizers are safe, eco-friendly, and cost-effective in comparison to 
other chemical/synthetic fertilizers even for small and marginal plant growers. 
Hence, silicon can be used as a growth regulator to improve plant growth and resis-
tance under stress conditions.

 Occurrence of Silicon in the Soil

Silicon is the second most abundant element in earth’s crust in terms of quantity 
(Mcginnity 2015), and it comprises up to 70% of soil mass (Ma and Yamaji 2008; 
Ahmed et al. 2014). Silicon forms a major portion of soil as silicate but its avail-
ability to plants is low (Zhu and Gong 2014). Balakhnina and Borkowska (2013) 
reported that most of the sources of silicon are insoluble and in a plant-unavailable 
form. Silicon exists in the form of silicic acid (H4SiO4), a non-charged molecule in 
soil solution at the concentration 0.1–0.6 mM and pH less than 9 (Epstein 2009). 
The concentration of silicon in soil solution is equivalent to some of the macro- 
elements such as potassium, calcium, and phosphorus (Epstein 1994). The soil con-
tains 50–400 g silicon/kg of soil but the silicon content in the soil depends on the 
type of soil as sandy soil contains more silicon in comparison to clay soil 
(Matichenkov and Calvert 2002). Lovering and Engel (1959) reported that forest in 
the 1 hectare land can extract about 5000 tonnes of silicon in 5000 years. According 
to the reports of Food and Agricultural Organization (FAO 1998), approximately 
210–224 million tonnes of silicon is removed from the arable soils all around the 
world and soils become less fertile due to low availability of silicon content. The 
incorporation of silicon in soil improves the fertility of soil through physical and 
chemical properties, improved water absorption capacity, and maintenance of nutri-
ents in a soil in the plant available form.

 Sources of Silicon

The surface of earth is covered with 27.7% of silicon next to oxygen but the exis-
tence of silicon in its pure form is rare (Mitra 2015). Silicon is deposited in the form 
of quartz (SiO2), sand and sandstone in the earth crust (Rédei 2008). Agricultural 
wastes such as silicate slag, steel slag, electric furnace slag, baggase furnace ash, 
lignite fly ash, and rice straw are rich in silicon and can be used in crop fields to 
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increase the crop yield (Kalra et al. 2003). Calcium silicate obtained as a by-product 
of phosphorus production is one of the most widely used silicon fertilizer. Potassium 
silicate is highly soluble and can be used in hydroponic culture for laboratory 
experiments but it is expensive. The other sources of silicon have been used com-
mercially are silica gel, calcium silicate hydrate, etc.

 Silicon: Essential Element for Plants

Earlier researchers reported that silicon is not an essential element for plants but 
difficulties in growing plants in silicon-free environment made this assumption 
incorrect and silicon was designated as an essential element for the growth and 
development of plants. Justus Von Leibig proposed the use of sodium silicate as a 
silicon fertilizer as early as in the year 1840. Silicon is a beneficial element to higher 
plants as its effects are frequently linked to morphological, physiological, and 
molecular aspects of plants (Ma 2004; Lobato et al. 2009). Silicon acts as a quasi- 
essential element for plants because its deficiency can cause various abnormalities 
in growth, reproduction, and overall development of plants (Epstein and Bloom 
2005). The sand is applied to rice fields at 2–3 tonnes/acre once in 2 or 3 years in 
southern part of India is considered as a good source of silicon. The farmers in 
Texas and Florida use certified green sand containing silicates to get higher crop 
yield. Silicon has been recognized as an agronomically essential element for rice 
cultivation in Japan because silicon promotes the growth and yield of rice. Silicon 
nutrition to the plants improves plant protective mechanism against diseases, insect 
attack, and unfavorable environmental conditions (Guntzer et al. 2011; Dallagnol 
et al. 2011; Liu et al. 2014).

 Silicon Content in Plants

The content of silicon in plants shows a large variability ranging from 0.1 to 10% 
dry weight (Hodson et al. 2005). According to Marschner (1995), there are three 
classes of silicon absorbers: (1) silicon accumulator plants as they accumulate large 
amount of silicon—wheat, rice, millet, and sugarcane; (2) silicon non-accumulator 
plants—snapdragon plant; (3) silicon-excluder plants—soybean. Silicon accumula-
tors have silicon concentration more than 1% and silicon/calcium ratio  >  1 and 
excluders have silicon concentration below 0.5% and silicon/calcium ratio < 0.5. 
The plants which do not meet these criteria are considered as intermediate plants. 
Monocotyledons such as rice, sugarcane, and maize absorb silicon in large quanti-
ties due to the presence of silicon transporters in comparison to dicotyledons (Ma 
et al. 2016). The aerial plant parts accumulate more silicon in comparison to roots. 
Silicon content in plants increased with the age of crop plants and due to this older 
leaves are rich in silicon concentration than younger leaves (Henriet et al. 2006).
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 Silicon Mitigates Abiotic Stresses in Plants

Silicon is known as the only element that is able to increase plant resistance to envi-
ronmental stresses. Silicon-mediated alleviation of abiotic stresses such as salinity, 
drought, UV-B radiation, flooding, freezing, lodging, high temperature, and heavy 
metal toxicity has been reported (Reynolds et al. 2016; Debona et al. 2017; Kim 
et al. 2017; Etesami and Jeong 2018). The benefits of silicon accumulation in wet-
land environment have been studied in terms of increased ability to resist water 
current and allow roots to better penetrate the mud (Struyf and Conley 2008). The 
most important function of silicon lies in its potential to confer tolerance in plants 
to multiple stresses (Fig. 1).

 Salinity Stress

Salinity is one of the most significant abiotic stresses for crop plants (Chinnusamy 
et al. 2005). Approximately 20% of the total arable area has been degraded by salin-
ity (Shrivastava and Kumar 2015). Salt interferes with plant growth by ion cytotox-
icity (Greenway and Munns 1980), nutrient imbalance (Khan et  al. 2000), and 
oxidative damage (Hernandez et al. 2000). Silicon has been reported to improve salt 
tolerance in different crops (Liang et al. 2007; Reezi et al. 2009). Silicon can reduce 
Na+ uptake by plants under salt stress by (1) reducing membrane permeability of 
root cells, (2) improving structure and stability of root cells (Exley 2015; Luyckx 
et al. 2017), (3) mediating stimulation of the root plasma membrane H+-ATPase, 
and (4) facilitating Na+ export from the cell. Exogenous application of silicon 
improved gas exchange characteristics in many plant species under salinity 

Abiotic
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High temperature

Heavy metal toxicity
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Regulates water
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photo enzymes
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efficiency
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Fig. 1 Effect of silicon fertilizer on abiotic stresses
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condition (Etesami and Jeong 2018). The water status of leaf and water use effi-
ciency of crops was increased by silicon application in many salt-stressed plants 
(Coşkun et  al. 2016). Silicon deposited as silica gel in the cell wall of the roots 
provides binding sites for the salts and reduces their translocation to shoots which 
consequently improved plant growth and development (Lux et al. 2003).

Silicon deposition and polymerization in leaves limits transpiration and salt 
accumulation and improved water storage within plant tissues, which allowed 
higher growth rate, salt dilution within the plant cells, and mitigating salt toxicity 
effects (Bradbury and Ahmad 1990). Increase in salinity rises Na+, Cl−, and SO4

2− 
contents and decrease in K+, Ca2+, and Mg2+contents in a number of crop species 
(John et  al. 2003). The addition of silicon to saline environment significantly 
decreased the Na+content but increased K+ concentration (Ashraf et  al. 2010). 
Salinity-induced accumulation of ROS including superoxide radical, hydroxyl radi-
cal, and hydrogen peroxide are detrimental to cells at higher concentration because 
they cause oxidative damage to membrane lipids, proteins, chlorophyll, and nucleic 
acids (Mittler 2002; Keles et al. 2004; Gunes et al. 2007). The application of silicon 
under salt stress significantly increased superoxide dismutase, peroxidase, catalase, 
and glutathione reductase activity in barley roots (Liang et al. 2003) and cucumber 
(Zhu et  al. 2004). The higher efficiency of antioxidant defense enzymes in salt- 
stressed plants with silicon application coincided with a decrease in their electrolyte 
leakage and lipid peroxidation level and H2O2 content, suggesting that oxidative 
damage induced by salinity stress can be alleviated by silicon supplementation 
(Moussa 2006; Wang et al. 2010).

 Drought Stress

Drought is one of the major abiotic stresses that adversely affects growth and pro-
ductivity of agricultural crops (Bodner et al. 2015). Drought or water deficit leads to 
stomatal closure, reduced transpiration rate, decrease in water potential of plant 
tissues, decrease in photosynthesis, and ultimately plant growth is inhibited 
(Yordanov et al. 2003). The ameliorative effect of silicon on drought stress has been 
related to the reduction in loss of water by transpiration (Romero-Aranda et  al. 
2006), osmotic adjustment (Trenholm et al. 2004), improved nutrient uptake (Gunes 
et al. 2008a), and activation of antioxidant defense system (Gunes et al. 2008b). 
Agarie et al. (1998) reported that deposition of silicon in the cell wall reduced tran-
spiration and increased internal storage of water under drought stress. The mitigat-
ing effect of silicon on drought stress could be related to the hydrophilic nature of 
SiO2.nH2O which maintains the water in plant tissues and protects plant tissues 
from drought (Gong et al. 2005). An important mechanism of drought tolerance is 
the osmotic adjustment as it helps to retain water in plant tissues despite low water 
potential (Romero-Aranda et al. 2006). Kaya et al. (2006) found that silicon supply 
increased Ca concentration which played a vital role in maintaining membrane per-
meability and stability. Liang (1999) reported that under water stress condition, K+ 
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concentration increased in the presence of silicon possibly because of the activation 
of H+-ATPase in the cell membrane. Potassium is one of the primary osmotic sub-
stances which contribute to osmotic adjustment (Ashraf et  al. 2001). Silicon- 
mediated maintenance of higher level of K+ is essential in achieving better survival 
with improved growth under water stress (Umar 2002). Drought-induced reduction 
in chlorophyll content can be alleviated by silicon and hence improved photosyn-
thesis under drought stress (Kaya et al. 2006). The effect of silicon stimulation on 
root growth may be due to increased root elongation caused by an increase in cell 
wall extensibility in the growth region as observed in sorghum (Hattori et al. 2003).

Wang et al. (2015) reported significant increase in the root/shoot ratio in silicon- 
treated plants, and it was due to the silicon-mediated modification in root morphol-
ogy which increased water uptake ability of silicon-treated plants. The augmented 
water uptake during the addition of silicon in water deficit condition is the result of 
improved root hydraulic conductance (Hattori et al. 2008) and root activity (Chen 
et al. 2011). It has been reported that improved structural stability due to the binding 
of silicon with cell wall hemicellulose can be beneficial in water shortage condition 
for the plants (Ma et al. 2015).

 Thermal Stress

Temperature is one of the most important environmental factors governing plant 
growth and development (Monjardino et al. 2005). Thermal stress (cold and heat) 
may disturb the balance between ROS and antioxidant activity in plants. Application 
of silicon has been reported to alleviate heat stress in different plant species (Epstein 
1999). Heat stress is detrimental to plant growth and dry matter accumulation because 
it inhibits protein synthesis, enzyme activity, chlorophyll formation, photosynthesis, 
and increases transpiration (Gibson and Paulsen 1999). Commuri and Jones (2001) 
reported that extended periods of drought and high temperature lead to poor vigor 
and shallow rooting. According to Takahashi and Kurata (2007), silicon deposition in 
the cell wall of xylem vessels prevents the compression of vessels under the condi-
tions of high transpiration caused by heat stress (Hattori et  al. 2005; Liang et  al. 
2007). However, high level of silicon in cell wall reduced transpiration loss caused by 
higher temperature thus allowing continued metabolic functions under high tempera-
ture. According to Epstein (1999), plants wilt less, resist sunburn and are generally 
more tolerant to heat stress when silicon is applied to plant growth medium. The sup-
ply of silicon has been found to produce higher concentrations of RUBP-carboxylase 
enzyme in leaf tissues which help in CO2 metabolism in stress environment (Gunes 
et al. 2008b). Soundararajan et al. (2014) treated Salvia splendens with silicon under 
high temperature and found that the activities of SOD, APX, and GPX were increased.

The chilling and frost stresses can cause irreversible damage to plant cells due to 
mechanical forces generated by the formation of extracellular ice crystals, cellular 
dehydration, and increased concentration of intracellular salts (Steponkus 1984). It 
has been reported that freezing increases the level of ROS in plants and increased 

C. Malhotra and R. T. Kapoor



339

lipid peroxidation arising from the accumulation of ROS is the major cause of mem-
brane damage (McKersie et al. 1993). Studies have shown that supply of silicon 
under low temperature stress regulated the activity of antioxidant defense system 
and alleviated oxidative damage caused by chilling or frost (Ma et al. 2001). It has 
been reported that silicon improves leaf and stem strength through deposition in the 
cuticle and by maintaining cell wall polysaccharide and lignin polymers, thus pro-
tected plants from low temperature and frost (Ohyama 1985; Hull 2004). The pho-
tosynthetic electron transport, CO2 fixation, Rubisco activity, and stomatal 
conductance are the major targets impaired by low temperature stress in plants. 
Application of silicon under frost conditions resulted in higher concentration of 
chlorophyll (Schmidt et  al. 1999) and RUBP-carboxylase enzyme in leaf tissue. 
This enzyme regulated the metabolism of CO2 and enables the plant to make more 
efficient use of available levels of CO2 under low temperature stress. The leaves of 
silicon-treated plants (cucumber, rice, maize, and sunflower) grown hydroponically 
at low temperature (0–4 °C) were more resistant to cold-induced wilting and root 
ability to absorb nutrients was higher. Silicon-mediated alleviation of freezing 
injury may be attributed to enhanced antioxidant defense activities and consequent 
reduced membrane oxidative damage through better water retention in leaf tissues 
(Liang et al. 2003; Zhu et al. 2004; Gong et al. 2005).

 Radiation

Exogenous application of silicon showed alleviating effects of UV-B stress on soy-
bean, wheat, and maize (Yao et  al. 2011; Shen et  al. 2014). Many studies have 
revealed that silicon application can induce resistance to UV-B stress by the modi-
fication of physiological and biochemical processes in plants (Schaller et al. 2013; 
Tripathi et al. 2017). According to Tripathi et al. (2017), UV-B stress was signifi-
cantly improved with the use of silicon nanoparticles on wheat seedlings.

 Wounding Stress

Wounding stress is caused by physical injury in plants, and it may be due to wind or 
herbivore attack. Such injuries can cause the death of plant tissues and make it vul-
nerable to pathogenic attack. Wounds initiate oxidative stress thereby damaging the 
cell membranes. The antioxidant activities of catalase and peroxidase are signifi-
cantly increased in silicon-treated wounded rice plants compared to control plants 
and improved mechanical strength to overcome losses from wounding stress (Kim 
et  al. 2014). A similar trend of increased antioxidant enzyme activity was also 
observed in wheat (Gong et al. 2005), maize, and barley (Liang et al. 2005). The 
accumulation of antioxidative enzymes in silicon-treated plants functions as a strat-
egy for coping with wounding stress.
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 Heavy Metal Toxicity

Heavy metal pollution is rapidly increasing, and it originates from natural sources 
as well as anthropogenic activities including mining, industrial waste, sewage 
sludge, and excessive use of fertilizer and pesticides (Nagajyoti et al. 2010). The 
relationship between silicon supplementation and metal tolerance in plants has been 
widely studied (Shi et  al. 2005; da Cunha and do Nascimento 2009; Kaya et  al. 
2010). Silicon supplementation decreased metal toxicity such as toxicity of alumi-
num (Wang et al. 2004), boron (Gunes et al. 2007), cadmium (Liang et al. 2005), 
chromium (Tripathi et al. 2012), copper (Li et al. 2008), and zinc (Neumann and Zur 
Nieden 2001). The possible mechanism behind the silicon inhibition of metal trans-
port in plants may be due to the thickening of the casparian strips in the endodermis 
and cell wall of the xylem due to the deposition of silicon in the cell wall (Chen 
et al. 2000; da Cunha and do Nascimento 2009).

Excessive metal exposure induces leaf chlorosis and necrosis by affecting chlo-
rophyll synthesis and breakdown of the cell membrane. It was reported that silicon 
reduced the toxic effects of metals in plants by stimulating the production of root 
exudates (Adrees et al. 2015; Imtiaz et al. 2016). Silicon can reduce metal toxicity 
in plants by increasing the content and accumulation of macronutrients (Ca, Mg, P, 
and K) and micronutrients (Zn, Fe, and Mn) (Etesami and Jeong 2018).

The key mechanism of silicon-mediated metal toxicity alleviation in higher 
plants include: (1) complexation or co-precipitation of toxic metal ions with sili-
con; (2) immobilization of toxic metal ions in the growth media; (3) stimulation of 
antioxidant defense system; (4) uptake processes; (5) compartmentation or homog-
enous distribution of metal ions within plants (Liang et al. 2005); (6) accelerating 
suberin lamellae, casparian bands, root vascular tissues development, and lignifi-
cation; (7) enhancing the activity of gas exchange characteristics (net photosyn-
thetic rate, stomatal conductance, transpiration rate, and water use efficiency); (8) 
change in plant morphological traits (increase in length of leaves, leaf area, num-
ber of leaves per plant, root volume, root length, and total root surface area); (9) 
regulating plant phytohormones; (10) helping the formation of the tertiary endo-
dermal cell wall; (11) localizing in root endodermis, which serve as a barrier to 
block heavy metal entrance into cells (Adrees et  al. 2015; Imtiaz et  al. 2016). 
Silicon has been shown to alleviate the adverse effects of nutritional imbalance 
stress in plants (Hernandez-Apaolaza 2014; Etesami and Beattie 2017; Etesami 
and Jeong 2018).

 Macronutrients

The excessive use of nitrogen fertilizer causes lodging, mutual shading, and suscep-
tibility of plants to pests and diseases (Ma 2004). The adverse effects due to exces-
sive nitrogen fertilizers can be minimized by the use of silicon as the presence of 
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silicate crystals in plant tissues provide mechanical barrier which hinders feeding of 
insects and inhibits fungal diseases by inhibiting fungal germ tube penetration of 
epidermis (Savant et  al. 1999). Silicon can alleviate nitrogen deficiency-induced 
stress in plants by (1) increasing the uptake of nitrogen, (2) improving nodulation 
and better N2 fixation in legume plants, (3) increasing N use efficiency, and (4) alter-
ing primary metabolism due to stimulating amino acid remobilization.

Phosphorus is essential mineral element but most of phosphorus in soils is in 
biologically unavailable form. Soundararajan et al. (2016) reported that silicon fer-
tilization increased P availability in various graminaceous species. Silicon can alle-
viate P shortage-induced stress in plants by (1) improving utilization of P by 
increasing phosphorylation; (2) decreasing excess Fe, Mn, and Al uptake and (3) 
increasing water-soluble phosphorus concentration. Owino-Gerroh and Gascho 
(2005) reported that application of soluble silicon in acid soils can decrease adsorp-
tion of phosphorus in soils and increase the amount of bioavailable phosphorus.

Potassium is one of the major macronutrients which has an important role in the 
growth and development of plants. Silicon can alleviate K-deficiency-induced stress 
by influencing the availability of K in the soil and plants and modulating antioxidant 
enzymes to alleviate K-deficiency-induced membrane lipid peroxidation and oxida-
tive stress (Miao et al. 2010; Pei et al. 2010). Silicon can increase calcium and mag-
nesium level in soil and plants. The improved absorption of calcium may be due to 
an increase in the movement of plasma membrane H+-ATPase due to the addition of 
silicon (Etesami and Jeong 2018).

Silicon application influences the nutrient content of sunflower by increasing the 
accumulation of both macro- and micronutrients (Savić and Marjanović-Jeromela 
2013). Silicon can alleviate the effect of micronutrient deficiency stress on the 
plants grown under nutrient-poor conditions (Pavlovic et al. 2013; Bityutskii et al. 
2014; Hernandez-Apaolaza 2014). It has been reported that silicon alleviates chlo-
rosis in plants due to Fe deficiency by (1) forming Fe plaque on root; (2) increasing 
Fe transport from root to shoot; (3) maintaining the balance of other micronutrients 
such as Fe/Mn ratio; (4) accumulating Fe-mobilizing compounds such as citrate (in 
xylem sap and root and shoot tissues) or catechins (in roots); (5) the activation of 
Fe-deficiency-associated genes and (6) Fe chelate reductase (Etesami and Jeong 
2018). Under Fe toxicity conditions, silicon can protect plants from excess of Fe 
stress by (1) releasing OH− by roots; (2) increasing the oxidizing capacity of roots, 
which changes ferrous iron (Fe2+) into ferric iron (Fe3+) and (3) increasing the iron 
precipitation in the growth media or at root surfaces (iron plaque) as Fe (III)-silicates 
(You-Qiang et al. 2012).

Silicon is able to mitigate manganese deficiency in plants by enhancing the roots 
oxidizing capacity, which gives a higher Mn-oxidation rate in the rhizosphere (Li 
et  al. 1999). Silicon can also mitigate the excess stress of Mn by affecting 
Mn-oxidation state, which promotes its precipitation, regulates the Fenton reaction, 
and mediates the Mn adsorption on cell walls.

Silicon influences zinc plant nutrition under deficiency stress conditions (Pascual 
et al. 2016) by (1) remobilizing the Zn pools in the roots, (2) changing Zn distribu-
tion in plants, (3) increasing citrate in plants, and (4) activating the Zn-deficiency 
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mechanism. Silicon can also mitigate the excess stress of Zn by avoiding the Zn 
transport to more sensitive organs of plant by enhancing Zn2+ adsorption on the 
deposits of the silicate.

Si also influences copper plant nutrition in the plants grown under Cu stress con-
ditions by affecting the distribution of Cu within leaves (Frantz et al. 2011). Silicon 
can mitigate the excess stress of Cu in the plants by the formation of silicon deposits 
on the cell wall, which increases the Cu-binding sites.

 Silicon-Induced Growth Regulation and Abiotic Stress 
Tolerance in Plants

 Plant Growth Improvement

An increase in plant growth and development due to silicon application has been 
reported in rice (Ma and Yamaji 2008; Kim et al. 2012), cotton (Li et al. 1989), 
soybean (Hamayun et al. 2010), wheat (Gong et al. 2005), sorghum (Hattori et al. 
2005), cucumber (Feng et al. 2009), barley (Savant et al. 1999), bean (Zuccarini 
2008), tomato (Al-aghabary et al. 2005; Liang et al. 2007), spinach (Eraslan et al. 
2008), and maize (Liang et al. 2005).

Silicon foliar fertilizer is advantageous for sugar beet production and a significant 
increase has been reported in sugar yield (Artyszak et al. 2014). Silicon has increased 
yield by 22% in potato (Luz et al. 2008), 30% in rice, and 45% in sugarcane (Kingston 
2008). The application of silicon in canola improved yield and oil content and 
reduced pesticide and fungicide usage (Lynch 2008). Silicon augmentation in soil-
less cultivation of corn salad improved the yield, quality, and shelf life of corn by the 
regulation of nutrient acquisition, uptake of nitrate/iron, phenoloxidase gene expres-
sion, and protection of chlorophyll pigment from degradation (Gottardi et al. 2012). 
Silicon inclusion in tissue culture medium resulted in the enhancement of axillary 
shoot induction, alleviation of hyperhydricity (Soundararajan et  al. 2017), callus 
induction (Islam et al. 2005), and root morphogenesis (Asmar et al. 2013).

Aquaporins are essential transmembrane proteins that maintain the uptake and 
movement of water molecules across the cell membranes particularly under abiotic 
stress condition (Boursiac et al. 2005). According to Boursiac et al. (2008), aquapo-
rin activity is susceptible to change in the ROS level as H2O2 stimulated by salt 
stress resulted in the prevention of aquaporin function.

The higher expression of genes related to aquaporin results in the rapid water 
uptake which also dilutes the excess concentration of Na+ ions lethal for the 
plants (Gao et al. 2010). The findings of Sutka et al. (2011) illustrated that the 
abundance of aquaporin genes in the roots balance the water uptake by the plants 
even under water deficit conditions. The enhancement of aquaporin-related 
genes by silicon might improve the water status in plants under salinity and 
drought stress. The improvement of water status and ion balance aid in the rec-
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lamation of plants from abiotic stress. It is known that silicon can increase the 
uptake of nutrients by increasing root activity (Chen et  al. 2011), enhancing 
water uptake (Sonobe et al. 2010), and improving hydraulic conductance of roots 
(Hattori et al. 2008).

 Increase in Root System of Plants

Abiotic stresses adversely affect the growth and yield of plants by limiting the 
uptake and translocation of water and essential nutritional ions (Hu and Schmidhalter 
2005). Nutrient absorption is linked to root surface region and root length. An 
increase in root surface area provides more exposed areas for the absorption of dis-
persed ions (Barber 1995). Silicon can improve root growth and subsequently 
enhance nutrient uptake, improve nutrient balance, and plant shoot biomass under 
salinity (Kim et al. 2016; Li et al. 2015) and drought (Chen et al. 2011). It has been 
reported that silicon facilitates root growth through increasing cell wall extensibility 
in the growth zone of roots (Vaculík et al. 2009). Silicon has also contributed to 
stimulation of nutrient uptake by increasing water uptake (Sonobe et al. 2010). The 
higher root growth increases water acquisition (increased water use efficiency) and 
nutrient uptake, it subsequently alleviates the adverse stress effects in silicon-treated 
plants. Water deficit also limits nutrient uptake through roots and subsequent trans-
port to shoots, thereby reducing nutrient availability and metabolism (Farooq et al. 
2009). Silicon-mediated selective transport capacity for K+ over Na+ and thereby 
increases in K+/Na+, which may be one of the main mechanisms improving plant 
growth and yield under abiotic stress.

 Improvement of Water Relations

Romero-Aranda et al. (2006) stated that silicon helps in water restoration in salt- 
stressed plants due to its hydrophilic nature. Silicon can decrease salt toxicity for 
plants and improve plant growth under salinity stress by different mechanism 
including: (1) increasing water storage in plants which contributes to salt dilu-
tion (Tuna et al. 2008); (2) increasing thickness of leaves which results in leaf 
water content and water potential (Gong et al. 2003) and (3) deposition of silicon 
in leaves which reduces transpiration from leaf surface and decreases the escape 
of water molecules from the leaf surface (Keller et al. 2015). It has been recog-
nized that drought stress substantially reduces the leaf water potential and water 
content in drought-stressed plants. Silicon also influences water relation and 
improves significantly the photosynthesis and water status in non-irrigated crops 
(Rizwan et al. 2015). Gao et al. (2005) observed that silicon application enhanced 
water use efficiency in drought-stressed maize by reducing leaf transpiration 
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rate. According to Rizwan et al. (2015), silicon can influence stomatal movement 
in plants.

Some of the mechanisms by which silicon can result in higher efficient use of 
water, enhance root water uptake by roots, and increase drought tolerance in plants 
under water deficit stress (Zhu and Gong 2014) include: (1) altering transpiration 
(Farooq et al. 2009); (2) forming a cuticle-silica double layer on leaf epidermal tissue 
which reduces leaf transpiration and water flow rate in xylem vessels (Zhu and 
Gong 2014); (3) accumulation of soluble sugars and amino acids (Sonobe et  al. 
2010); (4) deposition of silicon on root cell wall, which affects the wetting proper-
ties of xylem vessels and water/solute transport (Gao et al. 2005); (5) maintaining 
photosynthetic pigments content (Lobato et  al. 2009); (6) improving chloroplast 
ultrastructure; (7) increasing activities of antioxidant enzymes (Gong et al. 2005); 
(8) enhancing the activity of phosphoenolpyruvate carboxylase and the concentra-
tion of inorganic phosphate in plant leaves (Gong and Chen 2012).

 Regulation of Biosynthesis of Compatible Solutes

Under stressful conditions such as salinity and drought, concentration of compatible 
solutes or osmolytes such as proline (Pei et al. 2010), glycine betaine, and polyols 
(Parida and Das 2005) increased in plants. Silicon application also increased plant 
tolerance to salinity and drought stress by modifying the levels of solutes such as 
proline (Yin et al. 2013), glycine betaine (Torabi et al. 2015), carbohydrates (Ming 
et  al. 2012), polyols, antioxidant compounds (Hashemi et  al. 2010), and soluble 
sugars and free amino acids (Hajiboland et al. 2016). These compatible solutes may 
increase plant resistance to abiotic stresses by (1) maintaining higher leaf water 
potential during stress; (2) scavenging free radicals and buffering cellular redox 
potential, which keep plants protected against oxidative stress and (3) stabilizing 
subcellular structures (membranes and proteins) (Fahad et  al. 2015). It has been 
found that the compatible solutes may also act as oxygen radical scavengers (An 
and Liang 2013; Abbas et al. 2015). Silicon alleviated drought stress in the plants by 
osmotic adjustment inducing the production of soluble sugars and amino acids such 
as alanine and glutamic acid (Zhu and Gong 2014).

 Photosynthesis

It has been reported that silicon delays chlorophyll degradation in plant species 
under abiotic stresses (Al-aghabary et  al. 2004; Feng et  al. 2010; Gottardi et  al. 
2012). Silicon has also been shown to result in higher concentration of chlorophyll 
per unit area of leaf tissue. There are two possible mechanisms have been reported: 
The first one was related with the structural protection of the chloroplast membranes 
by silicon (Al-aghabary et al. 2004; Feng et al. 2010) and second was the effect of 
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silicon on strengthened cell walls which might contribute to a more favorable posi-
tion of leaves to intercept light and increased the photosynthesis (Ma and Takahashi 
2002). Silicon contributes to maintain micronutrients balance such as Fe/Mn ratio 
(Pich et al. 1994), which is also beneficial in enhancing chlorophyll synthesis and 
provides a possible explanation for the stimulation in growth of Fe-deficient plants 
supplied with silicon (Pavlovic et al. 2013; Bityutskii et al. 2014). The increase in 
citrate concentration in plants has been reported with silicon supply. Citrate is one 
of the molecules that joined iron on its transport through the xylem (Rellán-Álvarez 
et al. 2010).

 Polyamines Synthesis and Metabolism

Plants with high level of polyamines such as putrescine, spermidine, and spermine 
reported to possess more resistance against environmental stresses (Quinet et  al. 
2010; Pottosin and Shabala 2014). The elevated levels of genes responsible for the 
synthesis of polyamines mitigate the negative effects of oxidative stress (Roy and 
Wu 2001; Tang et al. 2007). The augmentation of silicon elevated the expression 
level of S-adenosyl-l-methionine decarboxylase (SAMDC) gene which encodes a 
vital enzyme involved in the biosynthesis of polyamines. Polyamines are involved 
in various vital processes such as replication, transcription, translation, stabilization 
of membranes, and modulation of enzyme activities in addition to stress tolerance. 
Hence, the regulation of genes involved in polyamine biosynthesis by silicon could 
not only help in the stress alleviation but also improve the fundamental processes in 
cells and increased the growth and development of plants.

 Antioxidative Defense System

Plants continuously produce several active oxygen species (AOS) or reactive oxy-
gen species (ROS) such as superoxide anion (O2

−), hydrogen peroxide (H2O2), and 
hydroxyl radical (OH−) during photosynthesis and respiration processes in different 
cell organelles such as mitochondria, chloroplast, and peroxisomes. ROS can cause 
serious oxidative damage to the biomolecules such as protein, membrane lipids, and 
nucleic acids in the cells (Apel and Hirt 2004; Tripathi et al. 2017). The scavenging 
of ROS is most important defense mechanism to cope with stress conditions in 
plants (Baxter et al. 2014). Silicon nutrition in plants enhances the production of 
antioxidants and enzymes involved in detoxification of the free radicals (Zhu et al. 
2004). Plants can maintain homeostasis by two different detoxification mechanisms 
involving enzymatic and non-enzymatic antioxidants (Mittler 2002; Sytar et  al. 
2013; Wu et al. 2017). Application of silicon can improve ROS scavenging ability 
in plants by development of ROS scavenging enzymes such as superoxide dismutase 
(SOD), peroxidase (POD), catalase (CAT), and ascorbate peroxidase (APX) and 

Silicon: A Sustainable Tool in Abiotic Stress Tolerance in Plants



346

non-enzymatic antioxidants such as glutathione, ascorbate, and carotenoids 
(Crusciol 2009; Shen et al. 2010; Torabi et al. 2015).

Etesami and Jeong (2018) reported that silicon maintained cell membrane per-
meability and stability of the plants grown under abiotic stresses. Silicon applica-
tion can also increase the glutathione concentration and suppress the malondialdehyde 
concentration (Liang et al. 2006). Zhu et al. (2004) reported that silicon is respon-
sible for inhibiting the membrane damage caused by the formation of 
 malondialdehyde, which causes the lipid peroxidation of membranes. By regulating 
antioxidant defense system, silicon can decrease lipid peroxidation in plants (Kim 
et al. 2017).

Silicon enhanced abiotic stress tolerance capacity which is linked to accumula-
tion of photorespiratory enzymes (Nwugo and Huerta 2011). Silicon has been 
reported to prevent the damage of membrane caused by the formation of malondial-
dehyde (MDA) (Zhu et al. 2004) by regulating antioxidant defense system in plants 
(Zhu and Gong 2014). Silicon has also been found to decrease the concentration of 
MDA, the end-product of lipid peroxidation, in salt-stressed barley (Liang et  al. 
2003), maize (Moussa 2006), and grapevine (Soylemezoglu et al. 2009), thus may 
help to maintain membrane integrity and decrease membrane permeability.

Ma et al. (2016) found that silicon reduced H2O2 accumulation and increased 
expression of antioxidant enzyme genes in wheat under drought stress. Farooq et al. 
(2016) observed that silicon treatment increased the antioxidant capacity of rice 
plants under cadmium stress. Many experiments have assessed the impact of silicon 
on plants subjected to abiotic stress at the level of gene expression (Liu et al. 2014; 
Yin et al. 2016), and it is now becoming apparent that silicon may effect primary 
metabolism in higher plants (Sanglard et al. 2014).

 Phytohormone Regulation

Phytohormones are known to play vital role in the ability of plants to acclimatize to 
different environment by different mechanism (Fahad et  al. 2015). It has been 
reported that silicon application may enhance the plant tolerance to abiotic stresses 
by adjusting the level of phytohormones (Kim et al. 2014). Gibberellin regulates all 
aspects of plant life from seed germination to vegetative growth and fruiting 
(Colebrook et  al. 2014). Endogenous bioactive GA1 and GA4 content increased 
when higher doses of silicon were applied to cucumber plants under salinity and 
drought stress (Hamayun et al. 2010). This clearly suggests that GAs play signifi-
cant role in salt and drought stress alleviation. Silicon is known to increase plant 
growth, which can also be associated with the effect of exogenous gibberellin appli-
cation to crop plants. It shows that silicon application activates gibberellin biosyn-
thesis in order to maintain growth and impart stress tolerance.

Silicon is essential for life processes such as DNA replication (Okita and Volcani 
1978; Martin-Jézéquel et al. 2000). Silicon was found to delay leaf senescence by 
activation of the cytokinin pathway in both silicon accumulating and non- 
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accumulating plant species (Markovich et al. 2017). Silicon can increase plant toler-
ance to diseases by increasing the expression of genes involved in plant resistance 
to pests and diseases, enhancing the production of phenolic compounds, lignin and 
enzymes of phenylpropanoid pathway and by enhancing the concentration of poly-
phenol, antimicrobial flavonoids, and anthocyanin (Etesami and Jeong 2018).

 Future Perspectives

Based on current knowledge, reviewed here, it can be stated that silicon is non- 
corrosive, non-pollutive element, and its excessive amount in soil does not pose any 
harm to plants. Silicon is a modest and major element of soil with enormous benefits 
to plants especially in the mitigation of abiotic stresses.

We suggest several future avenues of research:

 1. Researches are needed to investigate the effect of silicon on plant biochemistry 
and gene regulation under abiotic stresses.

 2. Nanotechnology-related applications can be used to explore possibilities for the 
formulation of silicon nanoparticles to elevate stress tolerance in plants.

 3. The resistance of plants to various environmental stresses can be enhanced by 
genetic modification of root ability to take up silicon and its accumulation in dif-
ferent plant parts. It will reduce the silicon expenditure in crop fields.

 4. Silicon possess multifaceted role in the regulation of genes involved in various 
physiological mechanism such as photosynthesis, secondary metabolism, poly-
amine biosynthesis, and transcription. Hence, there is a need of deep investiga-
tion related to the molecular level modulations triggered by silicon 
supplementation for physiological improvement of plant growth under stress 
conditions.

 5. The meta-analysis-related studies on the alleviation of abiotic stresses by silicon 
highlighted that most studies have focused on single species and single-stress 
models but there is a lack of studies which looked to compare effects between 
species or stress types.

 6. Farmers and researchers should be aware about the potential application of sili-
con in agriculture. Farmers should know the correct dose of silicon for particular 
crop and mode and time of silicon application on the crop plants to increase crop 
productivity.

Silicon is useful and sustainable fertilizer for crops facing a spectrum of environ-
mental stresses. The application of silicon in the agriculture sector can improve food 
security by raising crop tolerance to adverse environmental conditions by enhancing 
adaptability of crops to different stresses. Silicon may be complementary option in 
silicon-deficient areas as silicon fertilizer can provide economic as well as ecologi-
cal benefits.
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 Introduction

Salinity is one of the important abiotic stress factors limiting plant productivity and 
development, especially in arid and semiarid parts of the world (Allakhverdiev et al. 
2000; Koca et al. 2007). The effects of salinity on plant growth are associated with 
(1)  salt stress (a specific ion effect), (2)  water stress (low osmotic potential), 
(3) nutritional imbalances, and (4) a combination of these factors (Ashraf 1994). 
The basic elements of crop production can be considered as factors limiting 
cultivation. In addition, the formulations of basic chemical fertilizers, which are 
applied together with irrigation water for plant growth and development, also 
sometimes limit plant growth. All of these factors lead to significant salt accumulation 
in the plant root zone, which can reduce plant yield and quality, and can cause 
changes in plant color and shape (Quamme and Stushnoff 1983; Rhoades et  al. 
1992; Cassaniti et al. 2013). Visible effects of salinity affecting plant physiology 
and yield emerge with high salinity levels. Sensitivity to salinity varies according to 
the plant and cultivar (Haman et al. 1997). The ability of plants to withstand root 
zone salinity (i.e., plant salt tolerance) is affected by the type of salt, the type of 
plant, the soil, the climate, and their interactions. The relationship between relative 
yield and salinity (electrical conductivity (EC)) makes it possible to determine this 
tolerance (Maas and Hoffman 1977; Grattan and Hanson 1993; Grattan 1993; 
Kotuby-Amacher et al. 1997; Katerji et al. 2003).
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NaCl, which has a harmful effect on plant development, is a salt form commonly 
found in nature (Quamme and Stushnoff 1983; Munns and Termaat 1986; Rhoades 
et al. 1992; Grattan 1993; Jacoby 1993). Often, high concentrations of Na and Cl 
ions are considered synonymous with high salinity. Given that NaCl is the most 
soluble and widespread salt, it is not surprising that all plants have evolved 
mechanisms to regulate its accumulation and to preferentially select other nutrients, 
which are commonly present at low concentrations (Álvarez and Sánchez-Blanco 
2013). Cl and Na taken up by plant roots are transported to the shoots and leaves. 
With regard to comparison of these two ions, it is known that Cl ions are transported 
to the leaves faster than Na ions and accumulate more in the leaves. Na ions 
accumulate primarily in the old parts of the root and the plant body. For this reason, 
the first signs of damage on the leaves of the Cl ion effect, the Na ion, but above a 
certain limit value of the leaf damage can be observed. 

Salinity of irrigation water is more common than salinity of the land (Tyagi 
2003). Irrigation water contains a mixture of natural salts such as the cations Na+, 
Ca+2, and Mg+2 and the anions Cl−, SO4

−2, HCO3
−, and CO3

−2. These salts in the 
irrigation water can accumulate in soil or in substrates; thus, plant growth is 
adversely affected by excessive salts raising the osmotic pressure of the soil solution 
and resulting in reduced availability of water for the plants (Ayers and Westcot 
1989; Tyagi 2003). In addition to unsuitable irrigation and fertilizer applications in 
soilless ornamental plant growth, insufficient drainage and limited root volumes 
result in rapid salt accumulation in the root zone (Quamme and Stushnoff 1983; 
Sonneveld et al. 2000; Sevgican 2002; Akat 2008). The main purpose of irrigation 
management in soilless culture is to provide adequate moisture in the root zone, as 
well as reducing the detrimental effects of salinity, by leaching. In contrast to soil, 
salt concentrations in substrates can reach excessive levels quickly because of the 
limited root zone volume and improper management of irrigation, leading to serious 
problems. As a general approach, to mitigate the harmful effects of salinity, 15–25% 
leaching (as a ratio of drainage to irrigation) in normal irrigation water conditions 
and up to 40% in saline irrigation water conditions should be provided. The 
genotypes of ornamental plants differ greatly in their susceptibility to salt stress 
(Villarino and Mattson 2011; Cassaniti et  al. 2012). With competition for high- 
quality water, increasing the use of saline water is an alternative for irrigation of 
salt-tolerant ornamental plants (Cassaniti et al. 2009).

Worldwide, the total land area used for cut flower production is 175,066 ha, and 
the economic value of this industry was estimated to be €64.7 billion in 2016 (Kazaz 
2017). In Turkey, production of cut flowers reached 4858.09 ha with 37 different 
varieties. Cultivation is spread out among 55 cities located generally in the southern 
and western parts of the country. More than half of the production is maintained in 
Izmir (33.4%), Sakarya (22.0%), and Antalya (11.5%). The area used for gerbera 
production (113.603 ha) is in third place after those used for carnation and cut rose 
production, and this corresponds to 2.3% of the country’s total cut flower production 
area (TUIK 2017).
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The aim of the present study was to determine the evapotranspiration (ET), yield, 
water use efficiency (WUE), and some quality and growth parameters of gerbera 
(Gerbera jamesonii cv. ‘Skylina’) grown under different salinity levels and nutrient 
solution leaching ratios (LRs) in an open soilless culture system. Findings from the 
first year of this study, including only the ET and the yield, have previously been 
published by Akat et al. (2009).

 Materials and Methods

 Test Site, Plant Material, and Growing Conditions

This study was conducted in a tunnel-type heated polyethylene greenhouse located 
at the Ege University Faculty of Agriculture in Izmir, Turkey (38°27′17.78″N, 
27°13′18.82″E), during two consecutive production seasons. The plants were heated 
by commercial electric heaters only against the risk of frost at night to keep 
temperature above 0 °C. No heating was needed in the daytime, since the temperature 
did not drop as low as 0 °C. Insect netting was fastened to the vents of the greenhouse 
to prevent entry by insects. The shading requirements of the plants were met with a 
10% shading net. A misting system was installed over the canopy to regulate indoor 
humidity until the salinity applications were begun. Brief information concerning 
the growing seasons is given in Table 1.

Four nutrient solution salinity levels (S0: control; S1: S0  +  1  dS  m−1; S2: 
S0 + 2 dS m−1; S3: S0 + 3 dS m−1) and two LRs (with drainage volumes of 25% of 
the applied nutrient solution volume (LR25) and 50% of the applied nutrient solution 
volume (LR50)), in an open soilless culture system, were tested during the study.

The plant material studied was gerbera (Gerbera jamesonii cv. ‘Skylina’). Some 
physiological properties of this variety are listed in Table  2 (Schreurs Gerbera 
Catalogue 1998). Agricultural perlite (with 60% of the particle diameter being 
2–5  mm; ETİPER) was chosen as a growing medium because it was available 
locally and is suitable for soilless culture (Tüzel et al. 1999).

Table 1 Important dates 
related to growing seasons

Growing season Length of season (weeks)

First 50
Second 54

Table 2 Physiological 
properties of Gerbera 
jamesonii cv. ‘Skylina’

Property Value

Average Flower sap length 60 cm
Flower diameter 11–13 cm
Shelf life 12–14 days
Shading requirement 10%
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Plastic pots (measuring 75 cm × 23 cm × 16 cm, with a volume of 27.6 L) were 
filled with 21 L of perlite per pot. Three gerbera seedlings were planted in each pot, 
so the growing media volume was 7 L per plant and the plant density was eight 
plants per square meter, with each plant having a growing area of 50 cm × 25 cm. 
The oldest leaves on the plants were removed regularly during each growing season 
(Bayçin-Korkut 1998).

 Irrigation, Salinity Levels, and Leaching Fractions

Plant water requirements were met by a fogging system; thus, uniform plant growth 
could be obtained during the first 5 and 10 weeks after planting (WAP) in the first 
and second growing seasons. Afterward, the water and nutrient requirements of the 
plants were supplied by Hoagland solution (Table 3). An automated drip irrigation 
system using pressure-compensated online drippers with a flow rate of 3 L h−1 was 
used to deliver the nutrient solution to the plant root zone. Each plant was irrigated 
by a dripper. The irrigation was started at 09:00 each day, and the irrigation start 
times were adjusted according to plant needs by manual observation of root zone 
moisture and indoor climate conditions. The crops were irrigated a minimum of 
once a day and a maximum of five times a day during both growing seasons. A timer 
was used to control irrigation start times and durations, as deemed appropriate, to 
try and obtain the intended 25% and 50% leaching rates (Smith 1987). The 
scheduling was reviewed weekly and modified daily, if necessary.

The composition of the nutrient solution was adjusted according to the plant 
growth period, and the pH was maintained at 5.5–6.5 during the study. A half dose 
(in which the concentrations of all nutrients were half the full dose) was applied 
between 5 WAP and 12 WAP in the first growing season, and between 10 WAP and 

Table 3 Nutrient solution 
composition and chemical 
sources of nutrients

Nutrient
Concentration 
(ppm) Chemical source

N 150 NH4NO3 (33% N)
P 40 H3PO4 (85% P)
K 250 KNO3 (13%–0%–46%)
Ca 50 Ca(NO3)2 (15.5%–0%–0%–19%)
Mg 40 MgSO4·7H2O (9% MgO)
Fe 2 Fe-EDTA (12.5% Fe)
Mn 1.0 MnSO4·H2O (22–23% Mn)
Zn 0.75 ZnSO4·7H2O (19–20% Zn)
B 0.2 H3BO3

Cu 0.1 CuSO4·5H2O (20% Cu)
Mo 0.04 (NH4)6Mo7O24·4H2O

EDTA ethylenediaminetetraacetic acid
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16 WAP in the second growing season. A full dose was applied in the subsequent 
weeks. Salinity treatments were started at 17 WAP and 21 WAP in the first and 
second growing seasons, respectively (Table 4). Salinity levels in the S1, S2, and S3 
treatments were adjusted by adding NaCl solution to the same full-dose nutrient 
solution that was used for the control treatment (S0), so that 1, 2, and 3 dS m−1 
increments could be obtained in the S1, S2, and S3 treatments, respectively.

 Measurements and Calculations

The indoor air temperature (measured in degrees Celsius) and relative humidity 
(RH; measured as a percentage) were measured and recorded using a HOBO-Onset 
data logger (HOBO H08–004-02).

The nutrient solution and drained solution salinity levels were measured regu-
larly using an EC meter (Mettler Toledo model SevenGo Easy).

ET was determined and measured in liters per plant by subtraction of the drained 
nutrient solution volume from the applied volume in each treatment (Meric et al. 
2011).

The water use efficiency of each treatment was calculated according to Eqs. 1 
and 2 (Chaves et al. 2004; Gregory 2004; Jones 2004; Howell 2006):

 WUEI = Y I/  (1)

 WUE ETET = Y /  (2)

where WUEI and WUEET are the water use efficiencies calculated on the basis of the 
applied nutrient solution and evapotranspiration (measured in kilograms per cubic 
meter), Y is the total yield (i.e., flower weight, measured in kilograms), and I and ET 
are the applied nutrient solution and evapotranspiration (measured in millimeters), 
respectively.

The plants were harvested when the flowers developed two or three rings of 
mature stamens. To determine the yield, the cut flowers were counted and weighed 
(measured in grams) after each harvest. The total fresh weight was separated into 
the flower and stalk weights. The flower diameter (measured in centimeters), stem 
length (measured in centimeters), and stem diameter (measured in millimeters) 
were measured in each harvest to determine the flower quality. The stem diameter 
measurements were taken from the top (below the receptacle), middle, and lower 

Table 4 Dates of application of nutrient solutions and salinity treatments in the first and second 
growing seasons

Growing season Start of half dosea Start of full dose Start of salinity treatment

First 5th week 12th week 17th week
Second 10th week 16th week 21st week

aFreshwater was applied from planting to the half-dose application dates
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parts of the stem (above the root collar) (Zeybekoğlu 2000; Yemenici 2000). The 
relationship between the yield (number of flowers per square meter) and salinity 
was determined by Eq. 3 (Maas and Hoffman 1977; Hanson 1993; Katerji et al. 
2003):

 Y b EC ae= − −( )( )100 0 07Inner space xEF  (3)

where Y is the yield (measured as a percentage), b is the slope, ECe is the average 
root zone salinity (measured in decisiemens (dS) per meter), and a is the salinity 
threshold value. The EC of the applied nutrient solution was considered instead of 
the ECe in this study.

 Experimental Design and Statistical Analysis

The adopted experimental design was a randomized split-plot design with three 
replications. The different salinity levels and LRs were assigned in the main plot 
and subplots, respectively. Each plot contained nine plants, and a total of 219 
gerbera plants was planted in each growing season. The data were evaluated using 
the TARIST statistical analysis program developed by the Ege University Faculty of 
Agriculture. The least significant difference (LSD) test was applied to determine 
significant differences (p < 0.05).

 Results and Discussion

 Greenhouse Climate

The weekly temperature, relative humidity (RH), and vapor pressure deficit (VPD) 
measured and calculated in the greenhouse are presented in Figs. 1, 2, and 3. While 
the temperature ranges were 1.8–37.1 °C and 1.4–40.9 °C in the first and second 

Fig. 1 Weekly indoor temperature in the first and second growing seasons
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growing seasons, respectively, the RH ranges were 23–100% and 21.8–99.8% in the 
first and second growing seasons, respectively. As a result of the indoor fogging, the 
RH reached 100% in the weeks during which the system was operated. With regard 
to the temperature and RH, the VPD ranges in the greenhouse were 0.18–2.36 kPa 
and 0.32–2.93  kPa in the first and second growing seasons, respectively. The 
cumulative VPD was higher in the second growing season than in the first growing 
season because of the relatively higher average temperature and lower average RH.

 Applied and Drained Nutrient Solutions, Evapotranspiration, 
Leaching Ratios, and Electrical Conductivity

The applied and drained nutrient solutions, ET, and LRs obtained from each treat-
ment during the study are presented in Table 5.

The seasonal application of the nutrient solution changed from 41.5–57.7 L per 
plant in the first growing season to 68.1–100.1 L per plant in the second growing 
season. More nutrient solution was applied to achieve the intended LRs in the 

Fig. 2 Weekly indoor relative humidity in the first and second growing seasons

Fig. 3 Weekly indoor vapor pressure deficit (VPD) (a) and cumulative VPD (b) in the first and 
second growing seasons
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second growing season than in the first growing season because of the longer grow-
ing season and higher evaporative demand (VPD) in the indoor climate (Fig. 3a, b).

The seasonal ET of the plants changed from 33.2–28.3 L per plant in the first 
growing season to 50.3–40.4 L per plant in the second growing season (Table 5). 
The total plant water consumption was higher in the second season than in the first 
season because of the longer growing season and higher VPD in the indoor climate. 
In both growing seasons, the total ET decreased by 14% and 15%, respectively, with 
increasing nutrient solution salinity. Although no significant deviations in ET were 
observed between leaching treatments in both seasons, the effect of leaching on ET 
was more evident in the S0 and S1 treatments in the first growing season, and the ET 
increased with the increase in LR. In these treatments the LR ranged between 23% 
and 42.5%. However, in the S2 and S3 treatments the increased LR did not decrease 
the ET, as was observed in S0 and S1. In a study on tomatoes in hydroponic conditions, 
conducted by Pokluda and Kobza (2001), it was shown that climate conditions did 
not affect the pH of the nutrient solution; the EC levels related to nutrient solution 
were directly related to the air temperature, RH, and solar radiation; higher 
temperatures tended to increase the ET of the plants; and increased RH seemed to 
support the effect of reducing the intake of water and nutrients.

As shown in Fig. 4, the weekly ET in the different treatments showed similar 
courses during the study. In the first weeks of both seasons, the ET was as low as 

Fig. 4 Weekly evapotranspiration in the first and second growing seasons
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0.5 L per plant, and then it increased to 2–2.5 L per plant, related to plant development 
and an increasing indoor VPD.  After that point, ET decreased gradually from 
2–2.5 L per plant to 0.5 until the 27th to 43rd weeks, because of the decreasing 
indoor VPD. The second-highest values were observed after the 47th week, due to 
the again increasing VPD. In general, ET was highest in the control (S0) treatment 
during the peak evaporative demand periods. Since the indoor VPD was higher in 
the second season than in the first season, the weekly ET was also higher in the 
second season. In both seasons the highest ET value was achieved in the lowest- 
salinity (S0) treatment and the lowest ET value was achieved in the highest-salinity 
(S3) treatment. This result was associated with less water intake by the plants in 
conditions of particularly heavy water stress and salinity levels (Hannah 1998). In a 
study by Zheng et al. (2005) on gerbera cultivation in a capillary system, the daily 
plant water consumption was found to be 115 ± 3 mL. In a study using the ‘Molina’ 
and ‘Lilabella’ gerbera cultivars, grown in a hydroponic system in climate-controlled 
conditions, Syros et  al. (2001) found that the daily water consumption varied 
depending on the season in which the plants were grown, ranging from 800 to 
1200 mL per plant. In a study conducted by Savvas and Gizas (2002), using closed- 
system cultivation, it was reported that 548–563  mL of a nutrient solution was 
applied to each plant daily, with a drainage rate of 43–45%; accordingly, the daily 
plant water consumption was 306–315  mL per plant. The daily plant water 
consumption of the gerbera in that study was lower than the consumption recorded 
in the present study. These differences were related to the different growing media 
used, the LRs tested, and the differences in the ecological conditions in which the 
cultivation was carried out.

The fluctuations in the EC of the applied nutrient solution, starting from the 5th 
week in the first season and from the 13th week in the second season, are shown in 
Fig.  5. The EC range was 1–2  dS  m−1 until the commencement of the salinity 
treatments in both seasons. From that time onward, the EC of the nutrient solution 
fluctuated between 1 and 5 dS m−1. Since the EC of freshwater was higher in the 
second growing season than in the first growing season, the final EC of the full-dose 

Fig. 5 Electrical conductivity (EC) of the applied nutrient solution in the first and second growing 
seasons
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nutrient solution was higher in the second year. In terms of salinity treatments, when 
the amount of nutrient solution applied to the plants increased, the salinity was 
decreased.

The EC of the drained nutrient solution ranged between 1 and 7 dS m−1 in the 
first season and between 2 and 7 dS m−1 in the second season (Figs. 6 and 7). The 
average difference in EC between the applied and drained nutrient solutions was 
greater in the LR25 treatment and in the first growing season (Fig. 8). It can be said 
that more efficient leaching was obtained in the LR50 treatment and in the first sea-
son, because of the smaller average difference in the EC between the applied and 
drained nutrient solutions, and the lower EC of the applied nutrient solution due to 
the lower indoor air temperature and the EC of freshwater. In terms of salinity 
treatments, leaching was more efficient with the higher-salinity nutrient solution. 
The results with regard to the LRs applied in both production periods observed 
reduction in salinity was relative to the leaching ratio applied. As noted by Hanson 
et  al. (1993), the average plant root salinity due to application of high-salinity 

Fig. 6 Electrical conductivity (EC) of the drained nutrient solution in the LR25 and LR50 treat-
ments in the first growing season. LR25 leaching ratio: drainage volume = 25% of the applied nutri-
ent solution volume, LR50 leaching ratio: drainage volume = 50% of the applied nutrient solution 
volume

Fig. 7 Electrical conductivity (EC) of the drained nutrient solution in the LR25 and LR50 treat-
ments in the second growing season. LR25 leaching ratio: drainage volume = 25% of the applied 
nutrient solution volume, LR50 leaching ratio: drainage volume = 50% of the applied nutrient solu-
tion volume
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irrigation water increases under low-LR conditions and decreases under high-LR 
conditions. The amount of applied nutrient solution was higher in the LR50 treatment 
than in the LR25 treatment in both seasons. Since the start times and durations of 
irrigation were determined by manual observations and the scheduling was not 
reviewed and modified online, the actual LRs deviated from the predetermined 
ratios (i.e., 25% and 50%, more or less). Especially in the second season, keeping 
the LR around the desired ratio was more difficult in the LR25 treatment than in the 
LR50 treatment, maybe because of concern about a possible lack of irrigation water. 
Additionally, the actual LRs were closer to the predefined values in the LR25 
treatment in the first season and in the LR50 treatment in the second season. Giuffrida 
and Lipari (2003) reported that it was commonly necessary to use a high LR to 
prevent salt accumulation in the growing media in soilless culture, especially when 
using nutrient solutions prepared with a low-salt water source. However, the 
application of a high LR could be associated with problems related to environmental 
and commercial aspects, necessitating use of low-LR applications. The results 
showed that there was no significant difference between the LRs with regard to the 
yield and flower quality parameters in both growing seasons. Thus, reducing the 
amount of nutrient solution applied in this case showed that water and fertilizer sav-
ings, reducing environmental pollution as well as the LRs, could be applied.

 Yield and Quality

The plants were harvested 59 and 65 times in the first and second growing seasons, 
respectively. In general, the yield and quality were negatively affected by increasing 
salinity. The effects of salinity and leaching treatments on the flower numbers and 
weight were similar in both seasons (Table 6). Although there were no significant 
differences between the leaching treatments, the effects of nutrient solution salinity 
and the LR × nutrient solution salinity interactions on the flower numbers and 

Fig. 8 Efficiency of leaching in terms of the average difference in electrical conductivity (EC) 
between the applied and drained nutrient solutions during salinity treatments in the first and second 
growing seasons
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weight were found to be significant in both seasons (p < 0.05). According to the 
results, both the number and the weight of the flowers decreased as the salinity of 
the nutrient solution increased. The flower numbers obtained in the S3 treatment 
were 34% and 41% lower than those obtained in the control treatment in the first 
and second seasons, respectively. Similarly, the flower weights were 14% and 17% 
lower in the most saline treatment than in the control treatment. In particular, a 
higher LR in saline conditions provided a greater yield (i.e., greater flower numbers) 
in both seasons. The plant root zone salinity was kept within certain limits by the 
addition of leaching water to the irrigation water. As the LR increased, the average 
root zone salinity decreased, and as a result, the plant yield increased. The effect of 
the leaching ratio on plant yield increases depends on the tolerance of the plants 
against soil and irrigation water salinity (Hanson et al. 1993). 
In the present study, although it was demonstrated that the effect of the LR 
applications on the yield was statistically insignificant, this was similar to the 
finding in the study by Hanson et al. (1993) that plants with high LRs had higher 
yields. According to the results of the assessment in terms of salinity levels, the 
different salinity levels we applied were similar to those used in many other studies 
investigating salt effects (Munns and Termaat 1986; Rhoades et al. 1992; Grattan 
1993; Francois and Maas 1994; Hannah 1998; Sivritepe and Eriş 1998; Bass and 
Van den Berg 2000; Villora et al. 2000; Sonneveld et al. 2000; Picchioni and Graham 
2001; Dalla Guda et al. 2001; Shillo et al. 2002). The results of the present study 
showed that the yield decreased as the EC of the nutrient solution applied in the 
treatments increased. In addition, the average number of flowers obtained per unit 
area with the treatment was higher during the first production period than during the 
second production period. This was related to the effect of the extreme temperatures 
that were experienced and the recession in plant growth and development in the 
adaptation cycle after planting. Sonneveld (2001) reported that the maximum yield 
could be obtained by using nutrient solutions with up to 0.8 dS m−1 (1.0 dS m−1 in 
the drained solution) in winter climate conditions and up to 1.5 dS m−1 (2.0 dS m−1 
in the drained solution) in spring climate conditions. The yield results obtained in 
the present study  similarly showed that the highest yield was received from the 
lowest-EC nutrient and drained solution treatments (S0). When the results related to 
the flower quality of gerbera were examined in a similar study on different cut 
flower species, it was found that the flower shape was not affected by the salinity 
treatments but the flower size was decreased with increasing salinity, proportionally 
to the decrease in the flower weight (Sonneveld et al. 2000). The results obtained in 
the present study were similar in terms of the flower weight reduction with increasing 
salinity in both production periods, but there was some variation due to the fact that 
the difference in the flower size with salt application in the first production period 
did not reach statistical significance. However, the results obtained in the present 
study with regard to determination of the lowest flower diameter values at the 
highest salinity level were found to be consistent with the results reported by 
Sonneveld et  al. (2000), showing an association between increasing salinity and 
decreasing flower quality.

In a similar study conducted by Savvas and Gizas (2002), the effects of recycling 
the drained solution by adding nutrients to replenish it at three different cation ratios 
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on the yield, flower quality, and nutritional status of soilless-grown gerbera were 
investigated. The results showed that the three different cation ratios did not affect 
the flower weight and stem thickness. The total number of flowers per plant ranged 
between 29.4 and 30.7, the number of marketable flowers per plant ranged between 
27.80 and 29.90, the average flower weight ranged between 23.30 and 24.00 g, the 
flower stem length ranged between 49.10 and 51.30 cm, the flower stem thickness 
ranged between 0.691 and 0.705 mm, and the flower head diameter ranged between 
10.20 and 10.35 cm. In the present study, in the first and second seasons, the flower 
diameters were 9.4–9.7 cm and 10.1–10.7 cm, respectively; the flower weights were 
20.8–24.2 g and 17.7–21.4 g, respectively; the stem lengths were 35.5–37.9 cm and 
35.6–38.2 cm, respectively; the flower stem bottom diameters were 0.557–0.605 cm 
and 0.473–0.491 cm, respectively; the flower stem middle diameters were 0.542–
0.591 cm and 0.460–0.479 cm, respectively; and the flower stem top diameters were 
0.415–0.447 cm and 0.339–0.352 cm, respectively. These values obtained from the 
present study are the result of the expected effect of the salt. However, the values of 
plant quality, which have almost the nearest EC level (1.31–2.29 dS m–1), and even 
on non-salt-treatment (S0), are very low compared to the values obtained from 
cultivation by Savvas and Gizas (2002). This result was related to the physical and 
chemical differences in the growing media used in cultivation, and to the climate 
conditions in which the cultivation was carried out—that is, greenhouse conditions 
without climate control.

 Relationships Between Flower Quality and Salinity

The proportional changes in the stem length, flower weight, and number of flowers 
relative to the average increases in the salinity of the nutrient and drained solutions 
in the production periods are shown in Figs. 9, 10, and 11, respectively.

When the obtained linear regression graphs are examined, it can be determined 
that increased salinity reduced the stem length, flower weight, and flower numbers. 
These reductions in response to an increase of 1 dS m−1 in the salinity of the nutrient 

Fig. 9 Proportional changes in the flower stem length relative to the salinity levels of the nutrient 
and drained solutions during the production periods
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and drained solutions were 1.9%, 5.4%, and 13.0 flowers per square meter, respec-
tively, for the nutrient solution and 1.3%, 4.2%, and 10.5 flowers per square meter, 
respectively, for the drained solution (Table 7). However, the reductions in the stem 
length, flower weight, and flower numbers with increasing salinity of the drained 
solution were 32%, 22%, and 19% smaller than those seen with increasing salinity 
of the nutrient solution.

 Relationships Between Yield and Salinity

The relative numbers of flowers per square meter (i.e., the yield) corresponding to 
the EC of the applied and drained nutrient solutions in the different leaching treat-
ments are shown in Figs. 12 and 13, respectively. As shown in Fig. 12 the salinity 

Fig. 10 Proportional changes in the flower weight relative to the salinity levels of the nutrient and 
drained solutions during the production periods

Fig. 11 Proportional changes in the number of flowers relative to the salinity levels of the nutrient 
and drained solutions during the production periods

Table 7 Decreases in the flower stem length, flower weight, and number of flowers per increase 
of 1 dS m−1 in the salinity of the nutrient and drained solutions (averages per production period)

Nutrient solution Drained solution

Decrease in flower stem length (%) 1.9 1.3
Decrease in flower weight (%) 5.4 4.2
Decrease in number of flowers per m2 13.0 10.5
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threshold values of the leaching treatments were higher in the second season than in 
the first season. The relative decrease in flower numbers corresponding to an 
increase of 1 dS m−1 in the nutrient solution salinity was 10.6–14.9% both growing 
seasons during the study. Because of the higher EC of the freshwater and the higher- 
than- intended LR in the LR25 treatment in the second season, both the salinity 
threshold value and the EC of the salinity treatments were higher than those in the 
LR50 treatment and in the first season, respectively. Therefore, considering the LR25 
treatment in the first year and the LR50 treatment in the second year, the salinity 
threshold values were 1.27 and 1.88  dS  m−1, respectively, in the LR25 and LR50 
treatments, in terms of the applied nutrient solution salinity. According to Fig. 13, 
regarding the salinity threshold value determined in the drained solution, the value 
was higher in the second season than in the first season (as was also the case for the 
salinity threshold value determined in the applied nutrient solution). The relative 
flower number decrease corresponding to an increase of 1 dS m−1 in the drained 
solution salinity was 7.7–13.9%. Considering the LR25 treatment in the first year 
and the LR50 treatment in the second year, the salinity threshold values were 1.64 
and 2.43 dS m−1 for the LR25 and LR50 treatments, respectively, in terms of drained 

Fig. 12 Linear relationships between the numbers of flowers and the electrical conductivity of the 
nutrient solution in the different leaching treatments in the first and second growing seasons

Fig. 13 Linear relationships between the numbers of flowers and the electrical conductivity of the 
drained solution in the different leaching treatments in the first and second growing seasons
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solution salinity. As a result, according to the linear equation giving the salt–yield 
relationship, in the first season, the average salinity threshold values that started to 
decrease the yield were determined as 1.4  dS  m−1 for the nutrient solution and 
1.7 dS m−1 for the drained solution. During the second season, the average salinity 
threshold values were found to be 2.1 dS m−1 for the nutrient solution and 2.8 dS m−1 
for the drained solution. In a study by De Kreij et al. (1999), it was expressed that 
in gerbera cultivation, the calculated salinity threshold values were 1.1 dS m−1 for 
the nutrient solution and 2.1 dS m−1 for the drained solution (Adams 2002). In a 
similar study by Sonneveld et al. (2000), it was found that the threshold value was 
2 dS m−1—similar to the values given by De Kreij and Van Os (1989). In another 
study conducted by De Kreij et al. (1986), two different EC levels were compared 
for gerbera plant growth in rock wool culture. It was reported that the calculated 
yield decreases with salinity were 9.7% per increase of 1 dS m−1. The percentage 
yield decreases with salinity in both seasons in our study were very close to these 
values. This result showed that the salinity threshold values determined for the two 
production periods were in agreement with the results of this study.

 Water Use Efficiency

The WUE of the treatments in terms of flower numbers and flower weight is shown 
in Fig. 14.

When the WUE determined on the basis of total flower numbers was evaluated, 
the WUE values were 0.18–0.35 flowers per liter in the first growing season and 
ranged from 0.08 to 0.14 flowers per liter in the second season. The highest WUE 
values were obtained from the lowest salt applications in both seasons. The highest 
WUE values among the treatments on the basis of the LR were observed with LR25 
application. According to this, in the first season the WUE values with LR25 applica-
tion in the S0, S1, S2, and S3 treatments were 0.35, 0.29, 0.26, and 0.23 flowers per 
liter, respectively; with LR50 application, the WUE values were 0.25, 0.23, 0.20, and 
0.18 flowers per liter in the S0, S1, S2, and S3 treatments, respectively. In the second 
production period, the WUE values with LR25 application in the S0, S1, S2, and S3 

Fig. 14 Water use efficiency of treatments in terms of numbers of flowers and flower weight
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treatments were 0.14, 0.14, 0.12, and 0.11 flowers per liter, respectively; with LR50 
application, the WUE values were 0.13, 0.10, 0.09, and 0.08 flowers per liter in the 
S0, S1, S2, and S3 treatments, respectively.

When the WUE determined on the basis of the total flower weight was evaluated, 
the WUE values were 0.24–0.33 and 0.21–0.28 flower weight L−1 in the first and 
second seasons, respectively. Similarly, the highest WUE values among the leaching 
treatments were observed in the LR25 treatment. No significant numerical difference 
in WUE between the different salt applications was found. In the first season the 
WUE values determined in the S0, S1, S2, and S3 treatments were 0.29, 0.33, 0.30, 
and 0.32 flower weight L−1 in the LR25 treatment, and the WUE values for all salin-
ity applications were found to be 0.24 flower weight L−1 in the LR50 treatment. In 
the second season the WUE values determined in the S0, S1, S2, and S3 treatments 
were 0.26, 0.28, 0.26, and 0.26 flower weight L−1, respectively, in the LR25 treat-
ment; and 0.22, 0.21, 0.23, and 0.21 flower weight L−1, respectively, in the LR50 
treatment. In a study by Martín-Closas and Recasens (2001) to determine WUE in 
cut rose cultivation, the WUE value was determined as the ratio of the fresh weight 
of marketable flowers (measured in grams) to the consumed irrigation water (mea-
sured in liters). The results showed that the WUE values obtained with perlite were 
higher than those obtained for tuff (5.6 g L−1 for perlite and 3.6 g L−1 for tuff). It was 
reported that the WUE values increased when the air temperature and solar radiation 
decreased, and the highest values for WUE were determined in the autumn, while 
the lowest values were determined in summer and spring. The WUE values obtained 
in the present study were much lower than those observed by Martín-Closas and 
Recasens (2001). This result was thought to be due to the different plant species 
(rose versus gerbera) that were investigated. In a study by Tsirogiannis et al. (2010), 
investigating the effects of high irrigation frequency (HIF) and low irrigation 
frequency (LIF) on the yield and quality of gerbera plants grown in soilless 
agricultural conditions, the WUE determined on the basis of flower numbers varied 
between 0.23 and 0.29 flowers per liter of water. The results showed that the WUE 
values relative to the salinity levels with both LRs in the first season were similar to 
those observed in the present study.

 Conclusion

When the findings obtained from this study were evaluated together, it was found 
that when the nutrient and drained solutions were evaluated separately in terms of 
their salinity levels, on the basis of the percentage decline in yield and the salinity 
threshold values at which the yield started to decline, the gerbera plant was 
moderately salt sensitive. In both production periods, the results showed that 
increasing salinity levels reduced the yield.

The overall results showed that there was no significant difference between the 
different leaching ratios (LRs) with respect to the yield and flower quality parameters 
in both growing seasons, whereas the yield and quality did decrease dramatically 
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with increasing salinity. It was found that the highest yield was obtained in the 
control treatment (S0) in which no additional salts were applied, while the lowest 
yield was obtained in the highest-salinity treatment (S3) in both growing seasons. 
However, an average increase of 2.1% in the yield (number of flowers) was achieved 
with application of a high LR (LR50). In comparison with LR50 application, LR25 
application, on average, accounted for 23% of water and equivalent nutrient savings 
over the growing periods. Since the open system was used for the application of 
nutrient solution to the plants during the experiment, the drained solution was not 
re-used in the system after the necessary measurements were made. For this reason, 
much more solution is taken out than the closed systems where the drained nutrient 
solution is reused in the system. Based on the results, with LR50 application, on 
average, the amount of removed with the solution was 1.9 times greater than the 
amount removed with the solution from the closed system. In other words, with 
LR25 application, the water and fertilizer use efficiency was increased significantly, 
and it was decided that use of a 25% LR is acceptable with use of open-system 
substrates in soilless culture. These increases were found to be significant in terms 
of production input. In addition, the absence of a linear increase in the electrical 
conductivity of the drained solution was another important indicator that this ratio 
was sufficient to wash salt out of the root zone. Reducing the amount of the nutrient 
solution applied in this case showed that water and fertilizer savings, as well as a 
low LR, can be applied to prevent environmental pollution. In addition, when the 
fertilizers taken from the open system were examined qualitatively and quantitatively, 
the dimensions of the threats encountered due to environmental pollution were also 
apparent. In this respect, it is emphasized that some studies carried out in Turkey 
have increased pollution in groundwater, and some measures need to be taken to 
address this problem (Eryurt and Sekin 2001; Polat and Yılmaz 2001).

As a result, it is envisaged that cultivation should be managed appropriately, 
especially to support water and nutrient resources, by using closed systems, which 
are important in reducing environmental pollution and providing savings. 
However, appropriate cultivation systems and programs should be developed for 
other plant species, supported by the results of economic analysis. There is a need 
for studies in which different irrigation programs, plant nutrition prescriptions, 
and salinity conditions are jointly assessed in different growing environments. 
These studies should be carried out not only with the addition of salt solutions, 
prepared as stock solutions, for addition to the nutrient solution, but also with 
application of different nutrient solution elements at different rates. In addition, 
the most important disadvantage of closed systems is the potential for the spread 
of plant root diseases, for which there is also a need to develop suitable techniques 
at the manufacturer level.
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 Introduction

Nitric oxide (NO) is a free radical or a reactive oxygen species (ROS) that functions 
as a diffusible messenger molecule that was first recognized in animals, wherein it 
plays variable functions ranging from neural transmission and blood circulation to 
immune system responses and fertilization. NO is a member of the ROS family of 
molecules, more specifically, falls in the subgroup of molecules that contain nitro-
gen, also known as reactive nitrogen species (RNS).

It is well established that NO plays an essential role in animal fertilization and 
embryogenesis (Ignarro 2000). In plants, both NO and other ROS have proven 
roles in various plant processes ranging from seed germination to reproduction. 
NO-mediated protein modification plays an important role in seed germination 
(Zhang et al. 2003). The close interactions of NO, ROS, and free calcium ions con-
trol stomatal aperture in plants (Yadav et al. 2013). Another major role of NO is in 
pathogen defense: Schlicht and Kombrink (2013) reported that NO accumulates at 
fungal infection sites and proposed that resistance phenotype correlates with NO 
production, temporally and volumetrically. In addition, Grob et al. (2013) reviewed 
the cross talk of NO with ROS and antioxidants. The reaction of NO and ROS 
results in the formation of peroxinitrite ONOO–. The cross talk of ROS and NO has 
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extensive roles in defense, hypersensitive response, programmed cell death (PCD), 
pollen tube growth and polarity, pollen tube rupture, root growth and self-incompat-
ibility responses (Duan et al. 2007).

NO acts as a messenger in plant defense responses, developmental processes, 
stress adaptation and symbiosis establishment (Lamattina et al. 2003). Being major 
cellular antioxidant and precursor for nitrosoglutathione (GSNO), a storage form of 
NO, glutathione is a connecting node between NO and ROS. NO exerts its function 
largely by way of S-nitrosylation of target proteins, leading to alteration in enzyme 
kinetics and transcription of genes (Frungillo et al. 2014). Corpas et al. (2013) sug-
gested that abundance and metabolism of GSNO by the enzymes S-nitrosoglutathione 
reductases (GSNORs) will be an important issue for the future understanding of the 
role of NO in plant development and stress responses. Other ways of NO signal trans-
duction include protein tyrosine nitration and through extracellular nucleotides 
(Blume et al. 2013; Salmi et al. 2013). The research facet of NO production and its 
influences in plants has progressed extensively since the first description in 1998 
(Delledonne et al. 1998; Durner et al. 1998). However, the research is far away in 
deciphering NO biosynthesis by plants cells and how NO signaling mediates umpteen 
aspects of plant development and responses. This chapter encompasses a brief descrip-
tion on the significance of NO in different plant processes and interaction of ROS and 
NO in imparting the optimum response. An outline of the biosynthesis, scavenging 
and detection of NO is also described (Foreman et al. 2003; Monshausen et al. 2007).

 Mechanism of NO Production in Plants

NO production in land plants classically involves two main routes. First, a reductive 
pathway involving both enzymatic and non-enzymatic reduction of nitrite into NO 
(Gupta et al. 2011). Second, an oxidative pathway requiring a putative nitric oxide 
synthase (NOS)-like enzyme (Fig.  1). Wildt et  al. (1997) demonstrated that in 
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Fig. 1 Mechanism of nitric oxide (NO) homeostasis in plants. NR nitrate reductase, NSHb non- 
symbiotic hemoglobin, NOS nitric oxide synthase, GSNO S-nitrosoglutathione
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sunflower and sugarcane, increasing the NO3
− content of the nutrient culture solu-

tion enhanced the emission of NO from the plants during nights following the treat-
ment. Role of nitrate reductase (NR) in NO production was suspected by low or no 
NR activity mutants which show no measurable NO. Later nia1/nia2 double mutants 
of Arabidopsis confirmed the role of NR in the reduction of NO2

− to NO in 
Nicotinamide adenine dinucleotide (NADH)-dependent manner under both in vitro 
and in vivo condition. Under hypoxia/anoxia condition NO2

− acts as an alternative 
electron acceptor in mitochondrial electron transport chain allowing mitochondria 
to oxidize NADH/NADPH and generate a limited amount of ATP together with NO 
as shown in root mitochondria of several species (Gupta et al. 2011). Both cyto-
chrome c oxidase and AOX (Alternate Oxidase) appear to possess the activity of 
reducing NO2

− to NO (Gupta et al. 2011). Finally, several studies also supported the 
possibility that plant cells synthesize NO through a non-enzymatic reduction of 
NO2

−. In particular, a chemical reduction of NO2
− to NO form was found in the 

apoplast of barley aleurone layers (Bethke et al. 2004).
The first suggestion that plants do possess mammalian NOS-like enzyme was 

published in the middle of the 1990s (Yaacov et al. 1998). However, the possibility 
that such enzyme could catalyze NO synthesis in plants has also been a main con-
troversial issue. First, several studies provided evidence that protein extracts from 
plant tissues, cultured cells or purified organelles display an NOS-like activity 
(Durner et al. 1998; Corpas et al. 2009; Du et al. 2015). Many findings suggest 
effectiveness of animal NOS inhibitors in interfering with NO production in plants. 
Among the inhibitors, N-Nitro-l-arginine methyl ester (L-NAME), NG-Methyl-l- 
arginine (L-NMMA), amino guanidine, and S,S0–1,4-phenylene-bis 
(1,2-ethanediyl)-bis-isothiourea (PBITU) are commonly used (Delledonne et  al. 
1998; Corpas et al. 2006). In tobacco and A. thaliana, enzymes with putative NOS- 
like activity were recognized: an isoform of glycine decarboxylase complex—P 
protein (Chandok et al. 2003) and AtNOS/AtNOA1, falling in the guanosine tri-
phosphatase (GTPase) family (Guo et al. 2003).

Experimental evidences further accelerated the notion about the presence of a 
plant NOS-like enzyme. Initially, Tischner et al. (2007) reported that the l- citrulline- 
based assay popularly employed to measure an NOS activity is prone to experimen-
tal artifacts and is suggestive of cautious analysis. Further, in a proteomic study for 
identifying the proteins reciprocating to mammalian NOS antibodies did not give 
any positive results in maize embryonic axes (Butt et al. 2003). Another relevant 
disagreement regarding plant NOS-like enzyme (Jeandroz et  al. 2016) is that 
despite using transcriptome sequence data of around 1000 species, no mammalian 
NOS- like sequences were found in plants in species showing NOS-like activities. 
Further confirming the results shown by Butt et al. (2003) depicting that the maize 
proteins recognized by mammalian NOS antibodies were unrelated to NOS. Even 
though in recent past, significant progress has been made in the prehension of the 
function of NO in plant metabolism, several questions in relation to the biosynthesis 
remains unanswered. Clearly, land plants do not possess typical mammalian NOS-
like proteins (Santolini et al. 2017). Jeandroz et al. (2016) concluded that during 
evolution plants have developed efficient ways of nitrate assimilation and hence 
nitrite might serve as a main source for NO.
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 Physiological Roles of ROS and NO in Plant Development 
and Environmental Responses

In plants, ROS are mainly produced in chloroplasts, mitochondria, and peroxi-
somes as a by-product of the metabolism. ROS including hydrogen peroxide 
(H2O2), superoxide anion (O2

•−), hydroxyl radicals (•OH) and singlet oxygen 
(1O2) have all been associated with regulation of different plant biological pro-
cesses. Mitochondrion wherein the cellular energy metabolism takes place is a 
main site of ROS production. Mitochondrial alternative oxidase (AOX) also 
influences ROS and reactive nitrogen species (RNS) generation by the respiratory 
chain in mitochondria (Vanlerberghe 2013). Peroxisomes are organelles having 
largely oxidative metabolism and produces superoxide radical (O2

•−) as an out-
come of their typical metabolism. The chloroplast is also a major location of ROS 
production in plants (Hideg et al. 2006). The O2

•− and singlet oxygen are pro-
duced in chloroplasts by photo- reduction of O2 and energy transfer from triplet 
excited chlorophyll to oxygen, respectively. H2O2, a ROS of major biological 
consequences, can be synthesized as a result of the dismutation of superoxide 
anions by specific enzymes called superoxide dismutase located in various cel-
lular compartments (Noctor et al. 2000; Gechev et al. 2006). An oxidative burst 
with rapid O2

•− production and its successive dismutation to H2O2 in the extracel-
lular space or apoplast is a universal reaction to pathogens, hormonal elicitors, 
wounding, high temperature, ultra-violet light and ozone (Orozco-Cardenas et al. 
2001; Rao and Davis 2001). Besides the oxidative function, H2O2 also has a major 
signaling role in plants (Gechev et al. 2006; Jiang et al. 2011). H2O2-mediated 
signaling induces expression various classes of genes and modulates signaling 
proteins including protein phosphatases, protein kinases, various transcription 
factors and plasma membrane calcium channels (Neill et  al. 2002; Lin et  al. 
2012a, b).

Amidst the first roles of NO to be deciphered was the function in defense reac-
tion against bacterial pathogen (Noritake et  al. 1996; Delledonne et  al. 1998). 
Accumulating evidences indicated that NO has a role in several physiological 
and developmental processes: germination, leaf expansion, lateral root develop-
ment, flowering, stomatal closure, plant hormones signaling, biotic and abiotic 
stress tolerance (He et al. 2004; Hong et al. 2008; Leitner et al. 2009; Wilkins 
et al. 2011; Liu et al. 2013; Yadav et al. 2013). Mitochondria and chloroplasts 
also take part in NO generation in vivo (Galatro et al. 2013; Vanlerberghe 2013). 
NO also reacts with several targets forming a variety of molecules, such as nitric 
oxide radicals (NO−), nitrosonium ion (NO+), peroxynitrite (ONOO−), 
S-nitrosothiols (SNOs), higher oxides of nitrogen (NOx) and dinitrosyl—iron 
complexes among others, collectively these NO derivatives are termed as RNS 
(Di Stasi et al. 2002).
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 Pollen Tube Growth and Fertilization

NO is recognized as a signaling molecule in plant sexual reproduction also. High 
amounts of NO was detected in the pollen grain and has been proven to regulate 
pollen tube growth. Previous studies demonstrated that NO and ROS are produced 
in a stage and tissue-specific manner in olive (Olea europaea L.). Fluorometric 
assay confirmed that growing pollen tubes produces NO. GSNO a mobile reservoir 
of NO, produced by the S-nitrosylation of reduced glutathione (GSH) was also 
detected and quantified in pollen tubes. Exogenous NO donors negatively affected 
both pollen germination and growth; however, these phenomena were partially 
recovered by NO scavenger c-PTIO. To understand the role of NO on pollen germi-
nation, a de novo and a fully annotated reproductive stage transcriptome data from 
olive was searched for the potential of transcripts amenable for S-nitrosylation/Tyr-
nitration according to known criteria. Several gene products were found and were 
classified based on their roles. The significance of S-nitrosylation/ Tyr-nitration was 
experimentally validated through Western blotting, immuno-precipitation and pro-
teomic approach (María et al. 2017). There have been attempts to establish the role 
of NO and ROS during pollen tube growth and signaling in gymnosperms. The pol-
len tube elongation of Arizona cypress (Cupressus arizonica G.) was investigated. 
NO, ROS and actin were localized by using the particular fluorescent dyes. NO and 
ROS were found in the generative cell nuclei and also in pollen tube cells. The pol-
len cell NO content was lowered by NO scavenger and NOS inhibitor. Further, the 
pollen cell endogenous ROS content was lowered by NADPH oxidase inhibitor. The 
inhibitor treatments reduced pollen germination and pollen tube growth and induced 
severe morphological abnormalities. Inhibition of NO and ROS accumulation also 
severely disrupted the actin cytoskeleton in the pollen tubes.

In the animal system, NO is synthesized by NOS and signaling involves soluble 
guanylyl cyclases (sGC) that generate cGMP and by phospho diesterases (PDE) that 
hydrolyze cGMPs (Ignarro 2000). In model plant Arabidopsis, homologs of mam-
malian NOS, sGC and PDEs have not yet been found. However, there are evidences 
for cGMPs and their action in plants (Penson et al. 1996; Durner et al. 1998). In 
concurrence with the role of cGMPs, a functional plant guanylyl cyclase was found 
in Arabidopsis thaliana though it displays an unusual protein domain arrangement 
(Ludidi and Gehring 2003). There are also plenty of reports regarding NO produc-
tion in plants (Barroso et al. 1999; del Rio et al. 2002). Nitrate reductase (NR) is 
suggestive of producing NO necessary for stomatal closure (Lamattina et al. 2003). 
Recent reports describe the presence of new enzymes displaying NOS activity, an 
inducible NOS showing sequence similarity to glycine decarboxylase (Chandok 
et al. 2003) and another constitutive NOS form (NOS1) without any homology to 
mammalian NOS isoforms (Guo et al. 2003). The Arabidopsis nos1 mutants show 
impaired flowering and fertility, indicating the role of NO in these developmental 
events. It can also be speculated that NO synthesized in the peroxisomes (Barroso 
et al. 1999; Del Rio et al. 2002) could be acting as a negative  regulator of pollen tube 
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growth. It can be presumed that the localization of peroxisomes and thereby the site 
of endogenous NO production ultimately determines the direction into which pollen 
tube growth resumes. Reports emphasize the role of peroxisomes in the production 
of NO and ROS that has signaling function. Peroxisomes with their typical and 
abundant enzymatic machinery participate in an array of developmental processes 
such as photomorphogenesis in Arabidopsis (Hu et al. 2002; Barroso et al. 1999; 
Del Rio et al. 2002).

The endogenous NO production is correlated with the regulation of pollen tube 
growth; the in vivo confirmation of this is made difficult by various experimental 
obstacles. Real-time imaging of pollen tube guidance in vivo would imply the pos-
sibility of optically sectioning closed flowers, which implies demanding technical 
conditions (two photon excitation and water-immersion, long working distance 
objectives) far from optimized for this specific application. Excitation-derived 
photo-damage of cells is not an option because it will generate stress-induced bursts 
of NO production (Lamattina et al. 2003). A possibility for overcoming these obsta-
cles will be either the use of pollen tubes expressing highly fluorescent reporter 
genes to closely monitor the pollen tube–pistil interaction or otherwise the use of 
floral mutants with open ovaries and exposed, yet functional ovules. Another prob-
lem is related to the high reactivity of NO, with a half-life depending on the redox 
status of the surrounding environment, namely when ROS are present (Ignarro 
2000; Thomas et al. 2001). This makes it difficult to gauge the amount of NO being 
produced in vivo, so no invasive techniques for NO can easily quantify a putative 
signal from the female tissue. A self-referencing NO-selective electrode could be 
used but again tissue accessibility is a limiting factor. Several difficulties arise when 
interpreting chemical cues identified in different plant species: it can be argued that 
general mechanisms do not assure species specificity to avoid widespread cross-
fertilization (Johnson and Preuss 2002a). One possible explanation could be related 
to different threshold sensitivities operating for a given molecule from species to 
species. Otherwise, a different species could use a similar mechanism but with 
derivative molecules within a single chemical family, which would be transduced 
into different effects. Given the diversity of molecules shown to have guidance 
effects on pollen tubes and predicting that more will be uncovered through succes-
sive genetic screens it is likely that chemical signaling between the pollen tube 
and pistil could convey specificity by using universal molecules in various 
combinations.

The interaction between pollen and stigma is one of the most important stages in 
the life cycle of a flowering plant because its outcome determines whether fertiliza-
tion will occur and thus whether seed will be set. This critical cellular communica-
tion between the haploid pollen (grain and tube) and the diploid cells of the stigma 
and style is one of the most precisely adapted activities of the plant—morphologi-
cally, physiologically and biochemically (Heslop and Harrison 1978) and has 
become a paradigm for the study of cell recognition and cell signaling in plants. For 
fertilization to be achieved pollen must establish molecular congruity/compatibility 
with the stigma and then following production of a pollen tube with the transmitting 
tissue of the style and ovary as the pollen tube grows through the pistil to deliver its 
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two sperm cells to an ovule. Thus there must be a continuous exchange of signals 
both physical and chemical between pollen and pistil from the moment a pollen 
grain arrives on the stigma to the moment the pollen tube enters the ovule. Identifying 
these signals and the responses they induce has been the subject of intense research 
for the past three decades and a picture is emerging of a diverse array of signals that 
influence pollen germination and pollen tube growth and guidance within the pistil 
(Franklin and Tong 2002; Johnson and Preuss 2002a, b; Feijo et al. 2004; Dresselhaus 
2006). Recently, the animal neurotransmitter, gamma- aminobutyric acid (GABA) 
was identified as a potential chemo-attractant for pollen tubes in Arabidopsis 
(Palanivelu et al. 2003), while in Lilium longiflorum, NO has been implicated in 
pollen tube guidance as a putative negative regulator of pollen tube growth able to 
induce tip reorientation (Prado et al. 2004). When a pollen grain lands on a stigma, 
specific recognition events must take place to establish that: (a) the object that has 
alighted is a pollen grain and not a fungal spore or bacterium; (b) it is a pollen grain 
of the correct species, or a closely related species (interspecific hybridization is 
fairly common in angiosperms); and (c) in most hermaphrodite flowering plants, it 
is not a pollen grain from the same plant (Heslop and Harrison 1978; Franklin- Tong 
2002; Hiscock 2000). While the last of these three recognition events (self- 
incompatibility) has been studied extensively reviewed in Hiscock and McInnis 
(2003), relatively little is known about molecular signals and interactions mediating 
the first two recognition events. The stigma surface is only receptive to pollen for a 
relatively short period, so the timing of pollination is critical. Pollination either side 
of this period of optimal female receptivity results in reduced seed set, or no seed 
set (Herrero 2003). It has long been known that receptive stigmas “ripe” for pollina-
tion are characterized by high levels of peroxidase activity (Dupuis and Dumas 
1990; McInnis et al. 2006) and tests most widely used to determine pistil receptivity 
measure stigma peroxidase activity (Dafni and Motte Maues 1998). Nevertheless, 
the function of these ubiquitous enzymes in stigmas is not known (McInnis et al. 
2006). Recently, a stigma-specific peroxidase (SSP) from the ragwort Senecio 
squalidus was identified (McInnis et al. 2005). As part of ongoing work to deter-
mine the function of SSP and stigmatic peroxidases, Senecio stigmas accumulate 
high amounts of ROS particularly H2O2 in their epidermal cells (papillae) where 
SSP is localized (McInnis et al. 2006). The presence of such high amounts of ROS/
H2O2 in the papillae, which receive and discriminate pollen, suggested that ROS/
H2O2 (and, by potential association, SSP) may be important for stigma function. 
ROS/H2O2 have a variety of roles in cell metabolism but also act as signaling mol-
ecules mediating a range of cellular processes from development to defense often in 
association with NO (Hancock et al. 2006), so it was not unreasonable to speculate 
that ROS/H2O2 might be involved in pollen–stigma interactions.

NO-guidance mechanism would be possible if there were specialized female tis-
sues acting as NO “hot spots,” for example at the base of the funiculus where a sharp 
change in pollen tube growth direction is required or near the embryo sac after fer-
tilization in order to prevent secondary pollen tube from penetrating the micropyle. 
The fact that nos1, the only bona fide NO-producing mutant so far described shows 
fertility deficiencies is a positive indication that NO may be involved in pollen tube 
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guidance. In past research, pollen tube guidance could not be fully explained by the 
actions of positive guidance cues. In addition, it remains debatable that tracking 
down a molecule will overcome questions related to pollen tube path length and 
thickness (Lush et al. 1998). Yet, a gaseous molecule may overcome these barriers 
easily. In proposing NO, a diffusible gas as a candidate for pollen tube guidance, it 
may address a controversial aspect of pollen tube guidance. In Arabidopsis, 
Hulskamp et al. (1995) propose that each ovule guides the pollen tube by chemo-
tatic gradients with ~100 cm range of action at the junction of the ovule with the 
placenta. However, wild-type Arabidopsis pollen tubes make a sharp turn to enter 
the mycropyle in 10 cm of this area (Shimizu and Okada 2000). The ability of NO 
to function as a messenger across cell layers and to trigger cellular processes is well 
established in animals (Ignarro 2000). The negative chemotropism described here 
for NO is reminiscent of the effects of semaphorins on axon guidance in animals: 
these proteins function as chemo-repellents, which prompt axons to make right 
angle turns within an environment that contains both attractants and repellents 
(Tessier Lavigne and Goodman 1996). Similarly, NO acts as negative effectors on 
the retinal patterning of the optical lobe in Drosophila, where NO prevents further 
extension of axons beyond their target neurons (Gibbs and Truman 1998). NO func-
tion as a guidance cue implies that (1) it is able to form a concentration gradient, (2) 
it produces a specific response, (3) it remains stable for a given period and (4) it 
varies in effectiveness with distance to the target (Palanivelu and Preuss 2000). In 
addition, the response can be prevented if the gradient is perturbed or annihilated by 
an NO scavenger. The events downstream of NO seem to be at least in part mediated 
by cGMP. Another tested chemicals sildenafil citrate, a drug that inhibits cGMP-
selective PDEs of mammals, facilitated the redirected growth of pollen tubes in 
response to low doses of NO donors that were themselves ineffective. Previous 
studies with cyclic nucleotide analogs also suggest that cGMP and cAMP are 
involved in pollen tube growth control (Moutinho et al. 2001; Elias et al. 2001). A 
likely target downstream of cGMP is a family of cyclic nucleotide-gated channels 
(CNGs), also represented in the pollen transcriptome (Becker et al. 2003). Directly 
or coupled with other transporters, CNGs may regulate the flux of ions such as Ca2+, 
H+ and Cl− that are known to be involved in pollen tube growth control (Feijo et al. 
2001; Becker et al. 2003; Feio et al. 1999; Zonia et al. 2002). Cyclic nucleotide bal-
ance, modulation of Ca2+ channels have recently been linked (Nishiyama et  al. 
2003).

During the sexual reproduction of flowering plants, pollen grains germinate on 
receptive stigmas and produce a tip-growing tube with an exceptionally fast growth 
(Stone et al. 2004), that rapidly penetrates the style to deliver the male gametes to 
the ovules. To achieve this, pollen tubes have a high energy requirement requiring 
rapid oxygen uptake (Tadege and Kuhlemeier 1997). Highly polarized pollen tube 
expansion is dependent on precisely targeted delivery of vesicles containing cell 
wall material to the tube tip aided by the actin cytoskeleton and a tip-focused 
intracellular Ca2+ ([Ca2+]) gradient (Hepler et al. 2001). Pollen tube growth rate and 
[Ca2+] oscillate with a period of 15–60 s and with a phase shift of 12 s the peak of 
growth rate precedes and “predicts” the strength of the Ca2+ influx maximum 
(Messerli et al. 2000; Feijó et al. 2001). Oscillations in lily pollen tubes fluorescence 
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at 400 nm (excitation at 360 nm), with the strongest signal at c. 30 μm behind the 
tip, were interpreted as a NAD(P)H reduced coenzyme signal related to mitochon-
dria activity (Cardenas et  al. 2006). A complex signaling network is required to 
regulate this highly localized growth, and pollen tubes provide a model for the anal-
ysis of polarized cell development (Hepler et al. 2001). Actin and [Ca2+] are also 
involved in tip growth of another cell type the root hairs (Hepler et  al. 2001). 
Recently, a requirement for ROS in root-hair growth was demonstrated in 
Arabidopsis thaliana using a loss of function knockout mutant in AtrbohC/RHD2 
(Foreman et al. 2003). AtrbohC/RHD2 encodes an O2

•− producing NAPDH oxidase 
NOX, and the mutant had reduced ROS formation at the tip of very short root hairs 
(Foreman et al. 2003).

Reactive oxygen species are an inevitable consequence of aerobic metabolism 
but are also generated in a controlled manner and used for a variety of functions 
including pathogen defense and cell signaling (Halliwell and Gutteridge 1999). 
The short-lived nature of O2

•− and other ROS makes them ideal signaling mole-
cules or for carrying out other localized biochemical activities. Plasma membrane-
localized NOX, which catalyses the extracellular formation of O2

•− from molecular 
oxygen, using NADPH as an electron donor, is the major source of signaling ROS 
in mammals (Reeves et al. 2002). Plant NOXs, which are partly homologous to the 
gp91phox (NOX2) catalytic subunit of the mammalian phagocyte NOX (Keller 
et al. 1998; Torres et al. 1998), have the same O2

•− generating activity (Sagi and 
Fluhr 2001). There are 10 NOX (Atrboh) genes in Arabidopsis thaliana (Foreman 
et al. 2003). Extracellular O2

•− readily forms other ROS including H2O2 and the 
OH• (Halliwell and Gutteridge 1999). The dismutation of O2

•− to H2O2 is spontane-
ous or catalyzed by cell wall SOD (Halliwell and Gutteridge 1999). H2O2 can cross 
the plant plasma membrane (PM) through aquaporins (Henzler and Steudle 2000). 
Unlike other ROS, H2O2 acts as both an intracellular (Kovtun et al. 2000) and inter-
cellular (Allan and Fluhr 1997) signaling molecule in plants, as it is relatively sta-
ble compared with other ROS (Halliwell and Gutteridge 1999). H2O2 is also 
involved in peroxidative cross-linking of cell wall polysaccharides and proteins 
(Kjellbom et  al. 1997; Kerr and Fry 2004). Plant NOXs are implicated in ROS 
formation during the oxidative burst caused by pathogen infection (Torres et al. 
2002) and during abscisic acid-induced stomatal closure (Kwak et al. 2003). NOX 
activity is also required during normal plant development as transgenic “knockout” 
plants of AtrbohF and the AtrbohD/F double mutant are small and have short roots 
(Torres et  al. 2002; Kwak et  al. 2003). Furthermore, transgenic tomato plants 
expressing plant NOX RNAi transgenes show a wide range of developmental 
abnormalities (Sagi et al. 2004). Plant NOXs contain an N terminal predicted cyto-
plasmic domain containing Ca2+-binding EF-hand motifs (Keller et al. 1998; Sagi 
and Fluhr 2001). In this respect, they are similar to a human gp91phox homolog, 
NOX5 (Banfi et al. 2001). The activity of both NOX5 and plant NOXs is increased 
directly by Ca2+ in vitro (Banfi et al. 2001; Sagi and Fluhr 2001). These results sug-
gest that [Ca2+] may play a role in the regulation of NOX-mediated O2

•− production 
in plants.
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 Programmed Cell Death

Leaf senescence, thought to be another form of plant PCD, is the final stage of leaf 
development, which is only controlled by organ and also triggered by adverse envi-
ronmental factors (Pourtau et  al. 2004; Munns 2005; Masclaux Daubresse et  al. 
2007; Jing et al. 2008; Wu et al. 2012). Additionally, phytohormones such as ethyl-
ene (ET), Salicylic acid (SA), Jasmonic acid (JA), auxin, ABA and cytokinins all 
affect leaf senescence (Lim et al. 2007). In Arabidopsis, the level of H2O2 increases 
dramatically in leaf tissue during senescence. In addition to its role in oxidizing 
macromolecules such as proteins and lipids, H2O2 has also been proposed to func-
tion as a signal to induce the expression of genes involved in the senescence process 
(Cui et al. 2013). In agreement with its lower antioxidant capacity, senescent leaf 
tissue was found to contain elevated levels of ROS.  In this context, a number of 
senescence-associated genes (SAGs) characterized from Arabidopsis could be 
induced by ozone (Miller et al. 1999) and the expression of many other SAGs were 
also induced by ROS (Navabpour et al. 2003), indicating that ROS might function 
as a signal to promote senescence. Interestingly, senescence-associated NAC genes 
key regulators of leaf senescence were also found to be rapidly and strongly induced 
by H2O2 treatment in both leaves and roots (Balazadeh et al. 2010). Thus, ROS has 
a dual role in leaf senescence: to promote the cell death process by directly oxidiz-
ing target macromolecules and to drive the expression of senescence-related genes.

Distinct from the positive role of ROS in senescence, NO can both provoke and 
impede this process, dependent upon its concentration and subcellular location. NO 
may alleviate the toxicity of ROS and has thus acted as a leaf senescence delaying 
factor in plants. The NO-deficient mutant nos1/noa1 showed early leaf senescence 
(Niu and Guo 2012) and similarly Arabidopsis expressing a node grading dioxygen-
ase (NOD) displayed a senescence-like phenotype (Mishina et  al. 2007). 
Furthermore, the level of NO is related with the senescence process and is thought 
to be an essential component involved in plant senescence signaling cascades. In 
Arabidopsis mutant dnd1, which lacks a plasma membrane-localized cation channel 
(CNGC2), early senescence-associated phenotypes (such as loss of chlorophyll 
expression level of senescence-associated genes, H2O2 generation, lipid peroxida-
tion, tissue necrosis, and SA levels) were all elevated relative to wild type. Basal 
levels of NO in dnd1 leaves were lower than wild type, suggesting that the function 
of CNG C2 may impact downstream “basal” NO production in addition to its role 
linked to NO signaling. NO generation is therefore thought to act as a negative regu-
lator during plant leaf senescence signaling. The protective effect of NO against 
ROS-induced cell death can also be linked to the enhanced activity of antioxidant 
enzymes, as a negative regulator of the chlorophyll catabolic pathway and as drivers 
for positively maintaining the stability of thylakoid membranes during leaf senes-
cence (Liu et al. 2013). On the other hand, NO can also promote the leaf senescence. 
Arabidopsis AtFer1, one of the best characterized plant ferritin isoforms to date, 
strongly accumulates on treatment with excess iron, via an NO-mediated pathway. 
The AtFer1 isoform is functionally involved in events leading to the onset of 
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 age- dependent senescence in Arabidopsis and its iron detoxification function during 
senescence is required when ROS accumulates (Murgia et al. 2007). Recently, iden-
tification of an NO accrual mutant nitric oxide excess1 (noe1) in rice revealed that 
NOE1 encoded a rice catalase (CAT) OsCATC. Interestingly, noe1 plants exhibited 
an increase of H2O2 in their leaves, which consequently promoted NO production 
via activation of nitrate reductase. Removal of excess NO reduced cell death in both 
leaves and suspension cultures derived from noe1 plants, implicating that NO acts 
as an important endogenous mediator of H2O2-induced leaf cell death. Reduction of 
intracellular S-nitrosylation (SNO) levels, generated by overexpression of 
OsGSNOR alleviated leaf cell death in noe1 plants. Thus, S-nitrosylation was also 
involved in light-dependent leaf cell death in noe1. Collectively, these data suggest 
that both NO and SNOs are important mediators in the process of H2O2-induced leaf 
cell death in rice (Lin et al. 2012a, b). OsGSNOR in noe1 plants reduced SNO lev-
els, consistent with a key role for this enzyme in SNO homeostasis. Moreover, the 
results show that no change in H2O2 content occurred in either GSNOR- 
overexpressing or GSNOR-RNAI transgenic lines in the context of noe1 back-
ground, suggesting that NO might function downstream of H2O2 in a light-driven 
leaf cell death in rice. It was found that NO treatment led to rapid cell death and 
induced H2O2 accumulation in maize leaves, and pharmacological studies also sug-
gested that NO-induced cell death is in part mediated via H2O2; therefore, H2O2 may 
be involved in NO-induced cell death in maize leaves (Kong et al. 2013). These 
discrepancies for the role of NO in cell death might be due to the differences in plant 
species, redox state, and growth conditions. Both NO and H2O2 could induce leaf 
cell senescence.

 Abiotic and Biotic Stress Responses

The production of ROS in plants under normal growth conditions is low. However, 
in response to various environmental stresses, ROS are drastically increased in 
plants disturbing the normal balance of O2

•−, •OH and H2O2 in the intracellular envi-
ronment (Sharma and Dubey 2005). The effects of various environmental stresses 
such as drought, salinity, chilling, metal toxicity, UV-B radiation and pathogen 
attack on ROS production are discussed below.

 Drought

Under drought stress ROS production is enhanced in several ways. Inhibition of 
carbon dioxide (CO2) assimilation coupled with the changes in photosystem activi-
ties and photosynthetic transport capacity under drought stress results in the accel-
erated production of ROS via the chloroplast Mehler reaction (Asada 1999). During 
drought stress CO2 fixation is limited due to the stomatal closure which in turn leads 
to reduced NADP+ regeneration through the Calvin cycle. Due to lack of electron 
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acceptor, over-reduction of the photosynthetic ETC occurs which leads to a higher 
leakage of electrons to O2 by the Mehler reaction (Biehler and Fock 1996). Reported 
50% more leakage of photosynthetic electrons to the Mehler reaction in drought 
stressed wheat plants, compared to unstressed plants. Photosynthetic activity is 
inhibited in plant tissues due to an imbalance between light capture and its utiliza-
tion under drought stress (Foyer and Noctor 2000). Dissipation of excess light 
energy in the PSII core and antenna leads to generation of ROS which are poten-
tially dangerous under drought stress conditions (Foyer and Harbinson 1994). 
Under drought stress, the photorespiratory pathway is also enhanced, especially, 
when RUBP oxygenation is maximal due to limitation in CO2 fixation (Noctor et al. 
2002). Have estimated that photorespiration is likely to account for over 70% of 
total H2O2 production under drought stress conditions.

Superoxide (O2
•−) initiates a chain reaction leading to the production of more 

toxic radical species, which may cause damage far in excess of the initial reaction 
products. Under drought stress, one of the real threats towards the chloroplast is the 
production of the •OH in the thylakoids through “iron-catalyzed reduction of 
H2O2” by both superoxide dismutase (SOD) and AsA. Increased production of ROS 
leads to oxidative stress in growing plants. Rice seedlings subjected to drought 
showed an increased concentration of O2

•−, increased the level of lipid peroxidation, 
chlorophyll bleaching, loss of some antioxidants (AsA, GSH, α-tocopherol, and 
carotenoids), total soluble protein, and thiols (Sharma and Dubey 2005; Boo and 
Jung 1999). To combat danger posed by ROS, plants possess different scavenging 
enzymes and metabolites. Enhanced activity of enzymes of antioxidative defense 
system has been reported under drought stress in several plant species (Sharma and 
Dubey 2005; Sayfzadeh and Rashidi 2011; Sgherri et al. 2011; Boo and Jung 1999). 
Comparative study of the antioxidant responses in drought-tolerant and drought- 
sensitive genotypes revealed higher antioxidant capacity in tolerant genotypes. In 
contrast to drought-susceptible wheat genotype HD 2329, drought-tolerant wheat 
genotype C 306 had higher ascorbate peroxidase (APX) and CAT activity, higher 
AsA content and lower H2O2 and MDA content (Sairam et al. 1998). In another 
study, the drought-tolerant maize genotype Giza 2 was suggested to be compara-
tively tolerant to water stress compared to drought-sensitive Trihybrid 321 owing to 
the lower increase in H2O2 and MDA content along with higher increase in SOD, 
CAT, and POX activities (Moussa and Abdel Aziz 2008). Similarly, among two 
apple rootstocks M. prunifolia (drought-tolerant) and M. hupehensis (drought- 
sensitive), M. hupehensis was more vulnerable to drought than M. prunifolia, result-
ing in larger increases in the levels of H2O2, O2

•−, and MDA. The activities of SOD, 
POD, APX, growth regulator (GR), and DHAR and levels of AsA and glutathione 
(GSH) increased to a greater extent in M. prunifolia than in M. hupehensis in 
response to drought. APX serves as an important component of the antioxidative 
defense system under drought (Sharma and Dubey 2005). In rice plants, an increase 
in the capacity of A regeneration system by de novo synthesis of monodehydro-
ascorbate reductase (MDHAR), dehydroascorbate reductase (DHAR), and GR has 
been shown to be one of the primary responses to water deficit so as to mitigate 
oxidative stress (Sharma and Dubey 2005; Boo and Jung 1999).
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 Salinity

Salinity stress results in an excessive generation of ROS (Tanou et  al. 2009; 
Hernandez et al. 2000). High salt concentrations lead to overproduction of the ROS- 
O2

•−, •OH, H2O2, and 1O2 by impairment of the cellular electron transport within 
different subcellular compartments such as chloroplasts and mitochondria, as well 
as from induction of metabolic pathways such as photorespiration. Salt stress can 
lead to stomatal closure, which reduces CO2 availability in the leaves and inhibits 
carbon fixation which, in turn, causes exposure of chloroplasts to excessive excita-
tion energy and over-reduction of photosynthetic electron transport system leading 
to the enhanced generation of ROS and induced oxidative stress. The low chloro-
plastic CO2/O2 ratio also favors photorespiration leading to increased production of 
ROS such as H2O2. Elevated CO2 mitigates the oxidative stress caused by salinity, 
involving lower ROS generation and better maintenance of redox homeostasis as a 
consequence of higher assimilation rates and lower photorespiration (Perez Lopez 
et al. 2009). Salinity-induced ROS disrupt normal metabolism through lipid peroxi-
dation, denaturing proteins, and nucleic acids in several plant species (Tanou et al. 
2009; Hernandez et al. 2000; KarrayBouraoui et al. 2011). Differential genomic and 
proteomic screenings carried out in Physcomitrella patens plants showed that they 
responded to salinity stress by up-regulating a large number of genes involved in 
antioxidant defense mechanism (Wang et al. 2008). Suggesting that, the antioxida-
tive system may play a crucial role in protecting cells from oxidative damage fol-
lowing exposure to salinity stress in plants. Salinity-induced oxidative stress and the 
possible relationship between the status of the components of the antioxidative 
defense system and the salt tolerance in Indica rice (Oryza sativa L.) genotypes 
were studied by Mishra et al. (2013). Seedlings of salt-sensitive cultivar showed a 
substantial increase in the rate of O2

•− production, elevated levels of H2O2, malondi-
aldehyde (MDA), declined levels of thiol, AsA, and GSH, and lower activity of 
antioxidant enzymes compared to salt-tolerant seedlings. It was suggested that a 
higher status of antioxidants AsA and GSH and a coordinated higher activity of the 
enzymes SOD, CAT, plant glutathione peroxidase (GPX), APX, and GR can serve 
as the major determinants in the model for depicting salt tolerance in Indica rice 
seedlings (Mishra et al. 2013). Similarly, study of immediate responses (enzymatic 
and non-enzymatic) to salinity-induced oxidative stress in two major rice (Oryza 
sativa L.) cultivars, salt-sensitive Pusa Basmati 1 (PB) and salt-tolerant Pokkali 
(PK), revealed a lesser extent of membrane damage (lipid peroxidation), lower lev-
els of H2O2, higher activity of the ROS scavenging enzyme, CAT, and enhanced 
levels of antioxidants like ASA and GSH in PK compared to PB (Vaidyanathan 
et al. 2003). Comparative study using cultivated tomato Lycopersicon esculentum 
L. Mill. cv. M82 (Lem) and its wild salt-tolerant relative L. pennellii (Corr.) D’Arcy 
accession Atico (Lpa) showed better protection of Lpa roots from salt-induced oxi-
dative damage, at least partially, from the increased activities of the SOD, CAT, 
APX, MDHAR, and increased contents of AsA and GSH (Shalata et al. 2001). In 
the salt-stressed root of Lem, a gradual increase in the membrane lipid peroxidation 
was observed, whereas no change in lipid peroxidation was observed in Lpa. 
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Salt-tolerant Plantago maritima showed a lower level of MDA and a better protec-
tion mechanism against oxidative damage caused by salt stress by increasing activi-
ties of SOD, CAT, GR, and APX than the salt-sensitive P. media (HediyeSekmen 
et al. 2007). NADP-dehydrogenases and APX have been suggested as key players in 
antioxidant defense of olive plants under salt stress conditions (Valderrama et al. 
2006; Mittal and Dubey 1991).

 Chilling

Chilling stress is a key environmental factor limiting growth and productivity of 
crop plants. Chilling leads to the overproduction of ROS by exacerbating imbalance 
between light absorption and light use by inhibiting Calvin-Benson cycle activity 
(Logan et al. 2006), enhancing photosynthetic electron flux to O2 and causing over- 
reduction of respiratory electron transport chain (ETC) (Hu et al. 2008). Chilling 
stress also causes significant reductions in rbcL and rbcS transcripts, ribulose- 1,5- 
bisphosphate carboxylase (RuBisCO), content and initial RuBisCO activity, leading 
to higher electron flux to O2 (Zhou et al. 2006). H2O2 accumulation in chloroplast 
was negatively correlated with the initial RuBisCO activity and photosynthetic rate 
(Zhou et al. 2006). Chilling-induced oxidative stress evident by increased accumu-
lation of ROS, including H2O2 and O2

•−, lipid peroxidation, and protein oxidation is 
a significant factor in relation to chilling injury in plants (Fryer et al. 1998; Prasad 
1997; Zhang et al. 2008a, b). Protein carbonyl content, an indication of oxidative 
damage, was increased two-fold in maize seedlings when exposed to chilling tem-
peratures (Prasad 1997). Lipoxygenase activity, as well as lipid peroxidation, was 
increased in maize leaves during low temperatures, suggesting that lipoxygenase- 
mediated peroxidation of membrane lipids contributes to the oxidative damage 
occurring in chill-stressed maize leaves (Fryer et al. 1998). Responses to chilling- 
induced oxidative stress include alteration in activities of enzymes of the antioxi-
dant defense system. The activities of antioxidative enzymes APX, MDHAR, 
DHAR, GR, and SOD increased during chilling periods in maize and strawberry 
leaves (Fryer et al. 1998; Zhang et al. 2008a, b). However, if the duration of chilling 
stress is too long, the defense system may not remove overproduced ROS effec-
tively, which may result in severe damage or even cell death (Zhang et al. 2008a, b). 
Non-enzymic antioxidants (AsA, GSH, carotenoids, and α-tocopherol) also play an 
important role in cold response. Under cold stress conditions, low-molecular-weight 
antioxidants, especially, that of reduced AsA, have been suggested to be an impor-
tant component in plant cell defense (Radyuk et al. 2009). Many comparative stud-
ies using chilling-tolerant and sensitive genotypes have shown greater antioxidant 
capacity in chilling-tolerant species compared to sensitive ones (Jahnke et al. 1991). 
In rice, higher activities of defense enzymes and higher content of antioxidant under 
stress were associated with tolerance to chilling (Huang and Guo 2006). The 
responses of antioxidative system of rice to chilling were investigated in a tolerant 
cultivar, Xiangnuo-1, and a susceptible cultivar, IR-50. The electrolyte leakage and 
malondialdehyde content of Xiangnuo-1 were little affected by chilling treatment, 
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but those of IR-50 increased. Activities of SOD, CAT, APX, and GR and AsA 
content of Xiangnuo-1 remained high, while those of IR-50 decreased under chill-
ing stress. GR activity was also found to increase within 24 h in chilling-tolerant 
Zea diploperennis, but it decreased slightly in chilling-susceptible Z. mays cv. LG11 
(Jahnke et al. 1991).

 Metal Toxicity

The increasing levels of metals into the environment drastically affect plant growth 
and metabolism, ultimately, leading to severe losses in crop yields (Salt et al. 1995; 
Mishra and Dubey 2005). One of the consequences of the presence of the toxic met-
als within the plant tissues is the formation of ROS, which can be initiated directly 
or indirectly by the metals and, consequently, leading to oxidative damage to differ-
ent cell constituents (Shah et al. 2001; Maheshwari and Dubey 2009; Srivastava and 
Dubey 2011; Sharma and Dubey 2007; Gallego et  al. 2002). Under metal stress 
condition, net photosynthesis (PN) decreases due to damage to photosynthetic 
metabolism, including photosynthetic electron transport (Phet) (Vinit et al. 2002). 
For example, copper has been shown to negatively affect components of both the 
light reactions (e.g., PSII, thylakoid membrane structure, and chlorophyll content) 
and CO2 fixation reactions (Vinit et al. 2002; Moustakas et al. 1994). These altera-
tions in photosynthetic metabolism lead to overproduction of ROS such as O2

•−, 
•OH, and H2O2. The induction of ROS production due to metals (cadmium and zinc) 
in Nicotiana tabacum L. cv. Bright Yellow 2 (TBY-2) cells in suspension cultures 
showed properties comparable to the elicitor-induced and oxidative burst in other 
plant cells (Robek Sokolnik et al. 2009). Redox-active metals, such as iron, copper, 
and chromium, undergo redox cycling producing ROS, whereas redox-inactive met-
als, such as lead, cadmium, mercury, and others, deplete cells major antioxidants, 
particularly thiol-containing antioxidants and enzymes (Shah et al. 2001; Maheshwari 
and Dubey 2009; Srivastava and Dubey 2011; Sharma and Dubey 2007; Gallego 
et al. 2002; Gallego et al. 1996; Weckx and Clijsters 1996; Yamamoto et al. 1997). If 
metal-induced production of ROS is not adequately counterbalanced by cellular 
antioxidants, oxidative damage of lipids, proteins, and nucleic acids ensues 
(Srivastava and Dubey 2011; Sharma and Dubey 2007; Halliwell and Gutteridge 
1989; Dat et al. 2000; Sharma and Dietz 2009; Sandalio et al. 2009). Significant 
enhancement in lipid peroxidation and a decline in protein thiol contents were 
observed when rice seedlings were subjected to Al, Ni, and Mn toxicity (Maheshwari 
and Dubey 2009; Srivastava and Dubey 2011; Sharma and Dubey 2007).

The increased activity of antioxidative enzymes in metal-stressed plants appears 
to serve as an important component of the antioxidant defense mechanism of plants 
to combat metal-induced oxidative injury (Shah et al. 2001). Responses of metal 
exposure to plants vary depending on plant species, tissues, stages of development, 
type of metal and its concentration. One of the key responses includes triggering of 
a series of defense mechanisms which involve enzymatic and non-enzymatic 
 components (Shah et al. 2001; Maheshwari and Dubey 2009; Srivastava and Dubey 
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2011; Sharma and Dubey 2007; Verma and Dubey 2003). Various groups of workers 
have reported increased activities of antioxidant enzymes like GPX, SOD, APX, 
MDHAR, DHAR, and GR as well as non-enzymic antioxidants in metal-treated 
plants and suggested involvement of antioxidant defense system in the adaptive 
response to metal ions (Shah et al. 2001; Maheshwari and Dubey 2009; Srivastava 
and Dubey 2011; Sharma and Dubey 2007; Verma and Dubey 2003; Cakmak and 
Horst 1991). However, results suggest that activation of antioxidant enzymes in 
response to oxidative stress induced by metals is not enough to confer tolerance to 
metal accumulation. Comparative study of the antioxidative response of two maize 
lines differing in Al tolerance suggested that better protection of the Al-tolerant 
maize roots from Al-induced oxidative damage results, at least partially, from the 
increased activity of their antioxidative system. After 24 h of Al exposure, a gradual 
increase in the membrane lipid peroxidation in the Al-stressed root of the suscepti-
ble maize line was accompanied by decreased activities of the antioxidant enzymes 
SOD and peroxidase (POD). In contrast, increased activities of the SOD and POD 
were found in Al-treated roots of the tolerant maize line, in which the level of mem-
brane lipid peroxidation remained almost unchanged (Giannakoula et  al. 2010). 
Comparative antioxidant profiling of tolerant (TPM-1) and sensitive (TM-4) variety 
of Brassica juncea L. performed after exposure to arsenate [As(V)] and arsenite 
[As(III)] showed in general, better response of antioxidant enzymes and the level of 
glutathione in TPM-1 than in TM-4 (Srivastava et al. 2010). These responses pre-
sumably allowed TPM-1 to tolerate higher as concentrations as compared with that 
of TM-4 (Srivastava et al. 2010).

 UV-B Radiations

UV-B radiation on plants is now of major concern to plant biologists due to the threat 
to productivity in global agriculture (Blumthaler and Ambach 1990). Enhanced UV-B 
significantly inhibits net photosynthetic rate. It has been shown that UV-B treatment 
results in a decrease in the light-saturated rate of CO2 assimilation, accompanied by 
decreases in carboxylation velocity, RuBisCO content and activity (Allen et al. 1997). 
He et al. (1993) observed marked decrease in the ratios of variable to maximum chlo-
rophyll fluorescence yield and in the quantum yield of photosynthetic O2 evolution in 
pea and rice leaves. Limited CO2 assimilation due to UV-B leads to excessive produc-
tion of ROS which, in turn, cause oxidative damage in plants (Han et al. 2009; Strid 
et al. 1994). Rao and coworkers (Strid et al. 1994) suggested that UV-B exposure 
generates activated O2 species by increasing NADPH- oxidase activity. Plants must 
adapt to the deleterious effects of UV-B radiation because they are dependent on 
sunlight for photosynthesis and, therefore, cannot avoid exposure to UV-B radiation. 
Plants possess antioxidative enzymatic scavengers SOD, POD, CAT, APX and non-
enzymatic antioxidants like GSH, ASA and carotenoids to keep the balance between 
the production and removal of ROS. In P. sperata seedlings although enhanced UV-B 
(30%) increased the efficiency of antioxidant defense system consisting of UV-B 
absorbing compounds, carotenoids, and antioxidant enzymes SOD, APX, CAT and 
GPX (Han et  al. 2009), it induced overproduction of ROS and oxidative stress 
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eventually. Peroxidase-related enzymes were found to be preferentially induced by 
UV-B exposure in Arabidopsis (Rao et al. 1996; Gao and Zhang 2008) observed that 
ASA-deficient mutant vtc1 was more sensitive to supplementary UV-B treatment 
than wild-type plants and, therefore, suggested that ASA could be considered as an 
important antioxidant for UV-B radiation.

 Biotic Stress

NO and ROS signaling pathways in plant biotic interactions are closely connected. 
Both can modulate the expression of genes involved in plant stress responses, in 
primary metabolism or phytohormonal signaling (Grun et al. 2006; Ahlfors et al. 
2009; Moreau et al. 2010). Furthermore, NO can react with O2*− to form ONOO− it 
impacts protein activities through the tyrosine nitration, a post-translational modifi-
cation (PTM) consisting of the formation of 3-nitrotyrosine residues. NO is also 
responsible for S-nitrosylation, which consists of the reversible modification of a 
cysteinyl residue via a nitrosothiol group formation, and metal nitrosylation, which 
concerns the interaction of an NO moiety with the transition metal of a target- 
metalloprotein (Besson Bard et al. 2008; Astier et al. 2012; Baudouin 2011; Gaupels 
et al. 2011). ROS can also promote PTM affecting cysteinyl residues through sulfe-
nylation (Oger et al. 2012).

During plant defense reaction, NO can also react with O2*− to form ONOO−, a 
common compound of the ROS and NO signaling, which can damage lipids, pro-
teins, DNA and mediate the PTM tyrosine nitration (Astier et al. 2012; Vandelle and 
Delledonne 2011). The regulation of the ONOO− concentration in cells is notably 
achieved through peroxiredoxins (Prx). Interestingly, the peroxidase and ONOO− 
reductase activity of the Arabidopsis thaliana PrxII E can be inhibited through 
S-nitrosylation after biotic stress (Romero Puertas et al. 2007) amplifying the dele-
terious effects of ONOO−.

Another aspect of NO and ROS cross talk during plant defense reaction concerns 
the NO-dependent modulation of the ROS production. Indeed, the activity of 
AtRBOHD, a protein responsible for the ROS production observed after pathogen 
recognition (Suzuki et al. 2011) has been shown to be inhibited by S-nitrosylation 
(Yun et al. 2011). In contrast, NO production has been demonstrated to be required 
for the full induction of H2O2 accumulation following the treatment of A. thaliana 
leaf discs with oligogalacturonides (Rasul et al. 2012). These contradictory results 
reveal the complex and tight regulation of the NO and ROS signaling during plant 
defense responses, depending on the model.

Similar to their function in symbiotic interactions and pathogen infection, NO 
and ROS have also been implicated to play a role in herbivory. To date, their biosyn-
thesis upon herbivore-induced wounding remains contradictory. Increased levels of 
NO and ROS were reported after herbivore attacks in potato and Lima bean (Bricchi 
et al. 2010; Lin et al. 2011). However, it was not the case in wounded leaves of 
tomato where the addition of the NO donor sodium nitroprusside (SNP) blocked 
H2O2 accumulation (Orozco Cardenas and Ryan 2002). Moreover, NO and ROS 
production differs depending on the wounding method used; in Lima bean herbivore 
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attacks triggered a significantly higher accumulation of NO and H2O2 compared to 
mechanical wounding. This highlights the complexity of plant NO and ROS pro-
duction during herbivory. The observed variations in NO and ROS production 
depending on the wounding method are also supported by studies on 
S-nitrosoglutathione reductase (GSNOR) during plant/herbivore interactions. 
GSNO the substrate of GSNOR, is one important natural NO reservoir and can be 
reduced to GSSG and NH3 (Besson Bard et al. 2008). In A. thaliana, GSNOR has 
emerged as a crucial player in the resistance against pathogens; see Yu et al. (2012) 
for a detailed description. The important role of GSNOR and GSNO for a successful 
defense response against herbivores was recently described (Wunsche et al. 2011). 
Characterization of GSNOR silenced Nicotiana attenuata plants suggested that 
GSNOR activity might be linked to defense phytohormone synthesis, especially JA 
and ET. Moreover, GSNOR transcript levels are up-regulated after treatment with 
the oral secretion of Manduca Sexta, but interestingly, the corresponding enzymatic 
activity is suppressed as compared to a mechanical wounded plant. In contrast, 
mechanically wounded sunflower seedlings displayed a down-regulation of GSNOR 
transcripts and activity (Chaki et al. 2011). These apparently opposite results likely 
correlate with the different perception of the plant to an herbivore or a mechanical 
wounding, resulting in different NO and ROS production patterns. In a further 
study, GSNO was detected in the local and systemic tissue of mechanically wounded 
A. thaliana indicating that it might be involved in the development of structure–
activity relationship (SAR). Furthermore, GSNOR antisense lines showed increased 
transcript levels of genes involved for JA biosynthesis suggesting that GSNOR 
functions as a key player during the defense response upon wounding (Espunya 
et al. 2012). In addition, sweet potato treated with SNP displayed an NO-dependent 
activation of the antioxidant enzymes Cu/Zn SOD and APX. This activation coun-
teracts the H2O2 production triggered by wounding, protecting the cell from a ROS- 
induced cell death. This example demonstrates once again the interplay of NO and 
ROS upon wounding. During the last few years, micro-ribonuclease acids (RNAs) 
were identified as another important feature for post-transcriptional regulation of 
gene expression (Staiger et al. 2013). These small regulatory RNAs were identified 
in response to abiotic and biotic stresses (Khraiwesh et al. 2012). In sweet potato, 
miR828 was up-regulated after wounding and transgenic miR828 overexpressors 
presented significantly higher H2O2 concentrations (Lin et al. 2012a, b). Furthermore, 
overexpression lines showed increased transcript levels of the defense-related NO 
inducible phenylalanine ammonia lyase (PAL) gene. In N. attenuata, a large number 
of new herbivory-responsive miRNAs, including miR828, were identified (Bozorov 
et al. 2012), which could correlate with NO and ROS production. To sum up, it is 
now widely accepted that NO and ROS are produced during herbivore attacks, and 
it differs compared to a mechanical wounding event. The regulation of signaling 
molecules and related proteins like GSNOR and detoxification enzymes like APX 
and SOD, leading to a successful defense signaling, depends also on the context 
considered. Further analyses are needed to define the interplay between NO and 
ROS signaling pathways and their individual roles during plant/herbivore 
 interactions. Some effort could also be put on the determination of the plant NO and 
ROS signaling control by the herbivore itself.
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 Nitric Oxide Signaling and Plant Metabolism

Nitric oxide (NO), a redox-active signaling molecule, is an important endogenous 
signaling molecule involved in many processes like regulating synthesis of the cell 
wall (Correa-Aragunde et al. 2008; Xiong et al. 2009), ROS metabolism in plants 
(Delledonne et al. 2001), gene expression and regulation (Bogdan et al. 2001), pro-
grammed cell death, maturation and senescence. NO exerts a crucial role in protect-
ing plants against various abiotic stresses. Exogenous NO protects rice leaves from 
oxidative stress caused by paraquat toxicity by increasing the activities of antioxi-
dant enzymes (Hung et al. 2002). Besides, NO could significantly enhance antioxi-
dative capacity by increasing the activities of CAT, APX and accumulating proline, 
during wheat seed germination under osmotic stress (Zhang et  al. 2003). More 
recently, NO was found to reduce Al toxicity by preventing oxidative stress in the 
roots of Cassia tora and exogenous NO protects wheat roots from Cd-induced tox-
icity (Singh et al. 2008).

Nitrate reductase (NR) being the best known pathway for NO production in 
plants (Rockel et al. 2002) capable of reducing nitrite to NO depending on nitrite 
accumulation and pH levels; moreover, NO can react reversibly with glutathione 
(GSH) producing S-nitrosoglutathione (GSNO), a reservoir of NO (Sakamoto et al. 
2002). GSNO is metabolized by GSNO reductase (GSNOR) which controls NO 
and nitrosothiol levels, being a key enzyme in most NO-regulated processes, such 
as pathogen defense, root development, and nitrogen assimilation (Frungillo et al. 
2014). It has recently been shown that GSNO inhibits nitrate uptake and its reduc-
tion to nitrite which would prevent NR-dependent NO production (Frungillo et al. 
2014). Additionally, S-nitrosylation of NR under EC with high nitrate supply 
decreased the NR activity in a same way to that which occur with chilling treatment 
(Du et al. 2015). Du et al. (2015) showed that regulation of NR under elevated CO2 
depends on nitric oxide synthase-like (NOSl). Moreover, NR activity was shown to 
be increased by NO under low nitrate condition by interaction with heme and 
molybdenum centers of NR, which enhances electron transfer during nitrate reduc-
tion (Du et  al. 2008). It was proposed that NO inhibits the S-nitrosoglutathione 
reductase (GSNOR1) as a result S-nitrosoglutathione content increases, this regu-
lates the nitrate flux and its assimilation (Frungillo et al. 2014).

 Conclusions

NO regulates many physiological processes including stress responses, nitrogen 
metabolism, cell wall biosynthesis, ROS metabolism, gene expression, PCD, etc. It 
also acts as an elicitor for inducing protection from abiotic and biotic stresses 
including heavy metal toxicity. The regulatory role of NO and its interaction with 
ROS signaling and antioxidant defense systems are also well established in model 
plants. The effective deployment of NO signaling as a stress protectant is explorable 
for improving crop production in the impending climate change scenario.
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 Introduction

A saline soil is generally defined as the soil in which the electrical conductivity (EC) 
of the saturation extract exceeds 4 dS m−1 (approximately 40 mM NaCl) in the root 
zone at 25 °C, and has exchangeable sodium of 15% with pH less than 8.5 (Richards 
1954; Munns 2005; Jamil et al. 2011). Soil salinity usually implies the presence of 
salts including borates (BO3

3−), bicarbonates (HCO3
−), carbonates (CO3

2−), chlorides 
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(Cl−), nitrates (NO3
−) and sulfates (SO4

2−) of sodium (Na), potassium (K), calcium 
(Ca), magnesium (Mg) and iron (Fe) (Rengasamy 2006). Soil salinization is the 
process by which a non-saline soil becomes saline due to salt accumulation in ter-
restrial landscapes. Soil salinization is often a problem in arid regions where ions of 
soluble salts build up in the soil during the processes of relatively high evaporation 
(causing seasonal water deficit) and transpiration from leaves of plants. It also 
implies to the soils where leaching is insufficient to move salts out of the soil profile 
(Duchaufour 1982; Schofield and Kirkby 2003); ultimately, salts accumulate in the 
soil to the point that hinders agricultural production (seed germination and plant 
growth). Consequently, soils become unusable generating environmental health and 
economic issues. In the beginning, soil organisms are affected due to alteration in 
metabolic processes resulting in reduced soil fertility which leads to the decline in 
soil productivity and land transformation into desertified barren land in advanced 
stages (Tόth et al. 2008; Jones et al. 2012). Globally, about 7% of the total earth’s 
land surface (more than 800 million ha) and 70% of all agricultural soils are catego-
rized as saline soils, which are expected to be responsible of up to 50% arable land 
loss by the year 2050. Furthermore, annually 10% increase in saline area has also 
been projected due to various natural and anthropogenic activities (Jamil et al. 2011).

Soil salinization can be categorized into: (1) transient salinization, (2) primary 
salinization, and (3) secondary salinization. In transient salinization, salt contents 
change down a soil profile due to different factors including seasonal moisture fluc-
tuations, evapotranspiration and infiltration rate resulting in momentary salinization 
in the subsoil (Rengasamy 2010). Primary or natural salinization occurs where soil 
is rich in soluble salts or there is a shallow saline groundwater table and inadequate 
rain to leach soluble salts from the soil. However, in case of secondary salinization, 
salts accumulate near the soil surface as a result of rising water tables. This rise in 
water table may be attributed by implementation of different land management 
practices such as irrigation or tree clearing (Cisneros et al. 1999; Rengasamy 2006). 
Inadequate irrigation management leads to secondary salinization that affects 20% 
of irrigated land worldwide (Glick et al. 2007a, b).

Soil salinization is a subject of increasing concerns in many parts of the world, 
particularly in arid and semiarid areas (Rengasamy 2006; Parvaiz and Satyawati 
2008). Among various environmental stresses affecting agricultural production, soil 
salinity is one of the most devastating stresses, which causes major reductions in 
cultivated land area, crop productivity and quality (Yamaguchi and Blumwald 2005; 
Shahbaz and Ashraf 2013). No accurate recent statistics are available on global 
extent of salt-affected soils. However, the best available estimates suggest that about 
412 million ha area of land is affected by salinity (UNEP 1992). Human-induced 
salinity, mainly caused by irrigation (without adequate drainage) has affected much 
smaller area than natural salinity. The extent of human-induced salinity is about 
76 million ha of which 52.7 million ha occurs in Asia (FAO 2015).

Salt-affected soils are known to restrain plant growth (Paul 2012) resulting in 
low agricultural productivity, low economic returns, ecological imbalance, and soil 
erosions (Hu and Schmidhalter 2002). Plants develop stress-adaptive mechanisms 
under stress conditions. Halophytes are perceived to be equipped with different 
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physiological and biochemical tolerance mechanisms to sustain plant growth in 
salt-affected soils (Khan et  al. 2009). In addition to evolve defense mechanism 
against salinity stress, plants also adopt symbiotic relationship with plant growth 
promoting rhizobacteria (PGPR) and arbuscular mycorrhizal fungi to maintain 
healthy growth process. Plant growth promoting rhizobacteria (PGPR) and arbuscu-
lar mycorrhizal fungi (AMF) have been recognized as symbiotic partners of plants 
to improve plant’s tolerance against abiotic stresses such as salinity. Plant growth 
promoting rhizobacteria (PGPR) not only confer assistance to increased plant 
growth and reduced susceptibility to diseases but also elicit “induced systemic resis-
tance” (ISR) in plants against different stresses (Kloepper et al. 2004; Van Loon 
et al. 2004). Mitigation of salt stress by AMF inoculation has also been reported in 
different plant species (Al-Karaki 2000b; Kohler et al. 2009; Wu et al. 2010).

Considering the severity of the salinization as environmental problem, this book 
chapter is written to provide a comprehensive review about causes of soil saliniza-
tion, potential impacts of salinity stress on plants, action mechanisms of plant 
growth promotion and/or regulation exhibited by PGPR and AMF due to their 
intrinsic traits that can be helpful to up scale the plant yield and production in stress 
agriculture (Table 1).

 Causes of Soil Salinization

Salinity occurs naturally or induced by human activities (Slinger and Tenison 2007). 
Natural induced salinity largely occurs in desert and grassland biomes (Wilford 
et al. 2015). However, human-induced salinity largely occurs in cultivated lands that 
mainly results by disturbing the soil water balance (Beresford et  al. 2001; Rose 
2004). The major causes of soil salinization include:

Table 1 Distribution of 
salt-affected soils

Continent Saline soils (million ha)

Africa 122.9
South Asia 82.3
North and Central Asia 91.5
Southeast Asia 20.0
South America 69.5
North America 6.2
Mexico/Central America 2.0
Australasia 17.6
World total 412.0

Source: Food and Agriculture Organization of the 
United Nations and Intergovernmental Technical Panel 
on Soils (2015)
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 Climate Change

Salinity mainly responds to changes in rainfall and temperature (Schagerl 2016). 
Therefore, global patterns of salinization changes as climate alter patterns of pre-
cipitation and temperature (Schofield and Kirkby 2003). Less rainfall and increas-
ing temperature trend under current scenario in the world could increase salt buildup 
in soils due to a decreasing ability of precipitation to leach the accumulated salts 
from soil and an increasing evapotranspiration as a result of increasing temperature. 
This problem is intensified in arid and semiarid areas due to irregular pattern of 
rainfall and higher temperature (Parvaiz and Satyawati 2008; Rengasamy 2006). 
Climate change may increase flood water intrusion and salinity along coastal areas 
resulting due to sea level rise (Nicholls and Cazenave 2010).

 Tree Clearing or Conversion of Woodlands to Agricultural Land

Extensive use of woods for domestic purposes has resulted in the conversion of 
woodlands into agricultural land and contributed a lot to disturb the hydrological 
balance (Williamson 1986; George et  al. 1999; Runyan and D’Odorico 2010). 
Uncheck cutting of trees not only increases rate of evaporation from uncovered soils 
but also causes salt accumulation and water loss (Jamil et al. 2011). Conversion of 
woodlands to agricultural land has also decreased depth of water table that ulti-
mately causes exclusion of salts from unsaturated soil layer to the root zone (Hatton 
et al. 2003; Jobbágy and Jackson 2007).

 Land Management

Different land management practices like irrigation, fertilization, and summer fal-
low can help in salinity intrusion.

 Irrigation

There is a high competition for fresh water among different sectors (municipal, 
industrial, and agricultural sectors) due to the current rate of population growth in 
the world. Consequently, agriculture has limited supply of fresh water (Tilman et al. 
2002). Hence pressure has increased to irrigate the land with water of certain salt 
content (groundwater, drainage water, and treated wastewater). Use of these kinds 
of water during irrigation aggravates the salinization (Glick et al. 2007a, b). Heavy 
irrigation under dry climatic conditions particularly in clay texture soils can also 
cause salt buildup. Moreover, heavy irrigation followed by poor drainage conditions 
exacerbates the problem (FAO-Unesco 1973).
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 Fertilization

Commercial fertilizer, compost, and other organic manures contain rich amount of 
soluble salts (Ca, Mg, Na+, Cl−, SO4

2−, K, NH4
+, NO3

−, HCO3
−, and CO3

2−). Over- or 
imbalanced application of them may cause salinity (Qureshi 2003).

 Summer Fallow

Summer fallow management practices may cause increased salinization by increas-
ing the evaporation of soil moisture content (USDA 1998).

 Waterlogging

Waterlogging is one of the important causes of salinity. It is the phenomenon of ris-
ing of water table. It results from heavy irrigation/rainfall, floods, and seepage from 
canals or other reservoirs. Rising of water tables remobilizes the salts from the soil 
layer below the root zone and bring them within <2 m of the soil surface where 
evaporation leads to salt buildup (Ghassemi et al. 1995; Slinger and Tenison 2007). 
Floods and seepage from water reservoirs also bring heavy amounts of salts with 
water and the salinization is aggravated in recharge area (FAO 1997).

 Coastal Ecosystems

Coastal ecosystems are highly prone to salinity. Salinization there exacerbated due to 
rise of sea levels under global warming which causes to increase the sea water intru-
sion (Mulrennan and Woodroffe 1998). These ecosystems are consisted of tidal 
marsh zones where salinity is commonly high (Adam 1990). There salinity level is 
determined by the hydraulic conductivity. The higher hydraulic conductivity lowers 
the salts aggravation as water rapidly moves out of the soil and washes the soil. Salts 
aggravation in tidal marshes also depends upon duration of tidal inundation; decreased 
duration of the tidal inundation allows evapotranspiration to concentrate pore water 
salinity and salt to accumulate. In addition, wind flow in coastal area transports salts 
to nearby ecosystems and the salination is aggravated there (Wang et al. 2007).

 Weathering of Native Rocks

Physical or chemical weathering of rocks releases salts as a result of minerals (such 
as carbonate minerals, halite, olivine, and feldspars) breakdown in them, and their 
subsequent transport can cause salt buildup (Tarbuck and Lutgens 2012).
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 Impact of Soil Salinity on Plant

Rising water tables in irrigated as well as in non-irrigated areas has significantly 
affected the agricultural production, water quality, ecological health of in-stream 
biota, terrestrial biodiversity, and soil fertility of the subjected area. Soil salinity 
affects plants in two ways: (1) high concentrations of salts in the soil that makes it 
harder for roots to extract water and (2) high concentrations of salts within the plant 
which can be toxic for plant growth and development (Munns and Tester 2008). 
Based on resilience to salinity stress, plants can be categorized into two categories: 
(1) Halophytes (salt-tolerant plants that can tolerate high internal salt concentration 
and have capability to absorb salt along with water) and (2) Glycophytes (Salt- 
resistant plants that cannot tolerate with high internal salt concentration but can 
survive in certain salt concentration, and have potential to take up water by exclud-
ing salts in root zones). Various biochemical pathways facilitate plants to tolerate 
salt stress including acquisition and retention of water, ion homeostasis, and main-
tenance of chloroplast functions. Most agricultural plants fall into the salt-resistant 
category of plants (glycophytes) that can sustain growth in somewhat saline soil by 
excluding salts at the roots (Greenway and Munns 1980). However, glycophytes are 
unable to maintain their growth in exceptionally saline soils (DNRQ 1997). 
Furthermore, the impact of salinity varies with stage of growth, type of plant spe-
cies, humidity, temperature, light, management practices, and soil fertility level 
(Munns 2002).

Acclimation of plants to salinized conditions depends upon activation of molecu-
lar networks stimulating a chain reaction of stress sensing, signal transduction, and 
the expression of specific stress-related genes and metabolites. Overwhelming 
effects of soil salinity can be listed as follows.

 Decrease in Plant Growth and Productivity

Under saline soil condition, plants undergo different physiological and morphologi-
cal changes leading to plant death and/or decreased plant productivity (Allakhverdiev 
et al. 2000). As plants absorb nutrients through their root systems so roots are very 
important part of plants. In areas of high salinity, plants absorb large amounts of 
salt, which not only disrupts their cellular function but also affects branching of root 
system that causes the release of a stress hormone which ultimately inhibits root 
growth. Additionally, sodium can cause early onset of leaf death, decreasing the 
photosynthetic ability of the plant. Sodium and chloride ions become toxic at high 
levels which ultimately cause burning of leaves, necrotic lesions, and sometimes 
defoliation (in woody species). High salt concentration also adversely affects seed 
germination, growth and vigor of seedling, vegetative, flowering and fruiting stages 
that ultimately causes decreased plant productivity (Sairam and Tyagi 2004).
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 Physiological Changes

During the commencement and development of salt stress, all major plant process 
such as protein synthesis, photosynthesis (Iyengar and Reddy 1996), and metabo-
lism (lipid) are affected (Greenway and Munns 1980; Cheeseman 1988; Bohnert 
et al. 1995). Metabolic imbalances are caused by ion toxicity, osmotic stress, and 
nutritional deficiency under saline conditions which may lead to oxidative stress 
(Zhu 2002). Lipids in membranes play imperative role to induce cell resistance 
under salt stress by altering cell permeability (Bybordi et al. 2010). However, altera-
tion in lipid metabolism and peroxidation occur under high salt stress conditions. 
Disordering in cohesions of lipids and proteins of membrane has also been observed 
under salinity stress (Rahdari et al. 2012). Modifications in net photosynthesis and 
stomatal conductance also occur due to damage in photosynthetic apparatus under 
saline conditions. This damage may be of varying degree depending upon the expo-
sure time and concentration of salt (Doganlar et al. 2010). Dominance of chloro-
phyll “a” over chlorophyll “b” also decreases with increasing level of salinity (Mane 
et al. 2010).

Changes in biochemical pathways also occur, which include compartmentaliza-
tion of ions at cellular and plant level, selective accumulation and exclusion of ions 
(Reddy et al. 1992; Iyengar and Reddy 1996; Zhu 2003), alteration in membrane 
structure and function (Otoch et al. 2001; Wang et al. 2001), modification in the 
expression of anti-oxidative enzymes, disturbance in plant hormonal balance (Khan 
and Rizvi 1994), change in the activity of enzymes related to nucleic acid metabo-
lism (Gomes-Filho et al. 2008) and protein metabolism (Dantas et al. 2007). Salinity 
also induces water stress in plants that influences plant growth by adversely affect-
ing dry matter partitioning, cell division, and cell expansion (Maas and Hoffman 
1977). The level of plant hormones such as ABA and cytokinins increases with high 
salt concentration (Vaidyanathan et al. 1999). The inhibitory effects of salinity on 
photosynthesis, growth, and translocation of assimilates have been found to be alle-
viated by ABA (Popova et al. 1995). Dehydration of cell membranes, reduced per-
meability to carbon dioxide, enhanced senescence, alterations in cytoplasmic 
structure, and negative feedback are some other considerable phenomenon stimu-
lated under salinity stress in plants (Iyengar and Reddy 1996).

 Altered Osmotic Balance and Ion Cytotoxicity

Modification in osmotic balance also happens under saline conditions making 
extraction of water more difficult from soil. Ability of any plant to adjust osmotic 
potential in relation to water is an important determinant of growth response (Munns 
1993). Reduction in relative leaf water content under salinity stress not only results 
in loss of turgor but eventually proceeds towards the stomatal closure, limited 
assimilation of carbon dioxide, and reduced photosynthetic rate (Khan et al. 2000). 
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Increase in osmotic potential under high salt conditions causes sodium ion leakage 
into cytosol generating cytotoxicity (Hussain et al. 2008a, b) that inactivate photo-
synthetic and respiratory electron transport in progressive stages (Allakhverdiev 
et al. 1999). A considerable decrease in the efficiency of PS II, electron transport 
chain (ETC), and assimilation rate of CO2 has been detected under the influence of 
salinity (Piotr and Grazyna 2005).

The presence of excessive soluble salts in the soil also competes with the mineral 
nutrient uptake and their metabolism in plants. Increased salt uptake induces spe-
cific ion toxicity (like Na+, Cl−, and SO4

2−) that decreases the uptake of essential 
nutrients/ion (e.g., P, K, N, Ca) (Zhu 2001). Most importantly, P concentration in 
agronomic crops decreases as salinity increases (Qadir and Schubert 2002). 
Moreover, nutritional disorders in relation to nutrient availability, competitive 
uptake, transport, and distribution may also result under salinity stress (Rogers et al. 
2003; Hu and Schmidhalter 2005). To date, several studies have been conducted to 
gauge changes occuring in cereals, beans, vegetables, and fruit plants under salinity 
stress. Some of them are summarized in Table 2.

 Ameliorative Strategies to Mitigate Salinity Stress

Strategies to ameliorate the salinity stress can be grouped into management prac-
tices, salinity tolerance, and biofertilizers.

 Management Practices

Different management practices can be adopted to reclaim the salinization. However, 
reclaimed soils can revert into saline again unless management practices are con-
tinuously followed.

 Flooding

Leaching of salts through flooding the soil is an important way to remove excess 
amounts of the salts. This practice is of great significance where fresh water is abun-
dant (Provin and Pitt 2001). However, it requires time and larger amounts of water 
to reclaim the salts. There is also the risk of rising water table resulting in waterlog-
ging. Further, the disposal of saline drainage water from salt-affected land is an 
issue, and it requires recycling before to use it further for irrigation. However, such 
water upto 4 dS m−1 can be used to irrigate the moderately salt-tolerant crops. Water 
up to 9 dS m−1 can also be used for more salt tolerant crops (e.g., sugar beet and 
cotton) only for limited period of 3 years (Goyal et al. 1999a, b). Consequently, this 
practice is not always feasible.
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Table 2 Response of different plant species to salinity stress

Plant Impact on plant Reference

Maize Decreased plant water potential and 
water use efficiency;
Changed proline contents and 
photosynthetic ability;
Drastically reduced germination rate, 
radicle length, plumule and seedling 
length, seed vigor and yield;
Minimized toxic damages

Chaum and Kirdmanee (2009), 
Khodarahmpour et al. (2012), and 
Carpici et al. (2009)

Rice Decreased fresh and dry weight of 
seedlings;
Altered osmotic potential, 
photosynthetic pigments, soluble 
carbohydrate and proteins;
Increased peroxide contents and  
MDA contents;
Decreased leaf area and potassium  
(K+) content;
Increased membrane injury,  
chlorophyll content and total sugars;
Reduced germination;
Decreased level of growth and 
chlorophyll accumulation;
Increased proline contents;
Increased hydrogen peroxide,  
peroxidase (POX) activity and 
anthocyanins;
Reduced total dry matter;
Reduced chlorophyll a and b contents  
of leaves;
Increased production of ROS;
Elevated ROS-mediated membrane 
damage, and cellular toxicity;
Loss of grain yield

Amirjani (2010), Solangi et al. 
(2016), Xu et al. (2011), 
Chunthaburee et al. (2016), Tatar 
et al. (2010), Senadheera et al. 
(2012), Hasanuzzaman et al. (2009), 
Chutipaijit et al. (2011), Dionisio- 
Sese and Tobita (1998), Linghe and 
Shannon (2000), and Gain et al. 
(2004)

Wheat Significantly reduced leaf growth 
including leaf area, leaf dry weight,  
and leaf fresh weight;
Induced accumulation of proline and 
soluble sugars in the leaves;
Decreased total carotenoids content;
Enhanced accumulation of proline,  
H2O2 and lipid peroxidation;
Reduced relative water contents;
Reduced germination

Fercha (2011), Hala et al. (2005), 
Akbarimoghaddam et al. (2011), and 
Sairam et al. (2002)

Cotton Altered structural and functional 
integrity of membranes;
Reduced yield

Kurth et al. (1986) and Greenway 
and Munns (1980)

(continued)
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Table 2 (continued)

Plant Impact on plant Reference

Barley Reduced growth due to specific ion 
toxicity of Na+ and Cl−;
Reduced growth and photosynthesis;
Reduced K+ and Ca2+ uptake;
Reduced stomatal conductance;
Enhanced chlorophyll degradation;
Altered chlorophyll fluorescence  
(PS II) and function of oxygen  
evolving complex

Tavakkoli et al. (2011) and Kalaji 
et al. (2011)

Soybean Decreased shoot and root weight, total 
biomass, plant height and leaf number;
Reduced grain yield

Dolatabadian et al. (2011) and 
Greenway and Munns (1980)

Mung bean Decreased levels of total chlorophyll, 
chlorophyll a, chlorophyll b,  
carotenoids and xanthophylls;
Decreased intensity of chlorophyll 
fluorescence;
Reduced yield (numbers of pods per 
plant, seeds per pod and seed weight)

Saha et al. (2010) and Nahar and 
Hasanuzzaman (2009)

Cucumber Decreased total leaf chlorophyll  
contents

Khan et al. (2013)

Radish Reduced growth and transpiration;
Increased water use efficiency

Marcelis and Van Hooijdonk (1999)

Tomato Increased production of ROS;
Elevated ROS-mediated membrane 
damage and cellular toxicity

Mittova et al. (2004)

Sugar beet, 
Cabbage, 
Amaranth, 
Pak-choi

Reduced germination rate, root length 
and fresh weight, shoot length and  
fresh weight;
Reduced yield

Jamil et al. (2006) and Greenway 
and Munns (1980)

Cabbage, 
Mustard, 
Spinach, 
Canola

Loss of germination percentage, 
germination
rate, seed viability index, seedling and 
root
length, seedling and root fresh weight;
Induced changes in photosynthetic (PS 
II) and electron transport rates, and 
protein;
Increased production of ROS;
Elevated ROS-mediated membrane 
damage and cellular toxicity

Sarker et al. (2014), Ibrar et al. 
(2003), Ulfat et al. (2007), Bordi 
(2010), and Mittal et al. (2012)

Strawberry Reduced the nutrient assimilation, 
especially of K and Ca;
Induced ion imbalances of K, Ca,  
and Mg

Keutgen and Pawelzik (2009)

Mulberry Increased production of ROS;
Elevated ROS-mediated membrane 
damage and cellular toxicity

Ahmad et al. (2010)

Citrus Increased production of ROS;
Elevated ROS-mediated membrane 
damage and cellular toxicity

Gueta-Dahan et al. (1997)
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 Better Irrigation Practices

Adoption of different irrigation practices (avoiding use of saline water, regulated 
deficit irrigation/partial root zone drying methodology, and drip/micro jet irrigation) 
can result in minimizing the salinity effects (Shrivastava and Kumar 2015).

 Application of Gypsum

Use of gypsum to replace the sodium with calcium ions followed by leaching 
through application of excess of water is a quite effective and commonly used 
method. In saline soils, application of lime (calcium carbonate) is not a good option 
because these soils sometimes are already rich in carbonate salts and are therefore 
alkaline (Provin and Pitt 2001; Cucci et al. 2012).

 Scraping of Surface Soil

Surface soil with higher salt concentration can be scraped and transported out of the 
field. This has been practiced around the world (Qureshi et al. 2003).

 Pre-Sowing Irrigation with Good Quality Water

To get good seed germination and seedlings establishment, soil is irrigated with 
good quality water prior to sowing (Goyal et al. 1999a, b).

 Ridge/Bed Planting

The salinity stress can be minimized by sowing the seeds on ridges/beds irrigated 
with furrows (Ahmed et al. 2017). The seeds should be placed on the shoulders of 
ridges/beds because evaporation from top of the ridge/bed causes salt accumulation 
there. In the case of alternate furrow irrigation, seeds are placed on the sides of 
shoulder of ridges to be irrigated. Irrigation through furrows or sprinklers before 
sowing the seeds is a plus to reduce salt stress (Fischer et al. 2005).

 Planting into Standing Water

Field is flooded with good quality water and allowed to percolate which reduce the 
salts concentrations. When few millimeters of standing water is left, the seeds are 
dropped over the field, and due to gravity force seeds imbed into the muddy soil 
surface. This results in good seed germination and seedling establishment. This 
approach is commonly used in California to grow safflower crop on salt-affected 
soils (Goyal et al. 1999a, b).
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 Mulching

Evaporation from surface soil results in salts accumulation and loss of water. To 
reduce evaporation and conserve water, crop residues and polythene sheets are 
spread on the soil surface which reduces the upward movement of salts (Al-Dulhli 
et al. 2010).

 Deep Tillage

Surface soil has higher salt concentrations as compared to underlying layers. Deep 
tillage mix the surface salts in larger volume of soil, thereby reducing its concentra-
tion and adverse effects (Araya et al. 2010).

 Soil Incorporation of Organic Matter

Green manuring and soil amendments of crop residues and manures are important 
to improve certain soil properties, i.e., soil tilth, structure, and water infiltration that 
safeguard against adverse effects of salinity (Diacono and Montemurro 2015).

 Selection of Different Vegetative Options

Salt-tolerant crops are better able to grow in saline soils. For example barley, cotton, 
sugar beet, and canola are highly tolerant, wheat and alfalfa are moderately tolerant 
while maize and rice are sensitive to salinity (Richards 1969).

Growing of deep rooted perennials instead of shallow rooted annuals or incorpo-
ration of deep rooted perennials into current cropping systems results in deep drain-
age of water that is accumulated during wet season; furthermore, salt accumulation 
can be avoided through evaporation (Black et al. 1981; Stirzaker et al. 2002). The 
perfect example is phase farming which involves rotation of herbaceous perennial 
forage (e.g., alfalfa), i.e., grazed or harvested for hay, with a series of annual crops. 
The perennial pasture dries the subsoil below the roots of annual crops, thereby 
creating a buffer zone in which water and nutrients can be held for longer time for 
the deep rooted perennials in the next phase (Munns 2002).

 Salinity Tolerance

Tolerance in plants against the adverse effects of salinity can be increased by differ-
ent modern approaches.
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 Breeding for Salt Tolerance

The breeding approach is being utilized to develop tolerance against salinity. This 
involves screening of collected germplasm for tolerance, crossing of screened germ-
plasms, and then selection of desired plant based upon desired characters (Purty 
et al. 2008). Based on this technique, some relatively tolerant cultivars have been 
developed for different crops, i.e., rice, wheat, lucerne, white clover, and citrus 
(https://www.ars.usda.gov/pacific-west-area/riverside-ca/us-salinity-laboratory/
docs/research-databases/). However, there is a great diversity in salinity tolerance 
within species which is yet needed to explore (Purty et al. 2008).

Through breeding different traits are being developed to control the salinity 
stress. One of the most important traits related to plant breeding is salt exclusion in 
which Na+ or Cl− accumulates in leaves showing tolerance against adverse condi-
tions of salinity. This trait has a high heritability and has been used to develop toler-
ance in cultivars of rice, white clover, and lucerne (Munns 2002). Tissue tolerance 
is another trait which indicates tolerance against high internal Na+ concentrations. 
This can be evidenced by an absence of leaf injury under high Na+ concentrations in 
leaf. High Na+ concentrations (>100 mM) inhibit most enzymes. So Na+ must be 
compartmentalized in vacuoles. Halophytes have the ability to compartmentalize 
Na+ to very high concentrations (about 700 mM) in vacuoles (Flowers et al. 1977). 
On the other hand, glycophytes can compartmentalize Na+ in vacuoles up to some 
extent (200 mM) which is common in photosynthetically active leaves of many spe-
cies. In wheat leaves, concentrations over 250 mM are potentially toxic because it 
causes reductions in photosynthesis (James et al. 2002).

Improvement in growth (such as leaf elongation, root elongation, leaf area expan-
sion, and shoot biomass), gas exchange (stomatal conductance, photosynthesis, 
transpiration efficiency, and chlorophyll fluorescence), turgor and osmotic adjust-
ment, and reduction in leaf injury (chlorophyll content, or electrolyte leakage of cut 
discs) are other important traits being developed by breeding (James et al. 2002).

 Molecular Strategies for Salinity Tolerance

Molecular techniques provide alternative ways to classical plant breeding to achieve 
salinity tolerance. These techniques benefit the development of salinity-tolerant cul-
tivars based on specific traits. Identification and introduction of genes controlling 
the desired characters is an important development among molecular strategies. 
This strategy provided some significant results against salinity tolerance. For exam-
ple, over-expression of the vacuolar Na+/H+ antiporter shows dramatic improvement 
of vegetative growth and of fruit yield in tomato (Zhang and Blumwald 2001). This 
antiporter compartmentalize Na+ in the vacuole, where Na+ has little chance of toxic 
effect on metabolism, or to be transported to younger leaves and fruits. However, so 
far no transgenic has been performed in the field against salinity (Flowers 2004). 
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This is because salinity tolerance is a multigenic trait, large improvements based on 
modification of only one gene could only occur if the gene is a transcription factor 
and regulates a number of genes that control ion transport or some other process 
involved in salinity tolerance.

 Application of Biofertilizers

Application of biofertilizers is one of the important environmental friendly and 
effective strategies to mitigate the adverse effects of salinity on plant growth. In this 
regard, the role of arbuscular mycorrhizal fungi (AMF) and plant growth promoting 
rhizobacteria (PGPR) has enormously been studied (Ahanger et  al. 2014a, b; 
Alqarawi et al. 2014; Hashem et al. 2014). Overall plant growth improves in saline 
soils when these fertilizers are applied. Both PGPR and AMF help plants to better 
establish under salinity stress by improving nutrient and water uptake, modifying 
root structure, improving photosynthetic efficiency, and accumulating osmoregula-
tors (Sheng et al. 2008; Hajiboland et al. 2010; Porcel et al. 2015). Moreover, utiliz-
ing AMF and PGPR also improves nutrient cycling in poor soils (Smith and Read 
2008). Based on wide scope of AMF and PGPR in saline soils, we entirely focused 
on them in the next sections of this chapter.

 Ameliorative Role of AMF Against Salt Stress

High soil salinity conditions provoke both hyperionic and hyperosmotic stresses 
which not only lead to plant death but also alter soil texture resulting in reduced soil 
porosity, aeration, and water conductance (Mahajan and Tuteja 2005). Under natu-
ral environmental conditions, plants are colonized with external as well as internal 
microorganisms. Both plants and microbial commodities of soils are affected by 
excessive salt concentration which generate toxic and osmotically stressed environ-
ment. Consequently, retarded plant and suppressed microbial growth have been 
observed under salinity stress (Juniper and Abbott 2006). Arbuscular Mycorrhizal 
Fungi (AMF) being pervasive member of soil microbiota contributes significant 
role in natural and disturbed ecosystem (Giri et al. 2003; Tang et al. 2009; Navarro 
et al. 2013). Role of AMF as bio-ameliorators to mitigate plant growth reduction 
under salinity stress has enormously been reported (Ahanger et al. 2014a; Alqarawi 
et al. 2014). Studies suggest that the plants colonized with AMF show better growth 
under salinity stress that may be supported by improved water and nutrients uptake, 
photosynthetic efficiency, and accumulation of osmoregulators (Sheng et al. 2008; 
Hajiboland et al. 2010).

AMF colonization brings morphological, nutritional, and physiological changes 
in colonized plants (Hameed et al. 2014). Modification of root architecture to absorb 
more water and nutrients (Aroca et al. 2013; Ahanger et al. 2014a; Wu et al. 2014), 
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alteration in physiological status for improved gas exchange capacity, better water 
use efficiency, and augmented photosynthetic efficiency (Sheng et al. 2008) have 
been observed in different plants with AMF inoculation. However, progressive 
development of AMF colonized plant under stress conditions depends upon the type 
of AMF species involved (Marulanda et al. 2003, 2007; Wu et al. 2007). Ecologically 
significant key roles of AMF colonization in plants can be abridged as follows: (1) 
Improvement in soil nutrient cycling especially of low mobile ions (P, N, Cu, Mn, 
and Fe) particularly in poor soils, (2) Improving water supply to plants under water 
stress conditions, (3) Improving soil structure and plant establishment, (4) Increasing 
plant tolerance against biotic and abiotic stresses (Smith and Read 2008).

Some of the apparent influences of AMF colonization on the plants under salinity 
stress conditions are summarized in Table 3 and described as follows.

 Effect on Membrane Stability

Reduced membrane stability index, lipid peroxidation of membrane, and increased 
production of malondialdehyde (MDA) have been observed in plants under salinity 
stress in addition to enhanced production of radicals (Alqarawi et al. 2014; Hashem 
et al. 2016a, b, c). As a result of lipid peroxidation under salinity stress, the ratio of 
polysaturated fatty acids decreases leading to reduction of membrane integrity and 
its biological activity that further catalyze leakage of cellular components and dis-
turbance of homeostasis (Alqarawi et al. 2014). However, AMF colonization in the 
salinity stressed plants improves plants health by maintaining osmotic potential. A 
reduced production of peroxides and MDA has been observed in AMF-inoculated 
plants under salinity stress that may be due to upregulated activities of antioxidant 
enzymes (Hashem et al. 2015a, b).

 Effect on Enzymatic and Non-enzymatic Antioxidants Activity

Both enzymatic and non-enzymatic antioxidants are involved in sifting of toxic 
reactive oxygen species (ROS). Generally, antioxidant enzyme’s activities upregu-
late under stress conditions. ROS produced as a result of stress exposure to the 
plants are toxic to the plant’s metabolic activities posing deleterious impacts on 
protein, nucleic acid, and lipid molecules. The antioxidant enzymes system com-
prised of superoxide dismutase (SOD), catalase (CAT), peroxidase (POD), ascor-
bate peroxidase (APX), and glutathione reductase (GR) are major contributors of 
defense mechanism that help the stressed plant to counteract the stress-induced oxi-
dative damage (Ahmad et al. 2010; Liu et al. 2014). It has been observed that anti-
oxidant enzymes mediate quick scavenging of ROS to maintain their level below the 
toxic limits. ROS cause peroxidation of unsaturated lipid component of membranes 
resulting in the loss of membrane integrity eventually leading to leakage and 
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Table 3 Ameliorative role of AMF against salinity stress

Plant species AMF species
Role of AMF under salinity 
stress References

Tomato (Solanum 
lycopersicum)

Glomus 
fasciculatum/Glomus 
sp. mixture

Improved growth and mineral 
(N, P, Mg, Ca, Mn, and Fe) 
acquisition;
Improved dry matter 
production;
Enhanced photosynthesis and 
productivity of plants;
Increased total soluble 
sugars, polysaccharides, total 
carbohydrates and total 
proteins;
Increased shoot and root 
biomass;
Increased Chl a & b and PSII 
activity;
Enhanced activity of 
superoxide dismutase (SOD), 
catalase (CAT), peroxidase 
(POD) and ascorbate 
peroxidase (APX);
Inoculation with AMF caused 
reduction in MDA content

Al-Karaki (2000a, b), 
Al-Karaki et al. 
(2001), Hajiboland 
et al. (2010), Ebrahim 
and Saleem (2017), 
Balliu et al. (2015), 
and Abdel-Latef and 
Chaoxing (2011)

Lettuce (Lactuca 
sativa)

G. fasciculatum
G. mosseae

Greater root and shoot dry 
weights;
Enhanced transpiration;
Enhanced carbon dioxide 
exchange rate (CER);
Enhanced stomatal 
conductance and water use 
efficiency (WUE)

Cantrell and 
Linderman (2001) 
and Ruiz-Lozano 
et al. (1996)

Onion (Allium 
cepa)

Mixture of G.
intraradices,
G. mosseae,
G.aggregatum,
Acaulospora trappei,
Entrophospora 
infrequens,
Glomus sp.

Significantly larger onion 
bulbs at all salt levels than 
non-AMF-inoculated onions

Cantrell and 
Linderman (2001)

(continued)
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Table 3 (continued)

Plant species AMF species
Role of AMF under salinity 
stress References

Sweet basil 
(Ocimum 
basilicum)

G. deserticola,
G. etunicatum,
G. mosseae,
G. intraradices

Mitigated the reduction of K, 
P, and Ca uptake due to 
salinity;
Improved balance between 
K/Na and between Ca/Na in 
AMF plants;
Increased chlorophyll content 
and water use efficiency;
Improved plant growth, 
photosynthetic efficiency, gas 
exchange and water use 
efficiency;
Lower extent of lipid 
peroxidation, higher 
antioxidant enzyme activities 
(SOD, APX, and POD);
Improved content of lipids, 
proline, and soluble sugars

Zuccarini and 
Okurowska (2008), 
Elhindi et al. (2017) 
and Hashem et al. 
(2016c)

Soybean (Glycine 
max)

G. etunicatum;
G. mosseae,
G. intraradices

Improved nutrient uptake 
including P, K, Zn;
Higher fresh and dry weight;
Higher root proline;
Lower shoot proline and Na 
concentrations;
Improved symbiotic 
efficiency;
Improved nodule formation, 
leghemoglobin content, 
nitrogenase activity and 
auxin synthesis;
Enhanced membrane 
stability;
Reduced production of 
hydrogen peroxide;
Reduced lipid peroxidation;
Improved expression of 
auxins;
Improved acquisition of 
nutrient

Sharifi et al. (2007) 
and Hashem et al. 
(2016b)

Karna Khatta 
(Citrus karna)

Mixed inoculum of 
Glomus sp. and 
Gigaspora sp.

Improved nutrient uptake  
(P, N, K);
Higher chlorophyll contents;
Higher proline contents;
Higher sugar contents

Murkute et al. (2006)

Cotton 
(Gossypium 
arboreum)

G. mosseae Improved nutrient uptake P;
Higher root and shoot dry 
weight

Tian et al. (2004)

(continued)
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Table 3 (continued)

Plant species AMF species
Role of AMF under salinity 
stress References

Cotton 
(Gossypium 
hirsutum)

Indigenous AMF Promoted leaf proline 
accumulation in cotton;
Higher K+/Na + ratio;
Enhanced P uptake;
Promoted growth in saline 
soil

Liu et al. (2016)

Cowpea [Vigna 
unguiculata (L.) 
Walp.]

G.mosseae,
G.intraradices,
G.etunicatum

Enhanced activity of 
antioxidant enzymes such as 
superoxide dismutase (SOD), 
catalase (CAT), ascorbate 
peroxidase (APX), 
peroxidase (POD)
and glutathione reductase 
(GR);
Increased proline content;
Increased uptake of mineral 
elements and improved status 
of osmoregulation

Hashem et al. (2015a, 
b)

Cleopatra 
mandarin
(Citrus reshni);
Alemow (Citrus 
macrophylla 
wester)

Rhizophagus 
irregularis,
Funneliformis 
mosseae

Increased plant growth,
Improved P, K, Fe and Cu, 
Mg uptake

Navarro et al. (2013)

Maize (Zea 
mays)

G. mosseae Increased resistance to soil 
salinity;
Improved nutrient (P) uptake;
Higher dry weight of shoot 
and root; higher relative 
chlorophyll content; better 
water status (decreased water 
saturation deficit, increased 
water use efficiency, and 
relative water content);
Higher gas exchange capacity 
(increased photosynthetic 
rate, stomatal conductance 
and transpiration rate, and 
decreased intercellular CO2 
concentration);
Higher non-photochemistry 
and photochemistry 
efficiency

Feng et al. (2002), 
Sheng et al. (2008), 
and Liu et al. (2016)

(continued)
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Table 3 (continued)

Plant species AMF species
Role of AMF under salinity 
stress References

Black locust  
(R. pseudoacacia)

Rhizophagus 
irregularis

Improved the net 
photosynthetic rate, quantum 
efficiency of photosystem II 
photochemistry;
Improved K+ content in 
plants;
Reduced Na+ content;
Upregulated the expression 
of chloroplast genes in 
leaves;
Upregulated gene expression 
of membrane transport 
proteins involved in K+/
Na + homeostasis in roots

Chen et al. (2017)

Lupine (Lupinus 
termis Forsik)

G. mosseae,
G. intraradices,
G. etunicatum

Increased the activities of 
antioxidant enzymes (SOD, 
CAT, APX, and POD);
Increased accumulation of 
osmoregulators (proline, 
glycine betaine, and sugars);
Reduced lipid peroxidation;
Increased membrane stability

Hashem et al. (2016a)

Strawberry 
(Fragaria 
ananassa Duch)

F. caledonius
F. mosseae

Enhanced plant growth, root 
and shoot mass;
Improved salt tolerance and 
fruit quality

Sinclair et al. (2014)

Wheat G. etunicatum,
G. mosseae,
G. intraradices

Improved plant dry mass, 
grain yield

Daeia et al. (2009)

Olive plants 
(Olea europaea)

G. mosseae,
G. intraradices,
G. claroideum

Increased plant growth;
Increased plant ability to 
acquire N, P, and K;
Increased shoot and root;
Enhanced salt tolerance

Porras-Soriano et al. 
(2009)

Pearl millet 
(Pennisetum 
glaucum) 

G. fasciculatum Higher total chlorophyll 
contents;
Increased plant growth and 
nutrient uptake capacity;
Improved antioxidant 
activity;
Pronounced accumulation of 
proline;
Higher leaf number, shoot 
and root length, fresh and dry 
weight of plant

Borde et al. (2011)

(continued)
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Table 3 (continued)

Plant species AMF species
Role of AMF under salinity 
stress References

Cocoa 
(Theobroma 
cacao)

Scutellospora,
Glomus

Increased shoot dry weight;
Increased P and Ca content in 
shoot

Chulan and Martin 
(1992)

Pepper 
(Capsicum 
annuum)

G. intraradices Maintained greater root and 
shoot biomass;
Higher leaf area, root and 
shoot dry mass;
Lower content of Na and 
higher content of K and P;
Greater cell membrane 
integrity;
Higher proline content in 
leaves than in roots;
Improved plant growth

Beltrano et al. (2013)

desiccation (Ahmad et al. 2010; Rasool et al. 2013). Superoxide radicals are trans-
formed into water and hydrogen peroxide by SOD enzyme. Subsequently, hydrogen 
peroxide is converted into water and oxygen by CAT or APX enzyme (Mittler 
2002). Increased production of H2O2 under salinity stress causes disturbances in 
cellular homeostasis that promotes membrane leakage (Tuna et al. 2008). Increased 
GR enzyme activity results in enhanced glutathione production that works as elec-
tron donor during the conversion of dehydroascorbate into ascorbic acid (Mittler 
2002). Upregulation of GR under stress condition reduces formation of superoxide 
radicals through maintaining the photosynthetic electron transport (Noctor and 
Foyer 1998; Mittler 2002).

Non-enzymatic defense system includes ascorbic acid, glutathione, phenols, 
tocopherols, etc. (Mittler 2002; Ahmad et al. 2010). Phenolics (secondary metabo-
lites) are included in non-enzymatic antioxidants, which play important role in 
defense mechanism by scavenging toxic radicals leading to reduction of oxidative 
stress and increase of membrane stability (Michalak 2006; Bartwal et  al. 2013; 
Tomar and Agarwal 2013). Ascorbate–glutathione cycle is involved in a series of 
redox reactions where the net electron flow is from NADPH to H2O2 resulting in the 
conversion of H2O2 into water. GR, APX, reduced glutathione, oxidized glutathione 
and ascorbic acid (ASA) are the important constituents of ascorbate–glutathione 
pathway which is actively involved in sifting of ROS. ASA acts an electron donor in 
conversion of H2O2 into water and oxygen (Noctor and Foyer 1998; Mittler 2002).

Various studies performed on different plants under salinity stress with or with-
out AMF colonization have proved that the plant inoculated with AMF upregulated 
antioxidant enzymes activity as compared to un-inoculated plants (Abdel-Latef and 
Chaoxing 2011; Hashem et al. 2014; Sarwat et al. 2016). Increased activity of enzy-
matic antioxidants may be attributed towards improved uptake of important nutri-
ents in AMF colonized plants that help to enhance synthesis of biomolecules that 
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serve as cofactor of enzymes. Higher activities of antioxidant enzymes in AMF 
colonized plant may also be corroborated with improved plant growth under salinity 
stress (Alguacil et al. 2003; Zhong et al. 2007). Accumulation of phenolic in AMF 
colonized plants under salinity stress has also been observed; furthermore, the 
plants maintaining higher contents of phenols are found better adopted to grow 
under stress conditions as compared to the less accumulating ones (Alqarawi et al. 
2014; Hashem et al. 2015a, b).

 Effect on Chlorophyll Contents

High salinity impedes different biochemical process such as synthesis of proteins 
and functioning of pigment protein complex (Levitt 1980; Sultana et  al. 1999; 
El-Tayeb 2005). Inoculation of AMF increases chlorophyll content under normal as 
well as salt-stressed conditions. However, AMF-inoculated plants maintain higher 
chlorophyll contents compared to stressed plants (Kaya et  al. 2009; Hajiboland 
et al. 2010; Aroca et al. 2013). The higher chlorophyll contents in AMF-inoculated 
plants contribute to improve photosynthetic efficiency which maintained plant 
growth under salinity stress. Enhancement in chlorophyll pigments may be due to 
colonization of AMF in salt-affected plant roots that supports mineral uptake espe-
cially of magnesium (Mg) from soil. Mg is an important component of chlorophyll 
molecule (Sheng et al. 2008) that helps to build more chlorophyll pigment; resul-
tantly photosynthesis improves to help plant maintenance or establishment under 
normal and stressed conditions.

 Effect on Accumulation of Osmoregulators or Organic 
Osmolytes

Decrease in the activities of photosynthetic carbon metabolizing enzymes, Rubisco 
and NADP-dependent malic enzyme (NADP-ME) has also been evident in the 
salinity stressed plants (Soussi et al. 1998; Fang et al. 2013; Koyro et al. 2013). 
NADP malic enzymes are supposed to participate in numerous imperative meta-
bolic pathways and plant defense through malate metabolism (Casati et al. 1999). In 
salt sensitive plants, accumulation of osmoregulators like proline, glycine betaine 
(GB), sugars, and amino acids decreases when the plants are posed to salinity stress, 
whereas upregulated expression of osmoregulators for efficient sequestration and 
compartmentation of toxic ions has been observed in salt tolerance plants (Ahmad 
and Sharma 2008; Azooz et al. 2011). Proline as well as GB helps to maintain water 
balance of plants under stress conditions (Ahmad 2010; Ahanger et al. 2014b). In 
addition, proline regulates stress protective proteins (Thakur and Sharma 2005), 
whereas GB shields different important components of photosynthetic apparatus, 
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maintains high activity of antioxidant enzymes and lowers the level of H2O2 under 
stress conditions (Hossain and Fujita 2010).

Increased accumulation of GB, proline, and soluble sugars has been recorded in 
salinity stressed AMF colonized plants (Moghaieb et al. 2004; Khan et al. 2014) that 
may be ascribed to their role to protect cell membrane from damage and to regulate 
osmotic pressure as osmoregulators (Hoseini 2010; Masood et al. 2013) that results 
in buildup of tolerance against salinity stress. However, accumulation of these 
osmolytes under salt stress varies with host plant as well as AMF species (Rabie and 
Almadini 2005). The reports inferred on the evidence of enhanced osmolytes con-
centration in mycorrhizal plants under salt stress (Feng et al. 2002; Al-Garni 2006; 
Sharifi et al. 2007; Garg and Manchanda 2009) help to assume the role of AMF 
against ultra-structural damage under salinity stress.

 Effect on Nutrient Uptake, Plant Growth and Yield

Reduction in uptake of essential nutrients like potassium (K) and phosphorous (P) 
also takes place in salinity stressed plant (Al-Karaki 2000b; Kohler et  al. 2009). 
Root colonization with AMF mitigates the stress-induced changes that results in 
enhanced plant growth especially total biomass as described by Feng et al. (2002) 
in maize; Abdel-Latef and Chaoxing (2011) in tomato; Giri et al. (2003, 2007) in 
acacia (Acacia nilotica); Sannazzaro et al. (2006) in Lotus glaber; and Abd-Allah 
et al. (2015) in Sesbania sesban.

As AMF form mutualistic beneficial relationship with plants, so a bidirectional 
movement of nutrient is facilitated through this colonization. AMF take up a signifi-
cant fraction of plant photosynthates (hexose carbon) (Paul and Kucey 1981; 
Sjöberg 2005; Xie et al. 2014); in return it provides micro- and macronutrient from 
soil to the plants (Thompson 1990; Hodge et al. 2001; Miransari 2011). The AMF 
are widely distributed in saline land of terrestrial ecosystem (Yamato et al. 2008) 
and improve plants performance against salinity stress. AMF induce stress resis-
tance in plants by mediating continuous uptake and assimilation of mineral nutri-
ents that help to maintain plant growth and development under stress conditions 
(Usha et  al. 2005). Recently, many researchers have reported that AMF could 
improve plants ability to cope with salinity stress (Yano-Melo et al. 2003; Rabie 
2005; Jahromi et  al. 2008) by improving plant nutrient uptake (Cantrell and 
Linderman 2001; Asghari et  al. 2005) and facilitating water uptake (Berta et  al. 
1990; Ruiz-Lozano and Azcon 1995).

 Effect on Synthesis of Growth Regulators

Endogenous growth hormones including auxins (IAA, IBA), gibberellins (GA3), 
and dormins (ABA) play very important role as growth regulators. A drastic decline 
in the synthesis of IAA, IBA, and GA3 under salinity stress occurs, whereas 
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inoculation of plants with AMF improves expression of these hormones especially 
of IAA and IBA (Waqas et al. 2012; Hashem et al. 2015a, b). AMF also have ability 
to alter the levels of ABA that leads towards the better adaptability of plants to dif-
ferent environmental stresses including salinity. Biosynthesis of ABA to somewhat 
lesser extent in AMF colonized plants compared to un-inoculated plants under 
salinity stress suggests that mycorrhizal plants are relatively less stressed.

 Ameliorative Role of PGPR Against Salt Stress

Besides developing protective mechanisms against stressful environment, PGPR 
can serve as helping hand towards plant tolerance against numerous abiotic stresses 
including salinity (Dimkpa et  al. 2009). Several plant beneficial rhizobacteria 
belonging to different genera including Rhizobium, Bradyrhizobium, Bacillus, 
Pseudomonas, Burkholderia, Pantoea, Achromobacter, Azospirillum, Azobacter, 
etc. have been reported to confer resistance to associated plants against abiotic 
stresses such as salinity, acidity, and alkalinity (Grover et al. 2011; Upadhyay et al. 
2009). It has been reported that PGPR inoculated tomato, canola, pepper, lettuce, 
and bean showed improved growth under saline environment (Barassi et al. 2006; 
Yildirim and Taylor 2005). The term induced systemic tolerance (IST) is specifi-
cally related to PGPR mediated physio-chemical changes resulting in improved 
resistance against abiotic stress (Yang et al. 2009). PGPR mediated mitigation of 
salinity may be due to a variety of mechanisms, some of which are described here 
in the following section and Table 4.

 Antioxidant Activity Regulation

The salt stress triggers the increased production of reactive oxygen species (ROS) 
within plants and causes oxidative damage to plants. Many cellular components 
especially lipid membranes are vulnerable to ROS.  The membrane deterioration 
caused by ROS leading to cellular toxicity has been described in rice, citrus, and 
tomato when grown under high salinated conditions (Kim et al. 2005). It has been 
documented that antioxidant molecules have ROS-scavenging activities and have 
the potential to counteract the oxidative damage in plants (Spychalla and Desborough 
1990). Various antioxidant enzymes such as catalases (EC 1.11.1.6), superoxide 
dismutases (EC 1.15.1.1), and peroxidases (EC 1.11.1.7) possess ROS degrading 
activities and thus confer salt tolerance to plants under salt stress (Apel and Hirt 
2004; Mittler 2002). The treatment of plants with PGPR showed increased produc-
tion of numerous oxidative stress resistant enzymes such as superoxide dismutase, 
peroxidase, polyphenol oxidase, and catalase. It has been investigated that wheat 
plants inoculated with halotolerant PGPR strain Dietziana tronolimnaea STR1 
showed elevated gene expression of various antioxidant enzymes including peroxi-
dase, catalase, etc. when cultivated under saline environment than non- inoculated 
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Table 4 Ameliorative role of PGPR against salinity stress

Plant species Bacterial species Effects on plant under salinity stress References

Solanum 
lycopersicum 
(tomato)

Pseudomonas 
fluorescens,
Pseudomonas 
aeruginosa,
Pseudomonas 
stutzeri
Achromobacter 
piechaudii ARV8

Treatment with PGPR strains 
improved root and shoot growth of 
tomato by regulating ethylene 
production through ACC deaminase 
activity under salinity

Tank and Saraf 
(2010) and Mayak 
et al. (2004)

Raphanus 
sativus L.
 (radish) 

Staphylococcus 
kloosii EY37,
Kocuriaerythromyxa 
EY43

Inoculated plants showed better 
growth, nutrient uptake and reduced 
Na toxicity under salt stress

Yildirim et al. 
(2008)

Gossypium 
hirsutum 
(cotton)

Klebsiella oxytoca Significant increase in the fresh and 
dry weight of cotton plant was 
observed along with enhanced 
nutrient (Ca, P, N, and K) uptake

Yue et al. (2007)

Triticum 
aestivum 
(wheat)

Paenibacillus spp., 
Bacillus spp.,
Enterobacter spp.,
Pseudomonas putida,
Pseudomonas 
aeruginosa,
Dietzia 
natronolimnaea

Bacillus and Enterobacter spp. 
reduced Na uptake and provided 
wheat plants with more water and 
nutrients by producing 
exopolysaccharides;
Pseudomonas putida increased the 
plant height and root length;
PGPR treatment also resulted in 
more biomass production and 
mitigated salt stress by producing 
ACC deaminase

Zahir et al. 
(2009), Nadeem 
et al. (2010), 
Upadhyay et al. 
(2011) and Bharti 
et al. (2016)

Oryza sativa 
L. cv. 
KDML105

Streptomyces sp. 
GMKU336

Inoculation conferred salt tolerance 
to rice via sequestering ACC by 
ACC deaminase activity and 
reduced ethylene production in 
plants

Jaemsaeng et al. 
(2018)

Brassica 
napus L. 
(canola)

Pseudomonas species Inoculation helped canola plants to 
mitigate salt stress by ACC 
deaminase production

Jalili et al. (2009)

Zea mays L. 
(maize)

Flavobacterium 
ferrugineum,
Enterobacter 
aerogenes,
Pseudomonas spp.,
Staphylococcus 
sciuri SAT-17

ACC deaminase producing 
rhizobacteria enhanced plant growth 
by improving water availability and 
reducing Na uptake

Nadeem et al. 
(2007) and Akram 
et al. (2016)

Lactuca 
sativa 
(lettuce)

Bacillus subtilis,
Pseudomonas 
mendocina

Enhanced shoot biomass and 
nutrient uptake was observed in 
plants inoculated with 
phytohormones and antioxidants 
producing PGPR in contrast to 
non-inoculated ones

Arkhipova et al. 
(2007) and Kohler 
et al. (2009)

(continued)
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Table 4 (continued)

Plant species Bacterial species Effects on plant under salinity stress References

Arachis 
hypogaea 
(groundnut) 

Pseudomonas 
fluorescens TDK1

Improved plant yield under saline 
conditions was revealed through 
ACC deaminase production

Govindasamy 
et al. (2008)

Spinacia 
oleracea L. 
(spinach)

Bacillus lentimorbus 
NRRL B-30488

Helped plants in the amelioration of 
salinity via antioxidant production

Nautiyal et al. 
(2008)

Cucumis 
sativus 
(cucumber)

Burkholderia cepacia 
SE4,
Promicromonospora 
sp. SE188,
Acinetobacter 
calcoaceticus SE370

Significant increase in the 
chlorophyll content and biomass 
was observed in bacterial strains 
treated plants as compared to 
non-treated plants under saline 
environment. These bacterial strains 
confer resistance to plants against 
salinity via phytohormones and 
antioxidants production

Kang et al. (2014)

Abelmoschus 
esculentus 
(Okra) 

Enterobacter sp. 
UPMR18

Inoculated plants showed increased 
germination percentage, chlorophyll 
content and resistance to oxidative 
stress when cultivated in salt- 
affected soil

Habib et al. 
(2016)

plants (Bharti et al. 2016). Thus these PGPR stimulated ROS-scavenging enzymes 
can provide plants with resistance against salinity stress by removing hydrogen per-
oxide (H2O2) from salt effected plant rhizosphere (Nautiyal et al. 2008; Tommasi 
et al. 2001). However, extensive research studies are needed to explore the underly-
ing mechanisms of PGPR-induced oxidative stress tolerance to plant.

 Phytohormones Regulation

Phytohormones of rhizobacterial origin induce certain physiological responses in 
the associated plant. The PGPR improve plant growth by altering root morphology 
under abiotic stresses by producing various different phytohormones like indole- 3- 
acetic acid (IAA), gibberellic acid (GA), and cytokinins (Kloepper et al. 2007; Paul 
and Lade 2014). The IAA producing rhizospheric bacteria are thought to be most 
beneficial in ameliorating salinity stress (Paul and Lade 2014). Sadeghi et al. (2012) 
reported that wheat plants treated with IAA producing Streptomyces strain showed 
better growth under saline conditions. Similar results were found when potato 
(Khan and Doty 2009), mung bean, and canola plants (Glick et al. 2007a, b; Kang 
et  al. 2006) were inoculated with IAA synthesizing rhizobacteria. Moreover, the 
effects of cytokinins and gibberellic acid producing bacterial strains have also been 
investigated for microbial elicited salinity stress tolerance in plants. It has been 
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observed that auxin, cytokinins, and gibberellic acid producing Azospirillum strains 
enhance plant growth by modifying root architecture (Spaepen et  al. 2008). 
However, the concentrations of phytohormones (specifically auxin) play a key role 
in plant resistance under different stresses. PGPR producing IAA in less concentra-
tion have positive effect on plant growth, whereas bacteria producing IAA in higher 
concentration negatively affect the root and shoot growth of host plant (Egamberdieva 
2009, 2013). Thus, attention is required in screening potential PGPR strains produc-
ing phytohormones as bioinoculants to effectively alleviate salt stress.

 Exopolysaccharide (EPS) Production

PGPR strains synthesizing exopolysaccharide (EPS) have the potential to improve 
the soil structure by increasing the macropores volume within soil and aggregation 
of rhizospheric soil, thus providing plants with more water and nutrients. The EPS 
producing PGPR strains can chelate cations such as Na+ (Alami et al. 2000). So it is 
believed that increasing the number of EPS producing PGPR in the rhizosphere 
would reduce the Na+ uptake by plants and thus facilitate plants to grow under saline 
conditions by mitigating salinity stress (Geddie and Sutherland 1993). Upadhyay 
et al. (2011) revealed that wheat plants showed improved growth when inoculated 
with exopolysaccharide producing bacteria belonging to Bacillus and Enterobacter 
genera in contrast to non-inoculated plants. However, the mechanism of EPS pro-
ducing PGPR and their stimulatory effect on plant growth under salinated environ-
ment are not well understood yet.

 Lowering Electrolytic Leakage

Salt stress fluctuates the ion flux in plants leading to electrolyte imbalance within 
plants. The higher ionic flux damages the cellular membrane of the plant leading to 
enhanced permeability causing electrolyte leakage and the leaked electrolyte con-
centrated around the tissues (Hussain et al. 2008a, b; Kang et al. 2014). Treatment 
of Raphanus sativus L. with PGPR grown under saline conditions showed reduced 
electrolyte leakage (Yildirim et al. 2008). Similarly, Pseudomonas and Rhizobium 
inoculated maize plants depicted low electrolyte leakage when cultivated in salt 
effected soils (Bano and Fatima 2009; Fazal and Bano 2016). Similar findings were 
observed by Kang et al. (2014)) in cucumber plants when treated with Burkholderia 
cepacia SE4, Promicromonospora sp. SE188, and Acinetobacter calcoaceticus 
SE370. Thus PGPR can maintain the integrity of plant cellular membrane and help 
to alleviate the harmful effects of salt.
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 ACC Regulation

The low concentration of ethylene is essential for normal growth and development 
of plants, but in higher concentration it has detrimental effects on plants resulted in 
reduced root and shoot proliferation (Bhattacharyya and Jha 2012; Glick et  al. 
2007a, b). The salinity stress stimulates the high production of 1- aminocyclopropa
ne- 1-carboxylic acid (ACC) in plant which is directly associated with the synthesis 
of ethylene resulting in high ethylene level that ultimately harm the plant (Botella 
et al. 2000). The ACC deaminase producing PGPR is indigenous to various soils 
and can act as sink for ACC for ensuring the optimum ethylene level required for the 
normal growth by plants. These bacteria hydrolyze the ACC to ammonia and 
a- ketobutyrate and re-establish proliferating root system, thus ameliorating the 
plant salt stress (Belimov et al. 2001; Fahad et al. 2015). The proficient role of ACC 
deaminase producing bacteria in the growth improvement and salt stress tolerance 
has been well documented for various crops like groundnut (Govindasamy et al. 
2008), tomato (Mayak et al. 2004), canola (Ghosh et al. 2003), pepper (Mayak et al. 
2004), etc. Jaemsaeng et  al. (2018) described that Streptomyces sp. GMKU336 
when applied to salt-stressed Oryza sativa L. cv. KDML105 promotes plant growth 
and confers tolerance to salt stress by reducing ethylene level by sequestering ACC 
via ACC deaminase activity. Similar findings were reported by Sarkar et al. (2018) 
depicting that halotolerant Enterobacter sp. improve the growth of rice plants and 
help to alleviate salinity stress via ACC deaminase activity. Moreover, ACC deami-
nase containing Pseudomonas fluorescens has a positive impact on the growth of 
salt-stressed cucumber plant (Nadeem et al. 2016). The rhizospheric bacterial gen-
era containing ACC deaminase activity include Azospirillum, Bacillus, Pseudomonas, 
Enterobacter, Alcaligenes, Klebsiella, Variovorax, Acidovorax, Methylobacterium, 
Achromobacter, and Rhizobium (Duan et al. 2009; Ghosh et al. 2003; Govindasamy 
et al. 2008; Paul and Lade 2014).

 Dual Inoculation of PGPR and AMF

Undoubtedly, PGPR and AMF have potential to ameliorate salinity stress but the 
capacity can be boosted by dual inoculation of PGPR and AMF to the plants 
(Gamalero et al. 2010). Inoculation with PGPR and AMF significantly enhances the 
uptake of essential nutrients particularly P that is mostly limiting factor in alkaline 
soils (Shirmardi et al. 2010). Positive influence of dual inoculation with PGPR and 
AMF on water and nutrition absorption, plant growth, and grain yield has also been 
reported (Najafi et al. 2012). Synergistic relationship of PGPR and AMF not only 
helps the plants to cope with abiotic stress but also equally beneficial for plants 
against biotic stresses (plant pathogens). However, the efficacy of co-inoculation is 
dependent upon both microbial species. In synergistic interactions, combination of 
certain mechanisms contributed by both bacterial and fungal partner results in 
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positive change on plant morphological, physiological, biochemical, and molecular 
attributes. However, further investigations are needed to get maximum output from 
this combination under natural environmental conditions.

 Future Prospective

Scientists are engaged to introduce workable strategies against salinity-induced 
losses of agriculture. Stress-induced damaging impacts can be reduced by exploring 
hidden potential of naturally occurring microorganisms (bacteria and fungi) and 
then applying them singly or in different combinations. A number of researchers 
have already examined positive changes in the plant growth, development, and yield 
with dual inoculation of bacteria and fungi under stress conditions. Effectiveness of 
dual inoculation compared to that of individual inoculation has also been reported. 
However, still there is much more to understand about the underlying mechanisms 
that are repressed/downregulated under salinity stress or triggered/upregulated by 
inoculation of bacteria and/or fungi. Understanding about physiological and molec-
ular mechanisms could enable us to use the microbial bioresources as biotechno-
logical tool for amelioration of salinity stress.

References

Abd-Allah EF, Hashem A, Alqarawi AA, Bahkali AH, Alwhibi MS (2015) Enhancing growth per-
formance and systemic acquired resistance of medicinal plant Sesbania sesban (L.) Merr using 
arbuscular mycorrhizal fungi under salt stress. Saudi J Biol Sci 22:274–283

Abdel-Latef AAH, Chaoxing H (2011) Effect of arbuscular mycorrhizal fungi on growth, mineral 
nutrition, antioxidant enzymes activity and fruit yield of tomato grown under salinity stress. 
Sci Hortic 127:228–233

Adam P (1990) Saltmarsh ecology. Cambridge University Press, Cambridge
Ahanger MA, Hashem A, Abd Allah EF, Ahmad P (2014a) Arbuscular mycorrhiza in crop 

improvement under environmental stress. In: Ahmad P, Rasool S (eds) Emerging technologies 
and management of crop stress tolerance, vol 2, pp 69–95

Ahanger MA, Tyagi SR, Wani MR, Ahmad P (2014b) Drought tolerance: role of organic osmo-
lytes, growth regulators, and mineral nutrients. In: Ahmad P, Wani MR (eds) Physiological 
mechanisms and adaptation strategies in plants under changing environment. Springer, 
New York, pp 25–55

Ahmad P (2010) Growth and antioxidant responses in mustard (Brassica juncea L.) plants sub-
jected to combined effect of gibberellic acid and salinity. Ach Agron Soil Sci 56:575–588

Ahmad P, Sharma S (2008) Salt stress and phyto-biochemical responses of plants—a review. Plant 
Soil Environ 54:89–99

Ahmad P, Jaleel CA, Sharma S (2010) Antioxidative defence system, lipid peroxidation, proline 
metabolizing enzymes and biochemical activity in two genotypes of Morus alba L subjected to 
NaCl stress. Russ J Plant Physiol 57:509–517

Ahmed K, Nawaz MQ, Hussain SS, Rizwan M, Sarfraz M, Wainse GM, Jamil M (2017) Response 
of onion to different nitrogen levels and method of transplanting in moderately salt affected 
soil. Acta Agric Slov 109:303–313

T. Yasmeen et al.



437

Akbarimoghaddam H, Galavi M, Ghanbari A, Panjehkeh N (2011) Salinity effects on seed germi-
nation and seedling growth of bread wheat cultivars. Trakia J Sci 9:43–50

Akram M, Shahid M, Tariq M, Azeem M, Javed MT, Saleem S, Riaz S (2016) Deciphering 
Staphylococcus sciuri SAT-17 mediated anti-oxidative defense mechanisms and growth modu-
lations in salt stressed maize Zea mays L. Front Microbiol 7:867

Alami Y, Achouak W, Marol C, Heulin T (2000) Rhizosphere soil aggregation and plant growth 
promotion of sunflowers by an exopolysaccharide-producing Rhizobium sp. strain isolated 
from sunflower roots. Appl Environ Microbiol 66:3393–3398

Al-Dulhli HS, Al-Rawahy SA, Prathapar S (2010) Effectiveness of mulches to control the soil salin-
ity in sorghum fields irrigated with saline water. A monograph on management of salt-affected 
soils and water for sustainable agriculture. Sultan Qaboos University, Muscat, pp 41–46

Al-Garni SMS (2006) Increasing NaCl-salt tolerance of a halophytic plant Phragmites australis by 
mycorrhizal symbiosis. Am Eur J Agric Environ Sci 1:119–126

Alguacil MM, Hernández JA, Caravaca F, Portillo B, Roldán A (2003) Antioxidant enzyme activi-
ties in shoots from three mycorrhizal shrub species afforested in a degraded semi-arid soil. 
Plant Physiol 118:562–570

Al-Karaki GN (2000a) Growth, sodium, and potassium uptake and translocation in salt stressed 
tomato. J Plant Nutr 23:369–379

Al-Karaki GN (2000b) Growth of mycorrhizal tomato and mineral acquisition under salt stress. 
Mycorrhiza 10:51–54

Al-Karaki GN, Hammad R, Rusan M (2001) Response of two tomato cultivars differing in salt 
tolerance to inoculation with mycorrhizal fungi under salt stress. Mycorrhiza 11:43–47

Allakhverdiev SI, Nishiyama Y, Suzuki I, Tasaka Y, Sakamoto A, Murata N (1999) Genetic 
engineering of the unsaturation of fatty acids in membrane lipids alters the tolerance of 
Synechocystis to salt stress. Proc Natl Acad Sci U S A 96:5862–5867

Allakhverdiev SI, Sakamoto A, Nishiyama Y, Inaba M, Murata N (2000) Ionic and osmotic effects 
of NaCl-induced inactivation of photosystems I and II in Synechococcus sp. Plant Physiol 
123:1047–1056

Alqarawi AA, Abd Allah EF, Hashem A (2014) Alleviation of salt-induced adverse impact via 
mycorrhizal fungi in Ephedra aphylla Forssk. J Plant Interact 9:802–810

Amirjani MR (2010) Effect of NaCl on some physiological parameters of rice. Environ J Biol Sci 
3:6–16

Apel K, Hirt H (2004) Reactive oxygen species: metabolism, oxidative stress, and signal transduc-
tion. Annu Rev Plant Biol 55:373–399

Araya GG, Araya K, Zhang H, Ohmiya K, Liu F, Zhang C (2010) Characteristics of salt-affected 
soils by deep tillage up to 600 mm: disaggregation experiments of soil clods. Eng Agric 
Environ Food 3:93–99

Arkhipova TN, Prinsen E, Veselov SU, Martinenko EV, Melentiev AI, Kudoyarova GR (2007) 
Cytokinin producing bacteria enhance plant growth in drying soil. Plant and Soil 292:305–315

Aroca R, Ruiz-Lozano JM, Zamarreno A, Paz JA, Garcia-Mina JM, Pozo MJ, Lopez-Raez JA 
(2013) Arbuscular mycorrhizal symbiosis influences strigolactone production under salinity 
and alleviates salt stress in lettuce plants. J Plant Physiol 170:47–55

Asghari HR, Marschner P, Smith SE, Smith FA (2005) Growth response of Atriplex nummularia 
to inoculation with arbuscular mycorrhizal fungi at different salinity levels. Plant and Soil 
273:245–256

Azooz MM, Youssef AM, Ahmad P (2011) Evaluation of salicylic acid (SA) application on growth, 
osmotic solutes and antioxidant enzyme activities on broad bean seedlings grown under diluted 
seawater. Int J Plant Physiol Biochem 3:253–264

Balliu A, Sallaku G, Rewald B (2015) AMF inoculation enhances growth and improves the nutri-
ent uptake rates of transplanted, salt-stressed tomato seedlings. Sustainability 7:15967–15981

Bano A, Fatima M (2009) Salt tolerance in Zea mays (L). following inoculation with Rhizobium 
and Pseudomonas. Biol Fertil Soils 45:405–413

Barassi C, Ayrault G, Creus C, Sueldo R, Sobrero M (2006) Seed inoculation with Azospirillum 
mitigates NaCl effects on lettuce. Sci Hortic 109:8–14

Ameliorative Capability of Plant Growth Promoting Rhizobacteria (PGPR)…



438

Bartwal A, Mall R, Lohani P, Guru SK, Arora S (2013) Role of secondary metabolites and brassi-
nosteroids in plant defense against environmental stresses. J Plant Growth Regul 32:216–232

Belimov AA, Safronova VI, Sergeyeva TA, Egorova TN, Matveyeva VA, Tsyganov VE, Preisfeld 
A (2001) Characterization of plant growth promoting rhizobacteria isolated from polluted soils 
and containing 1-aminocyclopropane-1-carboxylate deaminase. Can J Microbiol 47:642–652

Beltrano J, Ruscitti M, Arango MC, Ronco M (2013) Effects of arbuscular mycorrhiza inocula-
tion on plant growth, biological and physiological parameters and mineral nutrition in pepper 
grown under different salinity and p levels. J Soil Sci Plant Nutr 13:123–141

Beresford Q, Bekle H, Phillips H, Mulcock J (2001) The salinity crisis: landscapes, communities 
and politics. University of Western Australia Press, Perth

Berta G, Fusconi A, Trotta A, Scannerini S (1990) Morphogenetic modifications induced by the 
mycorrhizal fungus Glomus strain E3  in the root system of Allium porrum L.  New Phytol 
114:207–215

Bharti N, Pandey SS, Barnawal D, Patel VK, Kalra A (2016) Plant growth promoting rhizobacteria 
Dietzia natronolimnaea modulates the expression of stress responsive genes providing protec-
tion of wheat from salinity stress. Sci Rep 6:34768

Bhattacharyya PN, Jha DK (2012) Plant growth-promoting rhizobacteria (PGPR): emergence in 
agriculture. World J Microbiol Biotechnol 28:1327–1350

Black AL, Brown PL, Halvorson AD, Siddoway FH (1981) Dry land cropping strategies for effi-
cient water-use to control saline seeps in the northern Great Plains, USA. Agric Water Manage 
4:295–311

Bohnert HJ, Nelson DE, Jensen RG (1995) Adaptations to environmental stresses. Plant Cell 
7:1099–1111

Borde M, Dudhane M, Jite P (2011) Growth photosynthetic activity and antioxidant responses of 
mycorrhizal and non-mycorrhizal bajra (Pennisetum glaucum) crop under salinity stress condi-
tion. Crop Prot 30:265–271

Bordi A (2010) The influence of salt stress on seed germination, growth and yield of canola culti-
vars. Not Bot Horti Agrobo 38:128–133

Botella M, Del Amor F, Amorós A, Serrano M, Martínez V, Cerdá A (2000) Polyamine, ethylene 
and other physico-chemical parameters in tomato (Lycopersicon esculentum) fruits as affected 
by salinity. Physiol Plant 109:428–434

Bybordi A, Tabatabaei SJ, Ahmedov A (2010) Effects of salinity stress on fatty acids composition 
of Canola (Brassica napus L.). Food Agric J 8:113–115

Cantrell IC, Linderman RG (2001) Preinoculation of lettuce and onion with VA mycorrhizal fungi 
reduces deleterious effects of soil salinity. Plant and Soil 233:269–281

Carpici EB, Celik N, Bayram G (2009) Effects of salt stress on germination of somemaize (Zea 
mays L.) cultivars. Afr J Biotechnol 8:4918–4922

Casati P, Drincovich MF, Edwards GE, Andreo CS (1999) Malate metabolism by NADP-malic 
enzyme in plant defense. Photosynth Res 61:99–105

Chaum S, Kirdmanee C (2009) Effect of salt stress on proline accumulation, photosynthetic ability 
and growth characters in two maize cultivars. Pak J Bot 41:87–98

Cheeseman JM (1988) Mechanism of salinity tolerance in plants. Plant Physiol 87:547–550
Chen J, Zhang H, Zhang X, Tang M (2017) Arbuscular mycorrhizal symbiosis alleviates salt stress 

in black locust through improved photosynthesis, water status, and K+/Na+ homeostasis. Front 
Plant Sci 8:1739

Chulan HA, Martin K (1992) The vesicular-arbuscular (VA) mycorrhiza and its effect on growth of 
vegetatively propagated Theobroma cacao L. Plant and Soil 144:227–233

Chunthaburee S, Dongsansuk A, Sanitchon J, Pattanagul W, Theerakulpisut P (2016) Physiological 
and biochemical parameters for evaluation and clustering of rice cultivars differing in salt toler-
ance at seedling stage. Saudi J Biol Sci 23:467–477

Chutipaijit S, Cha-um S, Sompornpailin K (2011) High contents of proline and anthocy-
anin increase protective response to salinity in Oryza sativa L. spp. indica. Aust J Crop Sci 
5:1191–1198

T. Yasmeen et al.



439

Cisneros JM, Cantero JJ, Cantero A (1999) Vegetation, soil hydrophysical properties, and grazing 
relationships in saline-sodic soils of Central Argentina. Can J Soil Sci 79:399–409

Cucci G, Lacolla G, Pallara M, Laviano R (2012) Reclamation of saline and saline-sodic soils 
using gypsum and leaching water. Afr J Agric Res 7:6508–6514

Daeia G, Ardekania MR, Rejalic F, Teimurib S, Miransari M (2009) Alleviation of salinity stress 
on wheat yield, yield components, and nutrient uptake using arbuscular mycorrhizal fungi 
under field conditions. J Plant Physiol 166:617–625

Dantas BF, De Sa RL, Aragao CA (2007) Germination, initial growth and cotyledon protein con-
tent of bean cultivars under salinity stress. Rev Bras Sementes 29:106–110

Diacono M, Montemurro F (2015) Effectiveness of organic wastes as fertilizers and amendments 
in salt-affected soils. Agriculture 5:221–230

Dimkpa C, Weinand T, Asch F (2009) Plant–rhizobacteria interactions alleviate abiotic stress con-
ditions. Plant Cell Environ 32:1682–1694

Dionisio-Sese ML, Tobita S (1998) Antioxidant responses of rice seedlings to salinity stress. Plant 
Sci 135:1–9

DNRQ (1997) Salinity management handbook. Department of Natural Resources, Queensland. 
ISBN 0 7242 7412 X

Doganlar ZB, Demir K, Basak H, Gul I (2010) Effects of salt stress on pigment and total soluble 
protein contents of the three different tomato cultivars. Afr J Agric 5:2056–2065

Dolatabadian A, Modarressanavy SAM, Ghanati F (2011) Effect of salinity on growth, xylem 
structure and anatomical characteristics of soybean. Not Sci Bio 3:41–45

Duan J, Müller KM, Charles TC, Vesely S, Glick BR (2009) 1-aminocyclopropane-1-carboxylate 
(ACC) deaminase genes in rhizobia from southern Saskatchewan. Microb Ecol 57:423–436

Duchaufour P (1982) Pedology: pedogenesis and classification. Allen and Unwin, London
Ebrahim MKH, Saleem AR (2017) Alleviating salt stress in tomato inoculated with mycorrhizae: 

photosynthetic performance and enzymatic antioxidants. J Taibah Uni Sci 11:850–860
Egamberdieva D (2009) Alleviation of salt stress by plant growth regulators and IAA producing 

bacteria in wheat. Acta Physiol Plant 31:861–864
Egamberdieva D (2013) The role of phytohormone producing bacteria in alleviating salt stress in 

crop plants. Biotechnological techniques of stress tolerance in plants. Studium, Houston, TX, 
pp 21–39

Elhindi KM, El-Din AS, Elgorban AM (2017) The impact of arbuscular mycorrhizal fungi in 
mitigating salt-induced adverse effects in sweet basil (Ocimum basilicum L). Saudi J Biol Sci 
24:170–179

El-Tayeb MA (2005) Response of barley grains to the interactive effect of salinity and salicylic 
acid. Plant Growth Regul 45:215–224

Fahad S, Hussain S, Bano A, Saud S, Hassan S, Shan D, Khan FA, Khan F, Chen Y, Wu C, Tabassum 
MA, Chun MX, Afzal M, Jan A, Jan MT, Huang J (2015) Potential role of phytohormones and 
plant growth-promoting rhizobacteria in abiotic stresses: consequences for changing environ-
ment. Environ Sci Pollut Res 22:4907–4921

Fang XJ, Wen ZX, Hao YN, Zhou Z, Li MS, Tao DM, Dong XU, Lai MJ (2013) Activities of 
principal photosynthetic enzymes in green macroalga Ulva linza: functional implication of C4 
pathway in CO2 assimilation. Sci China Life Sci 56:571–580

FAO (1997) Irrigation potential in Africa: a basin approach. FAO Land and Water Bulletin 4, Rome
FAO (2015) FAO and ITPS: status of the world’s soil resources (SWSR)—main report. Food and 

Agriculture Organization of the United Nations and Intergovernmental Technical Panel on 
Soils, Rome

FAO-Unesco (1973) Irrigation, drainage and salinity. An International Sourcebook. UNESCO/
Hutchinson, Paris/London, p 510

Fazal A, Bano A (2016) Role of plant growth-promoting rhizobacteria (pgpr), biochar, and chemi-
cal fertilizer under salinity stress. Comm Soil Sci Plant Anal 47:1985–1993

Feng G, Zhang FS, Li XL, Tian CY, Tang C, Rengel Z (2002) Improved tolerance of maize plants 
to salt stress by arbuscular mycorrhiza is related to higher accumulation of soluble sugars in 
roots. Mycorrhiza 12:185–190

Ameliorative Capability of Plant Growth Promoting Rhizobacteria (PGPR)…



440

Fercha A (2011) Some physiological and biochemical effects of NaCl salinity on durum wheat 
(Triticum durum Desf.). Adv Biol Res 5:315–322

Fischer RA, Sayre K, Monasterio IO (2005) The effect of raised bed planting on irrigated wheat 
yield as influenced by variety and row spacing. In Proceedings of Workshop, Evaluation and 
performance of permanent raised bed cropping systems in Asia, Australia and Mexico held in 
Griffith, NSW, Australia

Flowers TJ (2004) Improving crop salt tolerance. J Exp Bot 55:307–319
Flowers TJ, Troke PF, Yeo AR (1977) The mechanism of salt tolerance in halophytes. Annu Rev 

Plant Physiol 28:89–121
Gain P, Mannan MA, Pal PS, Hossain MM, Parvin S (2004) Effect of salinity on some yield attri-

butes of rice. Pak J Biol Sci 7:760–762
Gamalero E, Berta G, Massa N, Glick BR, Lingua G (2010) Interactions between Pseudomonas 

putida UW4 and Gigaspora rosea BEG9 and their consequences on the growth of cucumber 
under salt stress conditions. J Appl Microbiol 108:236–245

Garg N, Manchanda G (2009) Role of arbuscular mycorrhizae in the alleviation of ionic, 
osmotic and oxidative stresses induced by Mycorrhiza salinity in Cajanus cajan (L.) Millsp. 
(Pigeonpea). J Agron Crop Sci 195:110–123

Geddie JL, Sutherland I (1993) Uptake of metals by bacterial polysaccharides. J Appl Microbiol 
74:467–472

George RJ, Nulsen RA, Ferdowsian R, Raper GP (1999) Interactions between trees and ground-
waters in recharge and discharge areas—a survey of West Australian sites. Agric Water Manag 
39:91–113

Ghassemi F, Jakeman AJ, Nix HA (1995) Salinisation of land and water resources: human causes, 
extent, management and case studies. UNSW Press, Sydney

Ghosh S, Penterman JN, Little RD, Chavez R, Glick BR (2003) Three newly isolated plant growth- 
promoting bacilli facilitate the seedling growth of canola, Brassica campestris. Plant Physiol 
Biochem 41:277–281

Giri B, Kapoor R, Mukerji KG (2003) Influence of arbuscular mycorrhizal fungi and salinity on 
growth, biomass, and mineral nutrition of Acacia auriculiformis. Biol Fertil Soils 38:170–175

Giri B, Kapoor R, Mukerji KG (2007) Improved tolerance of Acacia nilotica to salt stress by 
arbuscular mycorrhiza, Glomus fasciculatum may be partly related to elevated K/Na ratios in 
root and shoot tissues. Microb Ecol 54:753–760

Glick BR, Todorovic B, Czarny J, Cheng Z, Duan J, McConkey B (2007a) Promotion of plant 
growth by bacterial ACC deaminase. Crit Rev Plant Sci 26:227–242

Glick BR, Cheng Z, Czarny J, Duan J (2007b) Promotion of plant growth by ACC deaminase- 
producing soil bacteria. Eur J Plant Pathol 119:329–339

Gomes-Filho E, Lima CRFM, Costa JH, da Silva AC, daGuia SLM, de Lacerda CF, Prisco JT 
(2008) Cowpea ribonuclease: properties and effect of NaCl-salinity on its activation during 
seed germination and seedling establishment. Plant Cell Rep 27:147–157

Govindasamy V, Senthilkumar M, Gaikwad K, Annapurna K (2008) Isolation and characteriza-
tion of ACC deaminase gene from two plant growth-promoting rhizobacteria. Curr Microbiol 
57:312–317

Goyal SS, Sharma SK, Rainsa DW, Lauchli A (1999a) Long term reuse of drainage waters of 
varying salinities for crop irrigation in a cotton-safflower rotation system in the San Joaquin 
Valley of California—a nine year study: I. Cotton (Gossypium hirsutum L.). J Crop Prod 
2:181–213

Goyal SS, Sharma SK, Rains DW, Lauchli A (1999b) Long term reuse of drainage waters of 
varying salinities for crop irrigation in a cotton-safflower rotation system in the San Joaquin 
Valley of California—a nine year study: II. Safflower (Carthamus tinctorius L.). J Crop Prod 
2:215–227

Greenway H, Munns R (1980) Mechanisms of salt tolerance in non-halophytes. Annu Rev Plant 
Physiol 31:149–190

Grover M, Ali SZ, Sandhya V, Rasul A, Venkateswarlu B (2011) Role of microorganisms in adap-
tation of agriculture crops to abiotic stresses. World J Microbiol Biotechnol 27:1231–1240

T. Yasmeen et al.



441

Gueta-Dahan Y, Yaniv Z, Zilinskas BA, Ben-Hayyim G (1997) Salt and oxidative stress: similar 
and specific responses and their relation to salt tolerance in citrus. Planta 204:460–469

Habib SH, Kausar H, Saud HM (2016) Plant growth-promoting rhizobacteria enhance salinity 
stress tolerance in okra through ROS-scavenging enzymes. Biomed Res Int 2016:1–10

Hajiboland R, Aliasgharzadeh N, Laiegh SF, Poschenrieder C (2010) Colonization with arbuscular 
mycorrhizal fungi improves salinity tolerance of tomato (Solanum lycopersicum L.) plants. 
Plant and Soil 331:313–327

Hala M, El-Bassiouny S, Bekheta MA (2005) Effect of salt stress on relative water content, lipid 
peroxidation, polyamines, amino acids and ethylene of two wheat cultivars. Int J Agric Biol 
3:363–368

Hameed A, Egamberdieva D, Abd_Allah EF, Hashem A, Kumar A, Ahmad P (2014) Salinity stress 
and arbuscular mycorrhizal symbiosis in plants. In: Miransari M (ed) Use of microbes for the 
alleviation of soil stresses. Springer, New York, pp 139–159

Hasanuzzaman M, Fujita M, Islam MN, Ahamed KU, Nahar K (2009) Performance of four irri-
gated rice varieties under different levels of salinity stress. Int J Integr Biol 6:85–90

Hashem A, Abd_Allah EF, Alqarawi AA, El-Didamony G, Mona SA, Egamberdieva D (2014) 
Alleviation of adverse impact of salinity on faba bean (Vicia faba L.) by arbuscular mycorrhizal 
fungi. Pak J Bot 46:2003–2013

Hashem A, Abd_Allah EF, Alqarawi AA, Mona SA, Alenazi MM, Egamberdieva D, Ahmad P 
(2015a) Arbuscular mycorrhizal fungi mitigates NaCl induced adverse effects on Solanum 
lycopersicum L. Pak J Bot 47:327–340

Hashem A, Abd-Allah EF, Alqarawi AA, Egamberdieva D (2015b) Induction of salt stress toler-
ance in cowpea [Vigna unguiculata (L.) Walp.] by arbuscular mycorrhizal fungi. Legume Res 
38:579–588

Hashem A, Abd-Allah EF, Alqarawi AA, Wirth S, Egamberdieva D (2016a) Arbuscular mycorrhi-
zal fungi alleviate salt stress in Lupine (Lupinus termis Forsik) through modulation of antioxi-
dant defense systems and physiological traits. Legume Res 39:198–207

Hashem A, Abd-Allah EF, Alqarawi AA, Wirth S, Egamberdieva D (2016b) Comparing symbiotic 
performance and physiological responses of two soybean cultivars to arbuscular mycorrhizal 
fungi under salt stress. Saudi J Biol Sci. https://doi.org/10.1016/j.sjbs.2016.11.015

Hashem A, Salwa AA, Alqarawi AA, Abdullah EF, Egamberdieva D (2016c) Arbuscular mycorrhi-
zal fungi enhance basil tolerance to salt stress through improved physiological and nutritional 
status. Pak J Bot 48:37–45

Hatton TJ, Ruprecht J, George R (2003) Preclearing hydrology of the Western Australia wheatbelt: 
target for the future? Plant and Soil 257:341–356

Hodge A, Campbell CD, Fitter AH (2001) An arbuscular mycorrhizal fungus accelerates decompo-
sition and acquires nitrogen directly from organic material. Nature 413:297–299

Hoseini SM (2010) Studying effects of salinity stress on germination, proline and carbohydrate 
content in Thyme (Thymus vulgaris L) seedlings. Int J Agric Crop Sci 2:34–38

Hossain MA, Fujita M (2010) Evidence for a role of exogenous glycine betaine and proline in 
antioxidant defense and methyl glyoxal detoxification systems in mung bean seedlings under 
salt stress. Physiol Mol Biol Plants 16:19–29

Hu Y, Schmidhalter U (2002) Limitation of salt stress to plant growth. In: Hock B, Elstner CF (eds) 
Plant toxicology. Marcel Dekker Inc, New York, pp 91–224

Hu Y, Schmidhalter U (2005) Drought and salinity: a comparison of their effects on mineral nutri-
tion of plants. J Plant Nutr Soil Sci 168:541–549

Hussain TM, Hazara M, Sultan Z, Saleh BK, Gopal GR (2008a) Recent advances in salt stress 
biology a review. Biotechnol Mol Biol Rev 3:8–13

Hussain TM, Chandrasekhar T, Hazara M, Sultan Z, Saleh B, Gopa GR (2008b) Recent advances 
in salt stress biology. Biotechnol J 3:1008–1013

Ibrar M, Jabeen M, Tabassum J, Hussain F, Ilahi I (2003) Salt tolerance potential of Brassica jun-
cea Linn. J Sci Technol Uni Peshawar 27:79–84

Iyengar ERR, Reddy MP (1996) Photosynthesis in highly salt-tolerant plants. In: Pessaraki M (ed) 
Handbook of hotosynthesis. Marcel Dekker, New York, pp 897–909

Ameliorative Capability of Plant Growth Promoting Rhizobacteria (PGPR)…

https://doi.org/10.1016/j.sjbs.2016.11.015


442

Jaemsaeng R, Jantasuriyarat C, Thamchaipenet A (2018) Molecular interaction of 1- aminocyclopr
opane- 1-carboxylate deaminase (ACCD)-producing endophytic Streptomyces sp. GMKU 336 
towards salt-stress resistance of Oryza sativa L. cv. KDML105. Sci Rep 8:1950

Jahromi F, Aroca R, Porcel R, Ruiz-Lozano JM (2008) Influence of salinity on the in vitro devel-
opment of Glomus intraradices and on the in vivo physiological and molecular responses of 
mycorrhizal lettuce plants. Microb Ecol 55:45–53

Jalili F, Khavazi K, Pazira E, Nejati A, Rahmani HA, Sadaghiani HR, Miransari M (2009) Isolation 
and characterization of ACC deaminase-producing fluorescent pseudomonads, to alleviate 
salinity stress on canola (Brassica napus L.) growth. J Plant Physiol 166:667–674

James RA, Rivelli AR, Munns R, von Caemmerer S (2002) Factors affecting CO2 assimilation, leaf 
injury and growth in salt-stressed durum wheat. Funct Plant Biol 29:1393–1403

Jamil M, Lee DB, Jung KY, Ashraf M, Lee SC, Rh ES (2006) Effect of salt (NaCl) stress on ger-
mination and early seedling growth of four vegetables species. J Central Eur Agric 7:273–281

Jamil A, Riaz S, Ashraf M, Foolad MR (2011) Gene expression profiling of plants under salt stress. 
Crit Rev Plant Sci 30:435–458

Jobbágy EG, Jackson RB (2007) Groundwater and soil chemical changes under phreatophytic tree 
plantations. J Geophys Res 112:G02013. https://doi.org/10.1029/2006JG000246

Jones A, Panagos P, Barcelo S, Bouraoui F, Bosco C, Dewitte O, Gardi C, Hervás J, Hiederer 
R, Jeffery S (2012) The state of soil in Europe—a contribution of the JRC to the European 
Environment Agency’s Environment State and Outlook R-SOER 2010

Juniper S, Abbott LK (2006) Soil salinity delays germination and limits growth of hyphae from 
propagules of arbuscular mycorrhizal fungi. Mycorrhiza 16:371–379

Kalaji HM, Govindjee BK, Koscielniakd J, Zük-Gołaszewska K (2011) Effects of salt stress on 
photosystem II efficiency and CO2 assimilation of two Syrian barley landraces. Environ Exp 
Bot 73:64–72

Kang BR, Yang KY, Cho BH, Han TH, Kim IS, Lee MC, Anderson AJ, Kim YC (2006) Production 
of indole-3-acetic acid in the plant-beneficial strain Pseudomonas chlororaphis O6 is nega-
tively regulated by the global sensor kinase GacS. Curr Microbiol 52:473–476

Kang SM, Khan AL, Waqas M, You YH, Kim JH, Kim JG, Hamayun M, Lee IJ (2014) Plant 
growth-promoting rhizobacteria reduce adverse effects of salinity and osmotic stress by regu-
lating phytohormones and antioxidants in Cucumis sativus. J Plant Interact 9:673–682

Kaya C, Ashraf M, Sonmez O, Aydemir S, Tuna AL, Cullu MA (2009) The influence of arbuscular 
mycorrhizal colonization on key growth parameters and fruit yield of pepper plants grown at 
high salinity. Sci Hortic 121:1–6

Keutgen AJ, Pawelzik E (2009) Impacts of NaCl stress on plant growth and mineral nutrient assim-
ilation in two cultivars of strawberry. Environ Exp Bot 65:170–176

Khan Z, Doty SL (2009) Characterization of bacterial endophytes of sweet potato plants. Plant 
and Soil 322:197–207

Khan MA, Rizvi Y (1994) Effect of salinity, temperature and growth regulators on the germination 
and early seedling growth of Atriplex griffithii var. Stocksii. Can J Bot 72:475–479

Khan MA, Irwin A, Allan MS (2000) The effect of salinity on the growth, water status and 
ion content of a leaf succulent perennial halophyte, Suaeda fruticosa L.  Arid Environ 
J 45:73–84

Khan MA, Ansari R, Ali H, Gul B, Nielsen BL (2009) Panicum turgidum, a potentially sustainable 
cattle feed alternative tomaize for saline areas. Agric Ecosyst Environ 129:542–546

Khan MM, Al-Mas’oudi RSM, Al-Said F, Khan I (2013) Salinity effects on growth, electrolyte 
leakage, chlorophyll content and lipid peroxidationin cucumber (Cucumis sativus L.). In: 
Int Conf Food Agric Sci IPCBEE, vol 55. IACSIT Press, Singapore. https://doi.org/10.7763/
IPCBEE.2013.V55.6

Khan MIR, Asgher M, Khan NA (2014) Alleviation of salt-induced photosynthesis and growth 
inhibition by salicylic acid involves glycine betaine and ethylene in mungbean (Vigna radiata 
L.). Plant Physiol Biochem 80:67–74

Khodarahmpour Z, Ifara M, Motamedi M (2012) Effects of NaCl salinity on maize (Zea mays L.) 
at germination and early seedling stage. Afr J Biotechnol 11:298–304

T. Yasmeen et al.

https://doi.org/10.1029/2006JG000246
https://doi.org/10.7763/IPCBEE.2013.V55.6
https://doi.org/10.7763/IPCBEE.2013.V55.6


443

Kim SY, Lim JH, Park MR, Kim YJ, Park TI, Seo YW, Choi KG, Yun SJ (2005) Enhanced anti-
oxidant enzymes are associated with reduced hydrogen peroxide in barley roots under saline 
stress. BMB Rep 38:218–224

Kloepper JW, Ryu CM, Zhang S (2004) Induced systemic resistance and promotion of plant 
growth by Bacillus species. Phytopathology 94:1259–1266

Kloepper J, Gutierrez-Estrada A, McInroy J (2007) Photoperiod regulates elicitation of growth pro-
motion but not induced resistance by plant growth-promoting rhizobacteria. Can J Microbiol 
53:159–167

Kohler J, Hernandez JA, Caravaca F, Roldan A (2009) Induction of antioxidant enzymes is involved 
in the greater effectiveness of a PGPR versus AM fungi with respect to increasing the tolerance 
of lettuce to severe salt stress. Environ Exp Bot 65:245–252

Koyro HW, Hussain T, Huchzermeyer B, Khan MA (2013) Photosynthetic and growth responses 
of a perennial halophytic grass Panicum turgidum to increasing NaCl concentrations. Environ 
Exp Bot 91:22–29

Kurth E, Cramer GR, Lauchli A, Epstein E (1986) Effects of NaCl and CaCl2 on cell enlargement 
and cell production in cotton roots. Plant Physiol 82:1102–1106

Levitt J (1980) Responses of plants to environmental stresses, vol 2. Academic, New York
Linghe Z, Shannon MC (2000) Salinity effects on seedling growth and yield components of rice. 

Crop Sci 40:996–1003
Liu L, Sun H, Chen J, Zhang Y, Li D, Li C (2014) Effects of cadmium (Cd) on seedling growth 

traits and photosynthesis parameters in cotton. Plant Omics J 7:284–290
Liu S, Guo X, Feng G, Maimaitiaili B, Fan J, He X (2016) Indigenous arbuscular mycorrhizal 

fungi can alleviate salt stress and promote growth of cotton and maize in saline fields. Plant 
and Soil 398:195–206

Maas EV, Hoffman GJ (1977) Crop salt tolerance—current assessment. Proc Am Soc Civil Eng 
103:115–134

Mahajan S, Tuteja N (2005) Cold, salinity and drought stresses: an overview. Arch Biochem 
Biophys 444:139–158

Mane AV, Karadge BA, Samant JS (2010) Salinity induced changes in photosynthetic pigments 
and polyphenols of Cymbopogon nardus (L.) Rendle. J Chem Pharm Res 2:338–347

Marcelis LFM, Van Hooijdonk J (1999) Effect of salinity on growth, water use and nutrient use in 
radish (Raphanus sativus L.). Plant and Soil 215:57–64

Marulanda A, Azcón R, Ruiz-Lozano JM (2003) Contribution of six arbuscular mycorrhizal 
fungal isolates to water uptake by Lactuca sativa plants under drought stress. Physiol Plant 
119:526–533

Marulanda A, Porcel R, Barea JM, Azcón R (2007) Drought tolerance and antioxidant activities 
in lavender plants colonized by native drought-tolerant or drought-sensitive Glomus species. 
Microb Ecol 54:543–552

Masood A, Iqbal N, Asgher M, Khan MIR, Fatma M, Khan NA (2013) Variation in carbohy-
drate accumulation in two cultivars of mustard and its association with salt tolerance. J Funct 
Environ Bot 3:94–102

Mayak S, Tirosh T, Glick BR (2004) Plant growth-promoting bacteria confer resistance in tomato 
plants to salt stress. Plant Physiol Biochem 2:565–572

Michalak A (2006) Phenolic compounds and their antioxidant activity in plants growing under 
heavy metal stress. Polish J Environ Stud 15:523–530

Miransari M (2011) Arbuscular mycorrhizal fungi and nitrogen uptake. Review article. Arch 
Microbiol 193:77–81

Mittler R (2002) Oxidative stress, antioxidants and stress tolerance. Trends Plant Sci 7:405–410
Mittal S, Kumari N, Sharma V (2012) Differential response of salt stress on Brassica juncea: 

photosynthetic performance, pigment, proline, D1 and antioxidant enzymes. Plant Physiol 
Biochem 54:17–26

Mittova V, Guy M, Tal M, Volokita M (2004) Salinity upregulates the antioxidative system in root 
mitochondria and peroxisomes of the wild salt-tolerant tomato species Lycopersicon pennellii. 
J Exp Bot 55:1105–1113

Ameliorative Capability of Plant Growth Promoting Rhizobacteria (PGPR)…



444

Moghaieb REA, Saneoka H, Fujita K (2004) Effect of salinity on osmotic adjustment, glycine 
betaine accumulation and the betaine aldehyde dehydrogenase gene expression in two halo-
phytic plants, Salicornia europaea and Suaeda maritime. Plant Sci 166:1345–1349

Mulrennan ME, Woodroffe CD (1998) Saltwater intrusion into the coastal plains of the Lower 
Mary River, Northern Territory, Australia. J Environ Manage 54:169–188

Munns R (1993) Physiological processes limiting plant growth in saline soil: some dogmas and 
hypotheses. Plant Cell Environ 16:15–24

Munns R (2002) Comparative physiology of salt and water stress. Plant Cell Environ 25:239–250
Munns R (2005) Genes and salt tolerance: bringing them together. New Phytol 167:645–663
Munns R, Tester M (2008) Mechanisms of salinity tolerance. Plant Biol J 59:651–681
Murkute AA, Sharma S, Singh SK (2006) Studies on salt stress tolerance of citrus rootstock geno-

types with arbuscular mycorrhizal fungi. Hort Sci 33:70–76
Nadeem SM, Zahir ZA, Naveed M, Arshad M (2007) Preliminary investigations on inducing salt 

tolerance in maize through inoculation with rhizobacteria containing ACC deaminase activity. 
Can J Microbiol 53:1141–1149

Nadeem SM, Zahir ZA, Naveed M, Asghar HN, Arshad M (2010) Rhizobacteria capable of pro-
ducing ACC-deaminase may mitigate salt stress in wheat. Soil Sci Soc Am J 74:533–542

Nadeem SM, Ahmad M, Naveed M, Imran M, Zahir ZA, Crowley DE (2016) Relationship between 
in vitro characterization and comparative efficacy of plant growth-promoting rhizobacteria for 
improving cucumber salt tolerance. Arch Microbiol 198:379–387

Nahar K, Hasanuzzaman M (2009) Germination, growth, nodulation and yield performance of 
three mung bean varieties under different levels of salinity stress. Green Farming 2:825–829

Najafi A, Ardakani MR, Rejali F, Sajedi N (2012) Response of winter barley to co-inoculation with 
Azotobacter and Mycorrhiza fungi influenced by plant growth promoting rhizobacteria. Ann 
Biol Res 3:4002–4006

Nautiyal CS, Govindarajan R, Lavania M, Pushpangadan P (2008) Novel mechanism of modulat-
ing natural antioxidants in functional foods: involvement of plant growth promoting rhizobac-
teria NRRL B-30488. J Agric Food Chem 56:4474–4481

Navarro JM, Perez-Tornero O, Morte A (2013) Alleviation of salt stress in citrus seedlings inocu-
lated with arbuscular mycorrhizal fungi depends on the rootstock salt tolerance. J Plant Physiol 
171:76–85

Nicholls RJ, Cazenave A (2010) Sea-level rise and its impact on coastal zones. Science 
328:1517–1520

Noctor G, Foyer CH (1998) Simultaneous measurement of foliar glutathione, γ-glutamyl cyste-
ine and amino acids by high-performance liquid chromatography: comparison with two other 
assay methods for glutathione. Anal Biochem 264:98–110

Otoch MDL, Sobreira ACM, deAragao MEF, Orellano EG, Lima MDS, deMelo DF (2001) Salt 
modulation of vacuolar H+-ATPase and H+-pyrophosphatase activities in Vigna unguiculata. 
J Plant Physiol 158:545–551

Parvaiz A, Satyawati S (2008) Salt stress and phyto biochemical responses of plants. Plant Soil 
J 54:89–99

Paul D (2012) Osmotic stress adaptations in rhizobacteria. J Basic Microbiol 52:1–10
Paul EA, Kucey RMN (1981) Carbon flow in plant microbial associations photosynthesis. Science 

213:473–474
Paul D, Lade H (2014) Plant-growth-promoting rhizobacteria to improve crop growth in saline 

soils: a review. Agron Sustain Dev 34:737–752
Piotr S, Grazyna K (2005) Antioxidant defense in the leaves of C3 and C4 plants under salinity 

stress. Physiol Plant 125:31–40
Popova LP, Stoinova ZG, Maslenkova LT (1995) Involvement of abscisic acid in photosynthetic 

process in Hordeum vulgare L. during salinity stress. J Plant Growth Regul 14:211–218
Porcel R, Redondo-Gómez S, Mateos-Naranjo E, Aroca R, Garcia R, Ruiz-Lozano JM (2015) 

Arbuscular mycorrhizal symbiosis ameliorates the optimum quantum yield of photosystem II 
and reduces non-photochemical quenching in rice plants subjected to salt stress. J Plant Physiol 
185:75–83.

T. Yasmeen et al.



445

Porras-Soriano A, Soriano-Martín ML, Porras-Piedra A, Azcón R (2009) Arbuscular mycorrhizal-
fungi increased growth, nutrient uptake and tolerance to salinity in olive trees under nursery 
conditions. J Plant Physiol 166:1350–1359

Provin TL, Pitt JL (2001) Managing soil salinity. Texas AgriLife Extension Service publication 
E-60. Texas A&M University Publication, College Station, TX

Purty RS, Kumar G, Singla-Pareek SL, Pareek A (2008) Towards salinity tolerance in Brassica: an 
overview. Physiol Mol Biol Plants 14:39–49

Qadir M, Schubert S (2002) Degradation processes and nutrient constraints in sodic soils. Land 
Degrad Dev 13:275–294

Qureshi RH (2003) Impact of agriculture practices on environmental sustainability in South 
Asia. In: Proceedings of better agricultural practices for environmental sustainability. Asian 
Productivity Organization (APO), Tokyo

Qureshi RH, Aslam M, Akhtar J  (2003) Productivity enhancement in the salt-affected lands of 
Joint Satiana Pilot Project area of Pakistan. In: Goyal SS, Sharma SK, Rains DW (eds) Crop 
production in saline environments: Global and integrative perspectives. The Food Products 
Press, Binghamton, New York, pp 277–297

Rabie GH (2005) Influence of arbuscular mycorrhizal fungi and kinetin on the response of mung-
bean plants to irrigation with seawater. Mycorrhiza 15:225–230

Rabie GH, Almadini AM (2005) Role of bioinoculants in development of salt-tolerance of Vicia 
faba plants under salinity stress. Afr J Biotechnol 4:210–220

Rahdari P, Tavakoli S, Hosseini SM (2012) Studying of salinity stress effect on germination, pro-
line, sugar, protein, lipid and chlorophyll content in Purslane (Portulaca oleraceae L.) leaves. 
Stress Physiol Biol J 8:182–193

Rasool S, Ahmad A, Siddiqi TO, Ahmad P (2013) Changes in growth, lipid peroxidation and 
some key antioxidant enzymes in chickpea genotypes under salt stress. Acta Physiol Planta 
35:1039–1050

Reddy MP, Sanish S, Iyengar ERR (1992) Photosynthetic studies and compartmentation of ions 
in different tissues of Salicornia brachiata Roxb. under saline conditions. Photosynthetica 
26:173–179

Rengasamy P (2006) World salinization with emphasis on Australia. J Exp Bot 57:1017–1023
Rengasamy P (2010) Soil processes affecting crop production in salt-affected soils. Funct Plant 

Biol 37:613–620
Richards LA (1954) Diagnosis and improvement of saline and alkali soils. USDA, Washington, 

DC
Richards LA (1969) Diagnosis and improvement of saline and alkali soils. Agriculture Handbook 

No. 60. United States Department of Agriculture, Washington DC
Rogers ME, Grieve CM, Shannon MC (2003) Plant growth and ion relations in lucerne (Medicago 

sativa L.) in response to the combined effects of NaCl and P. Plant and Soil 253:187–194
Rose C (2004) An introduction to the environmental physics of soil, water and watersheds. 

Cambridge University Press, Cambridge
Ruiz-Lozano JM, Azcon R (1995) Hyphal contribution to water uptake in mycorrhizal plants as 

affected by the fungal species and water status. Physiol Plant 95:472–478
Ruiz-Lozano JM, Azcón R, Gómez M (1996) Alleviation of salt stress by arbuscular-mycorrhizal 

Glomus species in Lactuca sativa plants. Physiol Plant 98:767–772
Runyan CW, D’Odorico P (2010) Ecohydrological feedbacks between salt accumulation and veg-

etation dynamics: role of vegetation-groundwater interactions. Water Resour Res 46:W11561
Sadeghi A, Karimi E, Dahaji PA, Javid MG, Dalvand Y, Askari H (2012) Plant growth promoting 

activity of an auxin and siderophore producing isolate of Streptomyces under saline soil condi-
tions. World J Microbiol Biotechnol 28:1503–1509

Saha P, Chatterjee P, Biswas AK (2010) NaCl pretreatment alleviates salt stress by enhance-
ment of antioxidant defense system and osmolyte accumulation in mungbean (Vigna radiata 
L. Wilczek). Indian J Exp Biol 48:593–600

Sairam RK, Tyagi A (2004) Physiology and molecular biology of salinity stress tolerance in plants. 
Curr Sci J 86:407–421

Ameliorative Capability of Plant Growth Promoting Rhizobacteria (PGPR)…



446

Sairam RK, Roa KV, Srivastava GC (2002) Differential response of wheat genotypes to long term 
salinity stress in relation to oxidative stress, antioxidant activity and osmolyte concentration. 
Plant Sci 163:1037–1046

Sannazzaro AI, Ruíz OA, Alberto EO, Menendez AB (2006) Alleviation of salt stress in 
Lotusglaber by Glomus intraradices. Plant and Soil 285:279–287

Sarkar A, Ghosh PK, Pramanik K, Mitra S, Soren T, Pandey S, Mondale MH, Maitia TK (2018) 
A halotolerant Enterobacter sp. displaying ACC deaminase activity promotes rice seedling 
growth under salt stress. Res Microbiol 169:20–32

Sarker A, Hossain I, Kashem A (2014) Salinity (NaCl) tolerance of four vegetable crops during 
germination and early seedling growth. Int J Latest Res Sci Technol 3:91–95

Sarwat M, Hashem A, Ahanger MA, Abd-Allah EF, Alqarawi AA, Alyemeni MN, Ahmad P, Gucel 
S (2016) Mitigation of NaCl Stress by arbuscular mycorrhizal fungi through the modulation 
of osmolytes, antioxidants and secondary metabolites in mustard (Brassica juncea L.) plants. 
Front Plant Sci 7:869

Schagerl M (2016) Soda lakes of East Africa. Springer, Cham
Schofield RV, Kirkby MJ (2003) Application of salinization indicators and initial development of 

potential global soil salinization scenario under climatic change. Global Biogeochem Cycles 
17:1078

Senadheera P, Tirimanne S, Maathuis FJM (2012) Long term salinity stress reveals variety specific 
differences in root oxidative stress response. Ric Sci 19:36–43

Shahbaz M, Ashraf M (2013) Improving salanity tolerance in cereals. Cri Rev Plant Sci 32:237–249
Sharifi M, Ghorbanli M, Ebrahimzadeh H (2007) Improved growth of salinity-stressed soybean 

after inoculation with salt pre-treated mycorrhizal fungi. J Plant Physiol 164:1144–1151
Sheng M, Tang M, Chen H, Yang B, Zhang F, Huang Y (2008) Influence of arbuscular mycor-

rhizae on photosynthesis and water status of maize plants under salt stress. Mycorrhiza 
18:287–296

Shirmardi M, Savaghebi GR, Khavazi K, Akbarzadeh A, Farahbakhsh M, Rejali F, Sadat A (2010) 
Effect of microbial inoculants on uptake of nutrient elements in two cultivars of sunflower 
(Helianthus annuus L.) in saline soils. Not Sci Bio 2:57–66

Shrivastava P, Kumar R (2015) Soil salinity: a serious environmental issue and plant growth pro-
moting bacteria as one of the tools for its alleviation. Saudi J Biol Sci 22:123–131

Sinclair G, Charest C, Dalpe Y, Khanizadeh S (2014) Influence of colonization by arbuscu-
lar mycorrhizal fungi on three strawberry cultivars under salty conditions. Agric Food Sci 
23:146–158

Sjöberg J  (2005) Arbuscular mycorrhizal fungi–occurrence in Sweden and interaction with a 
plant pathogenic fungus in barley. PhD Thesis. Swedish University of Agricultural Sciences, 
Uppsala, pp 1–55

Slinger D, Tenison K (2007) Salinity Glove Box Guide: NSW Murray and Murrumbidgee 
Catchments, NSW Department of Primary Industries

Smith SE, Read DJ (2008) Mycorrhizal symbiosis. Academic, San Diego, CA
Solangi SB, Chachar QI, Chachar SD, Solangi AB, Solangi JA (2016) Effect of salinity (NaCl) 

stress on physiological characteristics of rice (Oryza sativa L.) at early seedling stage. J Agric 
Technol 12:263–279

Soussi M, Ocana A, Lluch C (1998) Effects of salt stress on growth, photosynthesis and nitrogen 
fixation in chick-pea (Cicer arietinum L.). J Exp Bot 49:1329–1337

Spaepen S, Dobbelaere S, Croonenborghs A, Vanderleyden J (2008) Effects of Azospirillum brasi-
lense indole-3-acetic acid production on inoculated wheat plants. Plant and Soil 312:15–23

Spychalla JP, Desborough SL (1990) Superoxide dismutase, catalase, and α-tocopherol content of 
stored potato tubers. Plant Physiol 94:1214–1218

Stirzaker RJ, Vertessy RA, Sarre A (2002) Trees, water and salt: an Australian guide to using 
trees for healthy catchments and productive farms. Rural Industries Research and Development 
Corporation, Canberra

Sultana N, Keda T, Itoh R (1999) Effect of NaCl salinity on photosynthesis and dry matter accu-
mulation in developing rice grains. Environ Exp Bot 42:211–220

T. Yasmeen et al.



447

Tang M, Chen H, Huang JC, Tian ZQ (2009) AM fungi effects on the growth and physiology of 
Zea mays seedlings under diesel stress. Soil Biol Biochem 41:936–940

Tank N, Saraf M (2010) Salinity-resistant plant growth promoting rhizobacteria ameliorates 
sodium chloride stress on tomato plants. J Plant Interact 5:51–58

Tarbuck EJ, Lutgens FK (2012) Earth science. Prentice Hall/Pearson, Upper Saddle River
Tatar O, Brueck H, Gevreka MN, Asch F (2010) Physiological responses of two Turkish rice 

(Oryza sativa L.) varieties to salinity. Turk J Agric For 34:451–459
Tavakkoli E, Fatehi F, Coventry S, Rengasamy P, McDonald GK (2011) Additive effects of Na+ 

and Cl− ions on barley growth under salinity stress. J Exp Bot 62:2189–2203
Thakur M, Sharma AD (2005) Salt stress induced proline accumulation in germinating embryos: 

evidence suggesting a role of proline in seed germination. J Arid Environ 62:517–523
Thompson JP (1990) Soil sterilization methods to show VA-mycorrhizae aid P and Zn nutrition of 

wheat in vertisols. Soil Biol Biochem 22:229–240
Tian CY, Feng G, Li XL, Zhang FS (2004) Different effects of arbuscular mycorrhizal fungal iso-

lates from saline or non-saline soil on salinity tolerance of plants. Appl Soil Ecol 26:143–148
Tilman D, Cassman KG, Matson PA, Naylor R, Polasky S (2002) Agricultural sustainability and 

intensive production practices. Nature 418:671–677
Tomar NS, Agarwal RM (2013) Influence of treatment of Jatropha curcas L. leachates and potas-

sium on growth and phytochemical constituents of wheat (Triticum aestivum L.). Am J Plant 
Sci 4:1134–1150

Tommasi F, Paciolla C, de Pinto MC, Gara LD (2001) A comparative study of glutathione and 
ascorbate metabolism during germination of Pinus pinea L. seeds. J Exp Bot 52:1647–1654

Tuna AL, Kaya C, Dikilitas M, Higgs D (2008) The combined effects of gibberellic acid and salin-
ity on some antioxidant enzyme activities, plant growth parameters and nutritional status in 
maize plants. Environ Exp Bot 62:1–9

Tόth G, Montanarella L, Rusco E (2008) Threats to soil quality in Europe. Institute for Environment 
and Sustainability, Land Management and Natural Hazards Unit, Office for the Official 
Publications of the European Communities, Luxembourg, EUR 23438 EN, pp 162

Ulfat M, Athar H, Ashraf M, Akram NA, Jamil A (2007) Appraisal of physiological and biochemi-
cal selection criteria for evaluation of salt tolerance in canola (Brassica napus L.). Pak J Bot 
39:1593–1608

UNEP (1992) Proceedings of the Ad-hoc Expert Group Meeting to Discuss Global Soil Databases 
and Appraisal of GLASOD/SOTER, February 24–28. Nairobi, UNEP

Upadhyay SK, Singh DP, Saikia R (2009) Genetic diversity of plant growth promoting rhizobacte-
ria isolated from rhizospheric soil of wheat under saline condition. Curr Microbiol 59:489–496

Upadhyay SK, Singhd S, Singh P (2011) Exopolysaccharide-producing plant growth-promoting 
rhizobacteria under salinity condition. Pedosphere 21:214–222

USDA (1998) Soil Quality Resource Concerns: Salinization. Natural Resources Conservation 
Service, Washington, DC

Usha K, Mathew R, Singh B (2005) Effect of three species of arbuscular mycorrhiza on bud sprout 
and ripening in grapevine (Vitis vinifera L.) cv. Perlette. Biol Agric Hort 23:73–83

Vaidyanathan R, Kuruvilla S, Thomas G (1999) Characterization and expression pattern of an 
abscisic acid and osmotic stress responsive gene from rice. Plant Sci 140:21–30

Van Loon LC, Bakker PA, Pieterse CM (2004) Systemic resistance induced by rhizosphere bacte-
ria. Annu Rev Phytopathol 36:453–483

Wang BS, Luttge U, Ratajczak R (2001) Effects of salt treatment and osmotic stress on V-ATPase 
and V-PPase in leaves of the halophyte Suaeda salsa. J Exp Bot 52:2355–2365

Wang H, Hsieh YP, Harwell MA, Huang W (2007) Modeling soil salinity distribution along 
topographic gradients in tidal salt marshes in Atlantic and Gulf coastal regions. Ecol Model 
201:429–439

Waqas M, Khan AL, Kamran M, Hamayun M, Kang SM, Kim YH, Lee IJ (2012) Endophytic 
fungi produce gibberellins and indole acetic acid and promotes host-plant growth during stress. 
Molecules 17:10754–10,773

Ameliorative Capability of Plant Growth Promoting Rhizobacteria (PGPR)…



448

Wilford J, de Caritat P, Bui E (2015) Modelling the abundance of soil calcium carbonate across 
Australia using geochemical survey data and environmental predictors. Geoderma 259:81–92

Williamson DR (1986) The hydrology of salt affected soils in Australia. Reclam Reveg Res 
5:181–196

Wu QS, Zou YN, Xia RX, Wang MY (2007) Five Glomus species affect water relations of Citrus 
tangerine during drought stress. Bot Stud 48:147–154

Wu QS, Zou YN, He XH (2010) Contributions of arbuscular mycorrhizal fungi to growth, photo-
synthesis, root morphology and ionic balance of citrus seedlings under salt stress. Acta Physiol 
Plant 32:297–304

Wu QS, Zou YN, Abd_Allah EF (2014) Mycorrhizal association and ROS in plants. In: Ahmad P 
(ed) Oxidative damage to plants. Elsevier, Amsterdam, pp 453–475

Xie X, Weng B, Cai B, Dong Y, Yan C (2014) Effects of arbuscular mycorrhizal inoculation and 
phosphorus supply on the growth and nutrient uptake of Kandelia obovata (Sheue, Liu & Yong) 
seedlings in autoclaved soil. Appl Soil Ecol 75:162–171

Xu S, Hu B, He Z, Ma F, Feng J, Shen W, Yan J (2011) Enhancement of salinity tolerance during 
rice seed germination by presoaking with hemoglobin. Int J Mol Sci 12:2488–2501

Yamaguchi T, Blumwald E (2005) Developing salt-tolerant crop plants: challanges and opportuni-
ties. Trends Plant Sci 10(12):615–620

Yamato M, Ikeda S, Iwase K (2008) Community of arbuscular mycorrhizal fungi in coastal vegeta-
tion on Okinawa Island and effect of the isolated fungi on growth of sorghum under salt-treated 
conditions. Mycorrhiza 18:241–249

Yang J, Kloepper JW, Ryu CM (2009) Rhizosphere bacteria help plants tolerate abiotic stress. 
Trends Plant Sci 14:1–4

Yano-Melo AM, Saggin OJ, Maia LC (2003) Tolerance of mycorrhized banana (Musa sp. cv. 
Pacovan) plantlets to saline stress. Agric Ecosyst Environ 95:343–348

Yildirim E, Taylor A (2005) Effect of biological treatments on growth of bean plants under salt 
stress. Science 123:1

Yildirim E, Turan M, Donmez MF (2008) Mitigation of salt stress in radish (Raphanus sativus L.) 
by plant growth promoting rhizobacteria. Roumanian Biotechnol Lett 13:3933–3943

Yue H, Mo W, Li C, Zheng Y, Li H (2007) The salt stress relief and growth promotion effect of 
Rs-5 on cotton. Plant and Soil 297:139–145

Zahir ZA, Ghani U, Naveed M, Nadeem SM, Asghar HN (2009) Comparative effectiveness of 
Pseudomonas and Serratia sp. containing ACC-deaminase for improving growth and yield of 
wheat (Triticum aestivum L.) under salt-stressed conditions. Arch Microbiol 191:415–424

Zhang HX, Blumwald E (2001) Transgenic salt-tolerant tomato plants accumulate salt in foliage 
but not in fruit. Nat Biotechnol 19:765–768

Zhong QH, Chao XH, Zhibin Z, Zhirong Z, Huai SW (2007) Changes in antioxidative enzymes 
and cell membrane osmosis in tomato colonized by arbuscular mycorrhizae under NaCl stress. 
Colloids Surf B Biointerfaces 59:128–133

Zhu JK (2001) Plant salt tolerance. Trends Plant Sci 6:66–71
Zhu JK (2002) Salt and drought stress signal transduction in plants. Plant Biol J 53:247–273
Zhu JK (2003) Regulation of ion homeostasis under salt stress. Curr Opin Plant Biol 6:441–445
Zuccarini P, Okurowska P (2008) Effects of mycorrhizal colonization and fertilization on growth 

and photosynthesis of sweet basil under salt stress. J Plant Nutr 31:497–513

T. Yasmeen et al.



449© Springer Nature Switzerland AG 2019 
M. Hasanuzzaman et al. (eds.), Plant Abiotic Stress Tolerance, 
https://doi.org/10.1007/978-3-030-06118-0_18

Plant MIRnome: miRNA Biogenesis 
and Abiotic Stress Response 

Deepu Pandita

 Introduction

Abiotic stress is defined as the negative impact of non-living ecological/environ-
mental factors on the living organisms in a specific environment. Abiotic stress is 
the most detrimental factor regarding the growth and productivity of crops globally. 
To prevaricate environmental/abiotic stresses, plant life exhibits tolerance or avoid-
ance by acclimation and adaptation evolved through natural selection (Yamaguchi- 
Shinozaki and Shinozaki 2006). Tolerance to abiotic stresses is a very intricate 
phenomenon involving interactions between stress-responsive elements and molec-
ular and biochemical factors influencing plant growth and development. Today, the 
microRNAs (miRNAs/miRs)-mediated stress-responsive molecular mechanism has 
been identified. miRNAs are 21 to 25-nucleotide double-stranded, endogenous, 
non-coding RNAs, which regulate the gene expression at transcriptional and post- 
transcriptional levels through translational repression of target mRNA in plants, 
mRNA cleavage, chromatin remodeling, and/or DNA methylation. The stress- 
induced miRNAs up-regulation brings about down-regulation of their target 
mRNAs, while their down-regulation leads to up-regulation, buildup, and function 
of positive regulators (Chinnusamy et al. 2007). The investigations were formerly 
aimed to identify abiotic stress-responsive plant miRNAs, their expression profiling 
and functions tolerance and stress responses such as drought, salinity, extreme tem-
peratures, nutrient deprivation, and heavy metals. Several plant species subjected to 
abiotic stress conditions reported changes in miRNAs expressions connected with 
their growth and development. Several protein-coding genes and miRNAs have 
been identified for regulating abiotic stresses responses to plant, but still the regula-
tory mechanisms at molecular levels are unreported. The need of the future is the 
transformative tools to adapt crops to inconsiderate surroundings (Zhang and Wang 
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2015), for which miRNAs act as prospective targets for genetic engineering and 
manipulations for producing abiotic stress-tolerant crop plants. Diverse abiotic 
stresses-responsive microRNAs have been found in crop plants like rice, barley, 
wheat, sugarcane, legumes, tomato, potato, and in many other species (Barciszewska- 
Pacak et al. 2015). miRNAs play a fundamental role as negative regulators of gene 
expression in the cellular, biological, and developmental processes and abiotic 
stress responses, such as drought (Zhou et al. 2010), salinity (Li et al. 2013a, b, c), 
cold (Zhang et al. 2009a, b), heat (Zhao et al. 2016), nutritional deficiency (Kulcheski 
et  al. 2015; Kumar et  al. 2017), oxidative stress (Zhang 2015), and mechanical 
stress (Kateryna et al. 2016; Zhang 2015). Abiotic response elements were found in 
the promoter region of many microRNA genes and the use of bioinformatics tools 
suggests their transcriptional regulation (Zhao et  al. 2013). In view of this, this 
chapter summarizes the herein miRNAs, their biogenesis, and recent updates on 
regulatory role of plant miRNAs in abiotic stress responses.

 Yesteryears of miRNA

The first miRNA identified was lin-4 in the nematode Caenorhabditis elegans (Lee 
et  al. 1993), considered as small temporal RNAs (stRNAs). Gene lin-4 was not 
undergoing translation but only transcription into a pair of petite RNAs-a shorter 
RNA 22 nucleotides long and a longer one roughly 61 nucleotides in length (stem- 
loop precursor). The stem-loop structured longer RNA was envisaged as the precur-
sor of the 21-mer RNA. This shorter lin-4 RNA was actually the founding member 
of the abundantly available class of small regulatory RNAs known today as 
miRNA. The lin-4 RNAs had partial antisense complementarity with manifold sites 
in 3′-untranslated region (3′ UTR) of lin-14 gene transcript, in that way inhibiting 
the translation of lin-14 without reducing lin-14 transcript levels (Lee et al. 1993; 
Wightman et al. 1993). It was only after year 2000 that this small regulatory RNA 
became complex when let-7 (22-nt regulatory RNA) was also discovered in C. ele-
gans. Gene let-7 promotes the transition from late-larval to fully developed cell in 
C. elegans (Reinhart et al. 2000; Vella et al. 2004). The let-7 miRNA is ubiquitous 
in animal phyla with its homologs in the genomes of human, Drosophila, and bilat-
eral animals, thus ascertaining biological significance of miRNAs (Pasquinelli et al. 
2000). >100 additional genes were identified in various organisms, for instance, 
flies, worms, and human cells in <1 year (Lagos-Quintana et al. 2001; Lau et al. 
2001; Lee and Ambros 2001). As a consequence of its developmental stage 
transition- specific regulation, lin-4 and let-7 (originator members) were reported as 
small temporal RNAs (stRNAs). Afterwards the name “microRNA” came into real-
ity, including all other small RNAs with analogous characters and regulatory func-
tions (Vella et  al. 2004). From various biological organisms including plants, 
miRNAs have been cloned later and exposed their ubiquitous nature in plants. The 
first plant miRNA (miR156, miR159, miR164, miR171, etc.) was discovered in 
Arabidopsis thaliana in 2000, 13 years after their discovery in animals (Reinhart 
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et al. 2002). Llave et al. (2002b) cloned a huge number of miRNAs of predomi-
nantly 21-nt to 24-nt length from Arabidopsis thaliana. Amid 125 miRNAs from 
the Arabidopsis genome reported, about 90% were intergenic in nature, few from 
intragenic regions of the protein-coding genes and transposable element derived 
(Mette et  al. 2002). Differential expression profiling of 16 Arabidopsis thaliana 
miRNAs was performed, out of which half were conserved in Oryza sativa. 
Arabidopsis thaliana Dicer (RNase III family enzyme) homolog CARPEL 
FACTORY, when mutated, stopped the miRNA accumulation concluding that an 
analogous mechanism also exists in plant kingdom which direct miRNA processing 
as in animal world (Park et al. 2002; Reinhart et al. 2002). Regardless of some simi-
larity between the plant and animal miRNAs, the variations between them were 
more conspicuous. It includes the size range of the mature miRNAs, miRNA gene 
structure, 5′ nucleotide predilections, and most notably absence of any genetic con-
servation between the two groups and the differences in the modes of miRNA bio-
genesis and functions. These facts suggest that plant and animal kingdoms had 
twofold origins in their evolutionary lineages. To date, a total of 48,885 mature 
miRNAs sequences from 271 different species are registered in the miRBase data-
base (Release 22, March 2018) and 8433 miRNAs from 121 plant species are listed 
in PMRD-plant miRNA database (Pandita 2018).

 Biogenesis of miRNAs and Mode of Action

Transcription, miRNA precursor processing, maturation/modification, and finally 
execution to RISC (a multiprotein complex) are the steps in miRNA biogenesis.

 MIR Transcription

The miRNAs are transcribed from non-coding nuclear miRNA genes (MIR), a 
majority of which are located mainly in intergenic and intragenic (intron) regions, 
very few of them are located in intragenic (exon) regions and in 5′-UTR or 3′-UTR 
regions. MIR gene has a transcription unit comprising of its own promoter, tran-
scribing region and terminator (Lee et al. 2004). Plant miRNAs are usually tran-
scribed by RNA polymerase II.  A transcriptional coactivator (mediator) helps 
recruit RNA pol II to MIR loci (Kim et al. 2011). NEGATIVE ON TATA LESS2 
(NOT2), CELL DIVISION CYCLE 5 (CDC5), and the Elongator complex are other 
factors of MIR transcription which interact with RNA pol II and the dicing complex 
entailing their functions in bridging RNA pol II transcription and pri-miRNA pro-
cessing (Zhang et al. 2013; Fang et al. 2015). POWERDRESS factor supports the 
transcription of MIR172a, MIR172b, and MIR172c by enhancing RNA pol II occu-
pancy at their promoter region but has no effect on MIR172d or MIR172e (Baek 
et al. 2013). DNA-dependent RNA polymerase II transcribes a miRNA gene (MIR) 
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into nascent stem-loop double-stranded primary miRNA transcripts (pri-miRNA) 
with a 5′ capping and 3′ polyadenylation.

 miRNA Precursor Processing

pri-miRNAs are processed by the dicing complex with three core components 
DICER-LIKE1 (DCL1), HYPONASTIC LEAVES1 (HYL1), and SERRATE (SE) 
to mature miRNA/miRNA* duplexes (Fukudome and Fukuhara 2017). Primary 
miRNA transcripts (pri-miRNAs) are then processed into the hairpin structured pre-
cursor miRNA (pre-miRNA) of roughly 70 nucleotides by a predominant DCL 
RNAse III endonuclease, DICER-LIKE 1 (DCL 1) in plants except miR822 and 
miR839 which are generated by DCL4 (Rajagopalan et  al. 2006) and Drosha 
enzyme in animals (Kurihara et al. 2006; Reinhart et al. 2002) in the Dicing bodies 
(D bodies). A part of the pri-miRNA folds to compose a stem-loop structure which 
is sliced by the DCL1 enzyme. DCL1-mediated processing occurs as a rule at the 
lower stem or base, while in minority cases the terminal loop controls the process-
ing. Amid long-stem or terminal loop-branched pri-miRNAs, the miRNA process-
ing might be bidirectional, i.e., from base to loop and loop to base, resulting in 
productive and abortive processing of miRNAs, respectively. DCL1 complexes gen-
erally cut pri-miRNAs at a distance of 16–17 bp from the single-strand–double- 
strand junction (Zhu et al. 2013). Double-stranded pre-miRNA, miRNA-miRNA* 
duplex is formed by the endonucleolytic activity of DCL1. DCL requires the pro-
teins HYPONASTIC LEAVES1 (HYL1-DOUBLE-STRANDED RNA-BINDING 
PROTEINS (DRBs)) to facilitate accurate miRNA precursor processing and guide 
strand selection during AGO loading (Manavella et al. 2012) and SERRATE (SE-Zn 
finger protein) for processing (Han et al. 2004; Vazquez et al. 2004; Lobbes et al. 
2006; Yang et al. 2006a). Together with battery of other proteins, CAP-BINDING 
protein COMPLEX (CBC) (CBP80) (CBP20) (Gonatopoulos-Pournatzis and 
Cowling 2014), STABILIZED1 (STA1) (Ben Chaabane et al. 2013), THO1/HPR1/
EMU and THO2 (Furumizu et al. 2010; Francisco-Mangilet et al. 2015), SICKLE 
(Zhan et  al. 2012), TOUGH (TGH) (Ren et  al. 2012b), PSR1-INTERACTING 
PROTEIN 1 (PINP1) (Qiao et al. 2015), and MODIFIER OF SNC1, 2 (MOS2) (Wu 
et  al. 2013) CDC5, NOT2, Elongator, PRL1 (PROTEIN PLEIOTROPIC 
REGULATORY LOCUS 1), and DDL (DAWDLE) (Zhang et al. 2013, 2014; Fang 
et al. 2015) proteins promote miRNA processing and biogenesis.

 miRNA Stabilization and RISC Formation

Pre-miRNA is unstable in nucleus and the stability of the miRNA–miRNA* duplex 
is brought about by methylation at 2′ OH of 3′ terminal nucleotides by an S-adenosyl 
methionine-dependent methyltransferase protein HUA ENHANCER 1 (HEN1) (Yu 
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et al. 2005). Methyl groups positioned on the 3′ terminal nucleotides of each strand 
avert their uridylation and succeeding degradation by the SMALL RNA 
DEGRADING NUCLEASE (SDN) class of exonucleases (Li et  al. 2005; Yang 
et al. 2006b). Then export factor HASTY5 (HST5) which is an ortholog of exportin-
 5 protein exports the tailored miRNA miRNA* duplex from nucleus to cytoplasm 
(Park et  al. 2005) wherein it is further processed into mature double-stranded 
miRNA.

Arabidopsis thaliana RISC loading at specific subcellular locations takes place 
in four steps:

 1. Formation of complex of AGO1 and HEAT SHOCK PROTEIN 90 (HSP90) 
dimer.

 2. Binding of ATP to HSP90 which causes conformational change of AGO1 so that 
small RNA duplex is incorporated into the AGO1–HSP90 protein complex.

 3. ATP hydrolysis for dissociation of AGO1 from HSP90.
 4. AGO1 conformational change caused by HSP90 dissociation causes passenger 

strand removal and formation of mature RISC (Iki et al. 2010).

The miRNA-miRNA* duplex is unwound in cytoplasm and one strand of duplex is 
loaded into AGO1 protein to form miRISC (Baumberger and Baulcombe 2005; Qi 
et al. 2005). The miRNA-programmed silencing complex is known as the RNA- 
induced silencing complex (RISC) (Hammond et al. 2000; Llave et al. 2002a; Tang 
et al. 2003). How the guide strand is selected is affected by miRNA precursor pro-
cessing factors, structure of the small RNA duplex, and the nature of 5′ end nucleo-
tide. HYL1 and HYL1 phosphatase CPL1 factors assist in guide strand selection 
(Manavella et al. 2012). The nature of the 5′ nucleotides and the bulges in miRNA/
miRNA* duplex directs AGO loading. The majority of miRNA guide strands initi-
ates with a 5′-terminal uridine and are incorporated into AGO1. AGO1 also prefers 
miRNA/miRNA* duplexes with central mismatches whereas AGO2 prefers miRNA 
duplexes without central mismatches (Ren et al. 2014). Cloning and expression data 
signify that the miRNA strand (guide strand) of miRNA miRNA* duplex accumu-
lates to a great deal of higher levels in vivo in comparison to miRNA* or the pas-
senger strand (Reinhart et  al. 2002). This asymmetric accretion of guide and 
passenger strand is accomplished by preferential loading of the guide (miRNA) 
strand into the RNA-induced silencing complex (RISC), where it is prevented from 
degradation, whereas the passenger (miRNA*) strand is preferentially kept out of 
the silencing complex and is thus degraded. Most miRNA–miRNA* duplexes also 
have asymmetry in terms of energy; the 5′ ends of most miRNAs are not that stably 
paired than those of the corresponding miRNA*s (Khvorova et  al. 2003). 
Consequently, at the end of the miRNA biogenesis pathway, a small single-stranded 
RNA is integrated into the silencing complex.

A central component of the RNA-induced silencing complex (RISC) is a mem-
ber of the Argonaute protein family. Argonaute proteins have two conserved 
domains, the PAZ and PIWI (Carmell et al. 2002). PAZ domain is an RNA-binding 
domain (Lingel et  al. 2003) while PIWI domain is structurally and functionally 
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analogous to RNase H enzymes (Song et  al. 2004). Many biological organisms 
contain different members of Argonaute family so is an evidence for their functional 
diversification. Arabidopsis thaliana AGO1 binds miRNAs and causes target cleav-
age in vitro (Baumberger and Baulcombe 2005; Qi et al. 2005) and ago1 mutants 
have enhanced levels of miRNA targets in vivo (Vaucheret et al. 2004). The target 
mRNA cleavage takes place at the tenth or 11th nucleotide of the 5′ end of the 
miRNA, despite of the miRNA length and the base pairing of the 5′ end of the 
miRNA with the target mRNA is required (Floyd and Bowman 2004). The conse-
quential cleavage products have 3′ hydroxyl and 5′ phosphate groups, analogous to 
other enzyme products with “slicer” activity, for instance, RNase H (Song et  al. 
2004). Plant miRNAs are typically loaded with U at the 5′ end and are accordingly 
sorted in the AGO1-mediated RISC complexes (Voinnet 2009). A few Arabidopsis 
miRNAs have U to A mutation at the 5′ end which is sorted in AGO2 complexes 
in vivo leading to loss of their silencing potential (Mi et al. 2008). Bioinformatics 
analysis of the next-generation sequencing (NGS) data showed that there is a wide 
spectrum of variations in the incidence of U at the 5′ position in monocots (45–
85%) and dicots (45–70%). In potato, U and A rule are present at equal instances at 
the 5′ position (Takeda et al. 2008). Few plant miRNAs show undergo modifications 
at the 5′ and 3′ ends whereas the 3′ end modifications are more frequent (Ameres 
and Zamore 2013). The modifications are additions or deletions and occur either 
due to faulty processing of DCL1 or could be the effect of post-maturation pro-
cesses of miRNAs (Voinnet 2009). Over 80% of the modified Arabidopsis thaliana 
and Oryza sativa miRNAs are found in the AGO1 and AGO4 complexes signifying 
that the modified miRNAs have a function.

 Mode of Action

Mature miRNA target genes at the post-transcriptional level either by Transcript 
Cleavage or Translation Inhibition/Repression (Rogers and Chen 2013). Plant miR-
NAs and their target mRNAs have nearly perfect complementarity, so transcript 
cleavage was considered to be the principal mode of action (Chen 2009; Voinnet 
2009). But a high degree of sequence complementarity is not refractory to transla-
tional repression (Yang et al. 2012; Li et al. 2013a, b, c). So sequence complemen-
tarity does not decide the plant miRNAs mode of action. Plants miRNAs mainly 
function at the post-transcriptional gene silencing (PTGS) level and guide the PIWI 
domain of AGO proteins with endonuclease activity to cleave the target mRNA 
between positions 10 and 11 (Zhu et al. 2011). The cleavage fragments are subse-
quently degraded by exonucleases. In plants, translation repression is less often 
observed than transcript cleavage and occurs on membrane-bound polysomes 
(MBPs) and requires KATANIN 1 (KTN1) (Brodersen et  al. 2008), VARICOSE 
(VCS) (Brodersen et al. 2008), SUO (Yang et al. 2012), and endoplasmic reticulum 
(ER)-localized ALTERED MERISTEM PROGRAM1 (AMP1) (Li et al. 2013a, b, 
c). The exact way of translational inhibition is still ambiguous, but during 
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translation, miRNAs do not target mRNA by cleavage but stop translation by block-
ing read-through of the ribosome (Wang et al. 2008) or hinder the movement of 
ribosomes and/or inhibit translation initiation (Iwakawa and Tomari 2013).

 miRNAs in Abiotic Stress Response

Abiotic stresses negatively impinge on growth, productivity, morphology, physiol-
ogy, biochemistry, and molecular machinery in plants. So appreciating the molecu-
lar basis of genetic interactions during abiotic stresses such as drought, salinity, 
heat, and cold is obligatory to develop transgenics or modified plants adaptable to 
upcoming climate changes. Along with alterations in the expression of TFs, signal-
ing components and genes, miRNAs profile has also been reported to vary during 
various abiotic stress conditions (Zhang 2015). The miRNAs are fundamental play-
ers in plant abiotic stress response and intercede the abiotic responses by modulat-
ing the transcript level of themselves, their mRNA targets, or the activity/mode of 
action of miRNA–protein complexes. Thus, results in manipulation of the timing of 
protein expression, protein location, and protein quantity expressed from other 
genes when plant is subjected to harsh environment of stress. Thus, a big role for 
small miRNAs has been ascertained in modification of the gene expression in reac-
tion to diverse environmental stresses and diseases (Sunkar and Zhu 2004; Ruiz- 
Ferrer and Voinnet 2009; Zhou et al. 2010; Meng et al. 2011; Yu et al. 2012; Mittal 
et al. 2013). Some 1511 miRs are identified in various abiotic stresses of plant spe-
cies (Zhang et al. 2013b). The gene regulation by miRNAs in response to abiotic 
stresses in plants cops up mainly at the post-transcriptional level (Ding et al. 2013; 
Feng et al. 2013; Ozhuner et al. 2013; Wang et al. 2014a, b). The miRNAs regulate 
the expression of specific target genes (Sunkar et al. 2012) and because of being 
conserved across plant kingdom; it is probable of their regulating similar targets of 
the entire plants. The targets for the conserved miRNAs comprise several TFs, for 
instance, MYB, NAC1, and homeodomain-leucine zipper protein (HD-ZIP) (Jones- 
Rhoades and Bartel 2004), which are mainly stress-responsive factors in plants 
(Fang et al. 2006; Xu et al. 2008).

 Drought Stress

Drought is a customary recurring climate characteristic worldwide which declines 
crop productivity to a great extent. However, nature has endowed plants with a 
defense system to survive under harsh climatic conditions. One of the defense 
mechanisms at molecular level is the reprogramming of gene expression by microR-
NAs (miRNAs). Expression profile of microRNAs (miRNAs) and many genes and 
metabolites like vacuolar acid invertase, glutathione S-transferase (GST), abscisic 
acid (ABA)-inducible genes (LEA, RAB, COR, Rubisco), helicase, proline, 
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dehydrins, and carbohydrates (Nezhadahmadi et al. 2013; Sunkar and Zhu 2004; 
Kulcheski et al. 2011; Sunkar et al. 2012) changes during drought stress. Plant miR-
NAs as chief gene regulators are anticipated to regulate the drought-responsive 
genes and play an imperative position in water stress regulatory networks (Khraiwesh 
et al. 2012). The stress-responsive miRNAs identified in diverse plant species are 
too numerous. Drought-responsive miRNAs have been documented in several plant 
species such as Arabidopsis thaliana (Sunkar and Zhu 2004; Liu et al. 2008), Oryza 
sativa (Zhou et al. 2010), cowpea (Barrera-Figueroa et al. 2011), tobacco (Frazier 
et al. 2011), soybean (Kulcheski et al. 2011), Phaseolus vulgaris (Arenas-Huertero 
et al. 2009), sugarcane (Gentile et al. 2015) and list is escalating and have been sum-
marized in Table 1. During drought stress in Arabidopsis thaliana (Liu et al. 2008), 
miR156, miR159, miR167, miR168, miR171, miR172, miR319, miR393, miR394a, 
miR395c, miR395e, miR396, and miR397 are up-regulated, while miR161, 
miR168a, miR168b, miR169, miR171a, and miR319c are down-regulated. The 
miR169 because of being down-regulated leads to profusion of its target nuclear 
factor YA5, which in switches on various drought-responsive genes. Zhou et  al. 
(2010) reported differential expressions of 30 drought-regulated miRNAs during 
drought stress, out of which 19 were novel to Arabidopsis thaliana. Genome-wide 
expression analysis in rice revealed that a set of 16 miRNAs were down-regulated 
and 14 miRNAs were significantly up-regulated during drought stress (Zhou et al. 
2010). The miR156, miR159, miR168, miR170, miR171, miR172, miR319, miR396, 
miR397, miR408, miR529, miR896, miR1030, miR1035, miR1050, miR1088, and 
miR1126 were down-regulated by drought stress while 14 miRNAs, miR159, 
miR169, miR171, miR319, miR395, miR474, miR845, miR851, miR854, miR896, 
miR901, miR903, miR1026, and miR1125 were unregulated. Notably, miR171, 
miR319, and miR896 were both up-regulated and down-regulated (Zhou et al. 2010). 
The targets of these miRNAs were mainly TFs (Zhou et al. 2010). Trindade et al. 
(2010) reported strong inverse correlation for miR398a/b and miR408 and their 
targets, copper superoxide dismutase (CSD1/2), mitochondrial cytochrome c oxi-
dase, and plastocyanin, confirming a vital connection in adaptation to drought and 
copper homoeostasis. The knock-down of microRNA166 bestows Oryza sativa 
with drought resistance (Zhang et al. 2018). The comparative expression profiles of 
drought-tolerant rice variety N22 and drought-sensitive rice variety Pusa Basmati 1, 
showed miRNAs with variety-specific expression patterns during drought stress 
(Kansal et al. 2015). The leaf and root tissues of Triticum turgidum showed drought- 
induced expression in 438 miRNAs in comparison to 205 miRNAs under controlled 
conditions while 13 miRNAs of drought-tolerant wild emmer wheat showed dif-
ferentially expressed (Kantar et al. 2010). The sensitive and tolerant soybean culti-
vars showed differential expression in miR166-5p, miR169f-3p, miR1513c, 
miR397ab, miR-Seq13, and miR166f which can facilitate crop improvement 
research studies (Kulcheski et al. 2011). Recently in sugarcane, the expression pat-
tern of miRNA was observed to be dependent on the species, type of stress, tissue 
type, and growth condition. MiR396 and miR171 were differentially expressed in 
the majority of cases (Gentile et al. 2015).
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Table 1 Drought-responsive miRNAs in different plant species

miRNA Plant species Target gene Reference

miR156 Triticum 
dicoccoides
Arabidopsis 
thaliana
Hordeum vulgare
Oryza sativa

SBP family of transcription factors Eldem et al. (2012)
Kantar et al. (2011)
Liu et al. (2008)
Ren et al. (2012)

miR157 Prunus persica SBP family of transcription factors Eldem et al. (2012)
miR159 Prunus persica

Oryza sativa
Arabidopsis 
thaliana

MYB and TCP transcription factors Arenas-Huertero et al. 
(2009)
Eldem et al. (2012)
Jones-Rhoades and 
Bartel (2004)

miR160 Populus 
trichocarpa
Prunus persica
Populus tomentosa

Auxin response factors ARF 10, ARF 
16, and ARF 17

Eldem et al. (2012)
Liu et al. (2007)
Jones-Rhoades and 
Bartel (2004)

miR162 Populus tomentosa Dicer Like1 Ren et al. (2012)
miR164 Brachypodium 

distachyon
Medicago 
truncatula
Populus 
trichocarpa

NAC domain TF Shuai et al. (2013)
Wang et al. (2011)

miR165 Prunus persica HD-ZIPIII transcription factor Eldem et al. (2012)
miR166 Glycine max

Triticum 
dicoccoides

HD-ZIPIII transcription factor Kantar et al. (2011)
Li et al. (2011a, b)

miR167 Populus tomentosa
Arabidopsis 
thaliana
Prunus persica

Auxin response factors ARF6 and 
ARF8

Eldem et al. (2012)
Liu et al. (2008)
Ren et al. (2012)

miR168 Arabidopsis 
thaliana
Oryza sativa
Zea mays

ARGONAUTE1, MAPK Liu et al. (2008)
Wei et al. (2009)
Zhou et al. (2010)

miR169 Arabidopsis 
thaliana
Oryza sativa
Medicago 
truncatula
Prunus persica
Glycine max
Populus tomentosa
Lycopersicon 
esculentum

NF-YA transcription factor subunit 
A-3,
NF-YA transcription factor subunit 
A-10, SlMRP1

Eldem et al. (2012)
Li et al. (2008)
Li et al. (2011a, b)
Qin et al. (2011)
Ren et al. (2012)
Trindade et al. (2010)
Wang et al. (2011)
Zhang et al. (2011)
Zhao et al. (2007)
Zhou et al. (2010)

(continued)
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Table 1 (continued)

miRNA Plant species Target gene Reference

miR170 Arabidopsis 
thaliana
Oryza sativa

SCL transcription factor Sun (2012)
Zhou et al. (2010)

miR171 Arabidopsis 
thaliana
Oryza sativa
Medicago 
truncatula
Prunus persica
Populus tomentosa
Triticum 
dicoccoides

GRAS transcription factors Eldem et al. (2012)
Kantar et al. (2011)
Llave et al. (2002a, b)
Liu et al. (2008)
Ren et al. (2012)
Wang et al. (2011)

miR172 Arabidopsis 
thaliana
Oryza sativa
Populus tomentosa

Floral homeotic protein APETALA2
bZIP transcription factor family protein

Jones-Rhoades and 
Bartel (2004)
Ren et al. (2012)
Zhou et al. (2010)

miR393 Prunus persica
Arabidopsis 
thaliana

TIR1 and AFB2 and AFB3 Liu et al. (2008)
Navarro et al. (2006)
Eldem et al. (2012)

miR394 Populus tomentosa
Populus 
trichocarpa
Glycine max

Dehydration-responsive protein and 
F-box proteins

Li et al. (2011a, b)
Ren et al. (2012)
Shuai et al. (2013)

miR395 Oryza sativa
Populus tomentosa
Prunus persica

Sulfate transporter Eldem et al. (2012)
Liang et al. (2010)
Ren et al. (2012)
Zhou et al. (2010)

miR396 Arabidopsis 
thaliana
Oryza sativa
Prunus persica
Medicago 
truncatula

GRL transcription factors; ceramidase 
genes

Eldem et al. (2012)
Kantar et al. (2011)
Liu et al. (2008)
Liu and Yu (2009)
Zhou et al. (2010)

miR397 Arabidopsis 
thaliana
Oryza sativa
Prunus persica
Populus tomentosa

Laccases Abdel-Ghany and 
Pilon (2008)
Ding and Zhu (2009)
Eldem et al. (2012)
Ren et al. (2012)
Sunkar and Zhu 
(2004)
Zhou et al. (2010)

miR399 Medicago 
truncatula
Populus tomentosa

Phosphate transporter Bari et al. (2006)
Ren et al. (2012)
Wang et al. (2011)
Jones-Rhoades and 
Bartel (2004)

(continued)
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 Salinity Stress

Salt stress is caused by an amalgamation of the level, duration, and timing of salin-
ity exposure and it negatively impinges on the quantity and quality of crop produc-
tion (Blumwald and Grover 2006; Gepstein et al. 2006). Some 217 miRNAs are 
reported till date involved in salinity stress in various plant species like Arabidopsis, 
Oryza sativa, Zea mays, Triticum aestivum, Glycine max, Glycine soja, Medicago 
truncatula, Nicotiana tabacum, Gossypium hirsutum, Panicum virgatum, Populus 
euphratica, Saccharum officinarum, and Phaseolus vulgaris. In rice, expression 
patterns of 41 miRNAs was identified in response to drought, salt, cold, or ABA 
treatments (Shen et al. 2010) and 23 novel miRNAs were cloned from salt-stressed 
basmati rice (Sanan-Mishra et  al. 2009). Drought and salinity stress-induced 
miR393, which targets an auxin transporter gene (OsAUX1) and a rice tiller inhibi-
tor gene (OsTIR1) when introduced to rice plants increases their tiller numbers, 
causes early flowering and reduced tolerance to salt and hypersensitiveness to auxin 
(Xia et al. 2012). The salt stress decreases Osa-miR396c expression in an ABA- 
dependent manner and its overexpression causes decreased salt stress tolerance 
(Gao et al. 2011). miR169g, miR169n, and miR169o are three salt-inducible mem-
bers of miR-169 family members (17) (Zhao et al. 2009), which target NF-YA gene 
transcripts. But Osa-miR169g only gets up-regulated in drought stress (Zhao et al. 
2007). In Raphanus sativus, Sun et al. (2015) reported 49 already known and 22 
novel salt-responsive miRNAs which targeted the genes of signaling, ion- homeo-
stasis, and plant growth. The salt-tolerant (NC286) and salt-sensitive (Huangzao4) 
maize lines divulged the differential expression of various miRNAs throughout 
salinity stress (Ding et  al. 2009). In Arabidopsis thaliana, miR156, miR158, 
miR159, miR165, miR167, miR168, miR169, miR171, miR319, miR393, miR394, 
miR396, and miR397 were up-regulated during salinity stress while miR398 was 
down-regulated (Liu et  al. 2008). The salt-induced up-regulation of miR393 is 
known in both Oryza sativa and Arabidopsis under while miR167 is under salt 
stress regulation Arabidopsis but not in Oryza sativa (Sunkar and Zhu 2004; Lv 
et  al. 2010). Overexpression of osa-miR393 lead to enhanced salt tolerance in 
Arabidopsis (Gao et  al. 2011). The plants showing salt-responsive miRNAs are 
summarized in Table 2.

Table 1 (continued)

miRNA Plant species Target gene Reference

miR474 Oryza sativa
Triticum 
dicoccoides
Zea mays

Proline dehydrogenase
Kinesin, a pentatricopeptide repeat 
(PPR) family protein

Kantar et al. (2011)
Lu et al. (2005)
Zhou et al. (2010)

miR528 Zea mays POD, peroxidase Wei et al. (2009)
miR1432 Triticum 

dicoccoides
Poly (ADP-ribose) polymerase; 
calcium binding, EF hand domains

Kantar et al. (2011)
Zhang et al. (2009a, b)

miR2118 Medicago 
truncatula

TIR-NBS-LRR domain-protein Jagadeeswaran et al. 
(2009)
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Table 2 Salt-responsive miRNAs in different plant species

miRNA Plant species Target gene Reference

miR16 Oryza sativa Germin-like protein; ethylene- 
insensitive3 (EIN3)-like 1 protein

Sanan-Mishra et al. 
(2009)

miR29 Oryza sativa Strictosidine synthase precursor Barrera-Figueroa 
et al. (2012)

miR2001 Oryza sativa Protein GPR107 precursor Jian et al. (2010)
miR2003 Oryza sativa HEAT repeat family protein; ribosomal 

protein S11; NAC domain-protein 90
Jian et al. (2010)

miR2005 Oryza sativa Nitrate and chloride transporter; 
phosphate carrier protein

Jian et al. (2010)

miR156 Panicum virgatum
Populus trichocarpa
Vigna unguiculata
Arabidopsis thaliana
Populus euphratica
Zea mays

Squamosa promoter-binding like-like 
TF
POPTR_0007s01030
SPL-binding protein
Squamosa promoter-binding like- 
binding protein
Cationic amino acid transporter
SPL-like transcription factor

Sun et al. (2012)
Li et al. (2013a, b, 
c)
Paul et al. (2011)
Liu et al. (2008)
Qin et al. (2011)
Ding et al. (2009)

miR159 Phaseolus vulgaris
Panicum virgatum
Arabidopsis thaliana
Nicotiana tabacum

MYB TF
MYB TF
MYB TF
MYB TF

Jones-Rhoades and 
Bartel (2004)
Sun et al. (2012)
Chen et al. (2012)
Frazier et al. (2011)

miR160 Populus trichocarpa
Setaria italica
Vigna unguiculata
Triticum aestivum
Gossypium 
raimondii

POPTR_0002s09050
Auxin response factor
Auxin response factor
Auxin response factor
Auxin response factor

Li et al. (2013a, b, 
c)
Khan et al. (2014)
Paul et al. (2011)
Lu et al. (2011)
Xie et al. (2014)

miR162 Setaria italica
Zea mays
Panicum virgatum

DICER-LIKE 1 (DCL1)
DICER-LIKE 1 (DCL1)
DICER-LIKE 1 (DCL1)

Khan et al. (2014)
Ding et al. (2009)
Sun et al. (2012)

miR164 Populus trichocarpa
Zea mays
Arabidopsis thaliana
Oryza sativa

POPTR_0007s08420
NAC family gene
NAC family gene
CUC2 no apical meristem (NAM) 
protein; NAC domain-containing 
protein; helicase

Li et al. (2013a, b, 
c)
Ding et al. (2009)
Amor et al. (2009)
Macovei and Tuteja 
(2012)

miR165 Arabidopsis thaliana Class III HD-ZIP TFs Liu et al. (2008)
miR166 Glycine max

Zea mays
Arabidopsis thaliana

SBP-like TFs
SBP-like TFs
SBP-like TFs

Li et al. (2011b)
Kong et al. (2010)
Amor et al. (2009)

miR167 Triticum aestivum
Arabidopsis thaliana
Nicotiana tabacum

Auxin response factor
Auxin response factor 8
Auxin response factor

Lu et al. (2011)
Kinoshita et al. 
(2012)
Frazier et al. (2011)

miR168 Zea mays
Arabidopsis thaliana
Populus euphratica

ARGONAUTE1
ARGONAUTE1
MYB TF

Ding et al. (2009)
Liu et al. (2008)
Qin et al. (2011)

(continued)
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Table 2 (continued)

miRNA Plant species Target gene Reference

miR169 Populus euphratica
Glycine max
Vigna unguiculata
Arabidopsis thaliana
Nicotiana tabacum
Zea mays
Oryza sativa

CCAAT-binding TF
CBF HAP2-like factor
CCAAT-binding TF
CCAAT-binding TFs
CBF HAP2-like factor
NFY-A T
CBF HAP2-like factor

Qin et al. (2011)
Li et al. (2011b)
Paul et al. (2011)
Liu et al. (2008)
Frazier et al. (2011)
Luan et al. (2015)
Zhao et al. (2009)

miR171 Setaria italica
Arabidopsis thaliana
Populus trichocarpa

Scarecrow-like TFs
Scarecrow-like TF
POPTR_0001s00480

Khan et al. (2014)
Liu et al. (2008)
Li et al. (2013a, b, 
c)

miR172 Gossypium 
raimondii Nicotiana 
tabacum

APETALA2-like factor
APETALA2-like factor

Xie et al. (2014)
Frazier et al. (2011)

miR319 Arabidopsis thaliana TCP TFs Liu et al. (2008)
miR393 Arabidopsis thaliana

Oryza sativa
F-box protein
Phytosulfokine receptor precursor; 
GRF-interacting factor (GIF)

Sunkar and Zhu 
(2004)
Gao et al. (2011)

miR394 Arabidopsis thaliana
Glycine max

F-box protein
F-box protein

Liu et al. (2008)
Li et al. (2011b)

miR395 Zea mays
Nicotiana tabacum
Panicum virgatum
Arabidopsis thaliana

ATP sulfurylase
ATP sulfurylase
ATP sulfurylase
ATP sulfurylase

Ding et al. (2009)
Frazier et al. (2011)
Sun et al. (2012)
Kim et al. (2010b)

miR396 Populus trichocarpa
Nicotiana tabacum
Zea mays
Arabidopsis thaliana
Oryza sativa

GRL TFs
GRL TFs
GRL TFs
GRL TFs
GRL transcription factors; Rhodanese- 
like protein; kinesin-like protein B

Frazier et al. (2011)
Ding et al. (2009)
Zhou et al. (2012)
Liu et al. (2008)
Gao et al. (2010)

miR397 Panicum virgatum
Arabidopsis thaliana

cDNA L-ascorbate oxidase precursor
Laccases

Sun et al. (2012)
Sunkar and Zhu 
(2004)

miR398 Arabidopsis thaliana Cu/Zn superoxide dismutase Jagadeeswaran et al. 
(2009)

miR399 Medicago truncatula ATP-dependent RNA helicase Lelandais-Briere 
et al. (2009)

miR402 Arabidopsis thaliana DEMETER-LIKE protein 3 Kim et al. (2010a)
miR417 Arabidopsis thaliana C2-domain containing and SNF7 family 

protein
Jung and Kang 
(2007)

miR474c Populus trichocarpa Protein kinase; kinesin Zhou et al. (2012)
miR482 Populus trichocarpa TIR-NBS-LRR resistance protein Lu et al. (2008)
miR530a Populus trichocarpa F-box domain-protein Lu et al. (2008)
miR1446 Populus euphratica Gibberellin response modulator-like 

protein
Lu et al. (2008)

miR1447 Populus euphratica ATP-binding transport protein Lu et al. (2008)
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 Heat Stress

Temperature fluctuations during day and different seasons in the surrounding envi-
ronment of a plant require a reprogramming of gene expression pattern to adjust to 
such notable shifts in temperature. The climatic change and global warming may 
adversely impact plant’s physiology including seed maturation and grain filling. 
Several heat-responsive miRNAs have been identified in plant species (Cao et al. 
2014). Nine heat stress-responsive miRNAs were identified in wheat, eight being 
conserved across plants. miR156, miR159, miR160, miR166, miR168, miR169, 
miR393, and miR827 were up-regulated and only miR172 showed down-regulation 
after heat stress (Xin et al. 2010). Heat stress-tolerant and susceptible cultivars of 
wheat exhibit differential miRNAs gene expression pattern at 40 °C (Xin et  al. 
2011). In Populus trichocarpa and Arabidopsis thaliana miR168 shows up- regulated 
expression (Lu et al. 2008; Liu et al. 2008) and down-regulation in rice (Lv et al. 
2010) and expression of miR171 was vice versa in Arabidopsis thaliana and Oryza 
sativa (Liu et al. 2008; Lv et al. 2010) thus confirming species-specific role of miR-
NAs. Heat stress up-regulates miR398 and down-regulates target gene mRNA such 
as CSD1, CSD2 (copper/zinc superoxide dismutase), and CCS (a gene encoding a 
copper chaperone for both CSD1 and CSD2). Transgenic plants of miR398- resistant 
forms of CSD1, CSD2, and CCS being sensitive resulted into increased damage to 
the plant and flowers under heat stress as compared to transgenics with normal genes 
of CSD1, CSD2 or CCS, while csd1, csd2, and ccs mutant plants were extra heat 
tolerant than the wild type. In Arabidopsis thaliana, HSF genes encoding heat stress 
transcription factors and HSP genes encoding heat shock proteins showed decreased 
expression in heat-sensitive transgenic plants expressing miR398- resistant forms of 
CSD1, CSD2, or CCS and increased expression in the heat- tolerant csd1, csd2, and 
ccs plants, thus suggesting role of miR398 in activation of a regulatory loop which 
is decisive for thermo tolerance in Arabidopsis (Guan et al. 2013). Stief et al. (2014) 
reported that miR156 regulates the persistent heat stress memory in Arabidopsis and 
the plants were found to be extra tolerant to heat stress. Rice plants overexpressing 
miR159 were extra sensitive to heat stress (Wang et al. 2012).

 Cold Stress

Cold stress is a major abiotic stress factor that restricts the agricultural productivity 
in hilly areas. Tolerance to chilling (0–15 °C) and freezing (< 0 °C) temperatures 
varies in plants. Temperate vegetation is tolerant to chilling while tropical and sub-
tropical plants and crops, for instance, rice, maize, and tomato are sensitive to chill-
ing and deficient in the competence for cold acclimation. Cold-responsive gene 
regulatory networks are controlled by various miRNAs. Comparative profiling of 
miRNA expression in Arabidopsis, Brachypodium, and Populus trichocarpa during 
cold stress revealed similarity plus disparity in miRNA regulation. Arabidopsis 
miR393 is the first plant defense miRNA discovered which down-regulated its 
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target gene, ubiquitin E3 ligase, and thus enhances the quantity of cold-induced 
proteins (Navarro et  al. 2006; Sunkar et  al. 2004; Samuel et  al. 2008; Liu et  al. 
2008). The miR397 and miR169 were up-regulated in Arabidopsis, Brachypodium, 
and Populus trichocarpa, while miR172 was up-regulated in Arabidopsis and 
Brachypodium but not in Populus trichocarpa (Zhang et al. 2009a, b). Cold stress 
induces up-regulation of miR168 levels in Populus trichocarpa and Arabidopsis 
(Lu et  al. 2008; Liu et  al. 2008) and down-regulation in Oryza sativa (Lv et  al. 
2010). In Oryza sativa during cold stress, miR171 was down-regulated (Lv et al. 
2010) and up-regulated in Arabidopsis (Liu et al. 2008). According to Sunkar and 
Zhu (2004), during cold stress miR393, miR397b, miR402, and miR319c is up- 
regulated in Arabidopsis, while wide transcriptome analyses revealed that 
miR165/166, miR169, miR172, miR393, miR396, miR397, and miR408 are nota-
bly up-regulated while miR156/157, miR159/319, miR164, miR394, and miR398 
are only transitorily or slightly regulated during cold stress (Zhou et  al. 2008). 
Arabidopsis miR165/166, miR393, miR396, and miR408 play main part in the reg-
ulatory network of cold-responsive genes (Sunkar and Zhu 2004; Liu et al. 2008). 
In Oryza sativa, 18 cold-responsive down-regulated miRNAs, miR156k, miR166k, 
miR166m, miR167a/b/c, miR168b, miR169e, miR169f, miR169 h, miR171a, 
miR535, miR319a/b, miR1884b, miR444a.1, miR1850, miR1868, miR1320, 
miR1435, and miR1876 have been identified which target genes of the SPL, SCL, 
MADS box, or TCP families, which show increased expression in response to cold 
stress (Lu and Huang 2008; Lv et  al. 2010). Overexpression of Osa-miR319  in 
Oryza sativa caused enhanced cold tolerance (4 °C) after chilling acclimation (12 
°C) in transgenic rice seedlings. Notably, under 4 and 12 °C, Osa-miR319a and 
Osa-miR319b were down-regulated and the expression of miR319-targeted genes, 
OsPCF5 and OsPCF8, was induced. Moreover, down-regulating OsPCF5 and 
OsPCF8 expression in RNA interference (RNAi) plants cause enhanced cold toler-
ance suggesting role of miR319 in cold tolerance in Oryza sativa (Yang et al. 2013). 
According to Wang et al. (2014a, b), Osa-miR319b up-regulation and targeting of 
OsPCF6 and OsTCP21 also leads to cold stress tolerance. In two B. rapa L. variet-
ies, “Longyou 7” (cold-tolerant) and “Tianyou 4” (cold-sensitive), 353 cold- 
responsive miRNAs (84 putative novel and 269 conserved miRNAs), were identified 
from the leaves and roots of under cold stress of −4 °C for 8 h, out of which 
miR166h-3p-1, miR398b-3p, miR398b-3p-1, miR408d, miR156a-5p, miR396h, 
miR845a-1, and miR166u were conserved and Bra-novel-miR3153-5p and Bra- 
novel- miR3172-5p were novel miRNAs indicative of miRNA-mediated cold toler-
ance in this plant (Zeng et al. 2018).

 Nutrient Homeostasis

The macronutrient sulfur is an important component of amino acid residue cysteine, 
which is further changed into sulfur-containing defense compounds, i.e., glutathi-
one, phytoalexins, and glucosinolates. The first ever report signifying the 
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correlation between plant miRNAs and stress response regulation was given by 
Jones-Rhoades and Bartel (2004) in Arabidopsis, when they observed several novel 
miRNAs, including miR395 to be up-regulated during sulfate starvation. Under sul-
fate deprivation, miR395 activates gene families, low-affinity sulfate transporter 
(SULTR2; 1/AST68), and 3 ATP sulfurylase family members (APS1, APS3, and 
APS4) (Jones-Rhoades and Bartel 2004; Allen et al. 2005) and also remobilizes the 
sulfate between leaves in Arabidopsis (Liang et al. 2010). The miR395 supports the 
plant in sulfate paucity to acclimatize growth and development. Phosphate is an 
indispensable plant nutrient with role in DNA replication, phospholipid bilayer for-
mation, and ATP synthesis. When Pi is in less quantity, expression of miR156, 
miR399, miR778, miR827, and miR2111 is up-regulated while miR169, miR395, 
and miR398 get down-regulated (Hsieh et al. 2009). Pi deficiency leads to induction 
of a transcription factor phosphate starvation response 1 (PHR1) which is the master 
regulator of the PHR regulation pathway in Arabidopsis thaliana; and up-regulates 
miR399 which consecutively down-regulates PHO2 (E2 ubiquitin-conjugating 
enzyme) predominantly in roots (Aung et al. 2006; Bari et al. 2006). The phosphate 
deficiency-induced expression of miR399 with a corresponding decrease in its tar-
get ubiquitin-conjugating enzyme (UBC) in Arabidopsis is the second discovery of 
the interlink of miRNAs with abiotic stress (Fujii et al. 2005; Aung et al. 2006; Bari 
et al. 2006). Moreover, miR827 and miR2111 also get up-regulated and target E3 
ligases (At1g02860 and At1g63010, respectively), indicating phosphate homeosta-
sis regulation by a miRNA-controlled ubiquitination-mediated pathway (Fujii et al. 
2005; Chiou et al. 2006). The transgenic rapeseed plants overexpressing miR395 
show noteworthy augmentation of tolerance to cadmium stress (Zhang et al. 2013a).

 Oxidative Stress and Hypoxia

Oxidative damage of the cell is caused by the toxic compounds called Reactive 
Oxygen Species (ROS) produced as by-products of photosynthesis and respiration 
(Mittler et al. 2004). ROS is a secondary messenger molecule in stress-associated 
signal transduction pathways (Vandenabeele et al. 2003; Mittler et  al. 2004) and 
also plays a function in the biological process regulation. In Arabidopsis, oxidative 
stress down-regulates miR398 which otherwise suppresses expression of two Cu/Zn 
superoxide dismutases (CSD1 and CSD2/SODs) (Bonnet et  al. 2004; Jones- 
Rhoades and Bartel 2004) authenticating a correlation between miRNAs and reac-
tive oxygen species (ROS) pathway. Transgenic lines of miR398 resistant (with 
high quantity of CSD2) are resistant to high light intensity, heavy metals, and other 
oxidative stressors (Sunkar et al. 2006). Hypoxia, a low oxygen condition, causes 
switching from aerobic to anaerobic respiration (Bailey-Serres and Voesenek 2008). 
With the high-throughput microarray technology in submerged maize roots, 
Zm-miR166, Zm-miR167, Zm-miR171, Os-miR396, Zm-miR399, Zm-miR159, 
At-miR395, Pt-miR474, and Os-miR528 were identified (Zhang et al. 2008) and by 
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using next-generation sequencing in Arabidopsis roots, 19 hypoxia-responsive 
miRNA families were identified, which target other transcripts (Moldovan et  al. 
2009).

 Mechanical Stress

Mechanical stress to plants means bending of branches and stems by gravity, wind, 
or other peripheral abiotic agents. Transcript levels of miRNAs in tension-stressed, 
compression-stressed xylem and unstressed xylem show reduced expression of 
some miR156, miR162, miR164, miR475, miR480, and miR481 and up-regulates 
miR408 under stress. In compression stress, miR160 and miR172 were down- 
regulated and miR168 was up-regulated in the tension-created tissue (Lu et  al. 
2005). Wound stress up-regulates miR828 in miR828 overexpressing lines in sweet 
potato causing higher lignin biosynthesis and H2O2 production which further plays 
a function in defense mechanisms (Lin et al. 2012).

 Conclusions and Future Perspectives

Many miRNA families play important functions in abiotic stress conditions, for 
instance, cold, heat, drought, salt, etc. (Sunkar et al. 2012). MiRNA-mediated post- 
transcriptional gene regulation is the most vital mechanism of abiotic stress toler-
ance in plants, causing cleavage or translational repression of the target genes. 
High-throughput technologies of sequencing and miRNA microarray have con-
firmed many stress-responsive miRNAs. Up-regulation of miRNAs during abiotic 
stress can down-regulate their target gene transcripts, thus act as a negative regula-
tor. Alternatively, down-regulated miRNAs bring about amassing of their target 
gene transcripts so positively regulate stress conditions. Regulatory networks of 
miRNAs have yet to be understood completely. Unraveling the regulatory roles of 
miRNAs may unlock new possibilities of crop improvement for enhanced food pro-
duction to quench the hunger of the rising populace. MicroRNA interference (miR-
NAi) technology endows with an efficient podium for functional genomics 
investigations to better understand the basic underlying plant developmental mecha-
nisms, plant abiotic stress responses, and agricultural applications. The miRNAs are 
reported as the crucial regulators of plant abiotic stress responses. How the plants 
work under severe ecological conditions can be understood from the way miRNAs 
regulate stress-responsive genes and further, manipulation and modification of the 
gene expression can help in producing stress-tolerant plants and crop improvement 
on one side and secondly by breeding improved crop cultivars with enhanced agro-
nomic traits on other side.
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Greenhouse climate, 362, 363
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Haber–Weiss reaction, 5, 223, 225, 227
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Hormone homeostasis
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Indica rice, 154
Indole acetic acid, 238
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Induced systemic tolerance (IST), 431
Intensive crop production, 39
Intracellular second messenger, 306
Ionic toxicity, 194
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photosynthesis, 87
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Iron (Fe), 236
Iron toxicity, 60
Irrigated systems, 103
Irrigation, 412, 419

J
Japonica rice, 163
Jasmonic acid (JA), 136, 238, 276, 277

K
K fertilizer, 182
Kinetin, 239

L
Land management, 412
Late embryogenesis abundant (LEA), 139
Leaching ratio, 368
Leaching treatments, 372
Lead (Pb), 228, 229
Leaf senescence, 180, 390
Leaf temperature, 134
Leaf water potential, 134
Leaves, 133, 134
Leguminous plants, 40
Linear regression graphs, 371
Linear relationships, 373
Lipid peroxidation, 6, 42, 62, 64, 198
Lipoxygenase (LOX), 6, 7
Low light stress, 304
LR applications, 370
LR50 treatments, 367
LSD test, 362

M
Macronutrients, 303
Macrospores, 162

Magnesium (Mg), 429
Magnetopriming, 132
Maize

direct staple food, 130
leaf rolling, 130
production, 130
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water deficit stress (see Water deficit stress)
water requirement, 130
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Maize production

antioxidative defense mechanism  
(see Antioxidative defense)

C4 plant, 3
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drought-stress, 1
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osmotic stress, 1
oxidative stress, 4–7
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salt stress, 2
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Manganese toxicity, 43
Marker-assisted selection (MAS), 120
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Mercury (Hg), 236, 237
Metabolism, 163, 176, 177, 208
Metabolites, 86, 87, 92
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growth of plant, 221

Index



482

Metal/metalloid stress (cont.)
iron (Fe), 236
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in abiotic stress response, 455
cold stress, 462–463
drought stress, 455–459
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oxidative stress and hypoxia, 464–465
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description, 449
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460–461
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Non enzymatic defense system, 428
Non-enzymic antioxidants
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Non-mineral elements, 303
Non-redox active metal, 223, 225
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oxidative pathway, 382
reductive pathway, 382
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plant response, to abiotic stresses, 303, 304
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Nutrients, 360

effects of salinity, 108, 109
Nutritional imbalance
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Oxidative damage, 292

Ca-induced oxidative damage,  
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H+ rhizotoxicity, 64, 65
metal-stressed, 300
overproduction of ROS, 301
reduction of yield, 294
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Oxidative stress
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concept, 260
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C4 photosynthesis, 5
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Panicle initiation, 162, 164, 165
Paraquat toxicity, 305
Peak evaporative demand periods, 366
Peroxidases (PODs), 13, 14, 61, 211, 212
Peroxisomes, 384, 386
Peroxynitrite (ONOO−), 397
Pest attack, 174
Pesticides, 303, 305
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Phase farming, 420
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Photochemical efficiency (Fv/Fm), 311
Photo-inhibition, 108
Photo-oxidation, 231
Photorespiration, 6
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Photosynthesis, 5, 155–157, 160, 163, 
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Ca-induced regulation, plants under abiotic 
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Si-induced growth regulation and abiotic 
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stomatal conductance and continuance, 141
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Photosynthetic electron transport (Phet), 395
Photosynthetic machinery, 62, 63
Photosynthetic parameters, 55
Photosystems II (PS II), 62, 227, 261
Physiologic dryness, 104
Physiological responses, H+ rhizotoxicity

antioxidative defense, 64–66
EL, 61
membrane integrity, 62
oxidative damages, 64, 65
photosynthetic machinery, 62, 63
water status and transpiration, 63

Phytochelatins (PCs), 240, 241
Phytohormone signaling, 278
Phytohormones, 346, 433, 434

ABA, 279
ABA-induced H2O2 generation, 280
acclimatization in plants, 274
ameliorative response, 279–280
Crassulacean acid metabolism, 280
internal and external stimuli, 274
metabolic and physiological, 278
molecular mechanisms, 279

nitrate assimilation, 279
NO, 279
physiological and molecular responses, 274
signaling pathways, 279
tyrosine nitration, 280
water deficit and UV-B radiation, 279

Phytohormones-mediated abiotic stress 
tolerance, 280

Phytoprotectants, 238
Phytoremediation, 244
Phytotoxicity, 266
Planned cell death (PCD), 262
Plant abiotic stress tolerance, 279
Plant beneficial rhizobacteria, 431
Plant breeding

methods, 274
salinity tolerance, 117, 118

Plant distributions, 43
Plant growth
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nutrient uptake, 430
PGPR (see Plant growth promoting 
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stress-adaptive mechanisms, 410
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mechanism, 92
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nodulating factors, 94
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transcriptional factors, 94
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EPS production, 434

Index



485

IST, 431
phytohormones regulation, 433, 434

Plant growth regulators (PGRs), 274
Plant hormone ABA, 264
Plant root zone salinity, 370
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Pollen germination, 57–59
Pollen grain, 157, 158
Pollen growth, 58
Pollen tube growth, NO and ROS
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complex signaling network, 389
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H2O2, 389
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nitrate reductase (NR), 385
NO function, 388
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plant sexual reproduction, 385
on pollen germination, NO role, 385
pollination, 387
recognition events, 387
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leaf senescence, 390
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Q
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ERF, 177
flash flooding, 177
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210, 216, 384
abiotic, 266–268
accumulation, 57
antioxidant defense mechanisms, 268
aquaporins, 261
balanced scavenging, 2
biological signal, 261
biotic stress, 265–266
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oxidative stress, 5
phytocompounds, 262
production, 62, 64, 262, 264
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Redox homeostasis, 192
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pollen development, 157
pollination and fertilization, 158
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tolerance mechanisms, 175
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high temperature, 154, 155, 161
optimal temperature, 153, 154
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tolerance strategies, 164
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nonenzymatic
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flavonoids, 215
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GSH, 215
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α-tocopherols (vitamin E), 214

systemic signaling, 210
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ROS signaling, 385–387, 397, 398
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Salicylic acid (SA), 22, 23, 239, 276
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lime, 419
PGPR and AMF, 422
physiological and morphological  

changes, 414
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Saline zones, 203
Saline-sodic soils, 102
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bio-priming, 95
causes, 85
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discrepancies, 84
effects (see Effects of salinity)
effects on crops (see Effects on crops)
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flooding and wind erosion, 85
genomic and molecular approaches, 84
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nutritional imbalance, 104
osmotic effect, 103
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weathered and ion concentration, 85
weathering process, 84

Salinity-mediated damage, 3
Salinity management

agricultural practices, 90–91
PGPB, 91–94
seed priming, 91–94

Salinity stress
ameliorating (see Amelioration, salinity 

stress)
silicon, 336, 337

Salinity threshold values, 373
Salinity tolerance

at cellular level, 113–115
at molecular level, 112, 113
at whole plant, 112
biofertilizers, application of, 422
biotechnological approaches, 119–120
breeding approach, 421
concentrations, 118
factors, 111, 112
molecular techniques, 421
multigenic trait, 422
plant breeding, 117, 118
production, 118
screening methods (see Screening 
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seed germination stage, 112
strategies, 118

Salinity treatments, 361
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climate change, 412
coastal ecosystems, 413
land management, 412

fertilization, 413
irrigation, 412
summer fallow, 413
waterlogging, 413

primary/natural, 410
secondary, 410
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weathering, native rocks, 413
woodlands to agricultural land,  

conversion, 412
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460–461
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mechanism, 194
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soil accumulation, 192, 194
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Salts aggravation, 413
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Screening methods, salinity tolerance

biomass, 115–117
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genetic variations, 115
low-quality irrigation water, 115
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Seed germination, 194
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Na+ and Mg2+, 309
NaCl effect, 309
oxygen availability, 309
water imbibition, 306

Seed priming, 91–94, 182, 183
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Seedling, 154, 159, 174
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Signal transduction processes, 60
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ROS, 263–264
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compatible solutes, 344
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plant growth improvement, 342
root system, 343
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antioxidative defense system, 345–346
application, in agriculture, 334
beneficial effects, 333
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content, in plants, 335
DNA replication, 346
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heavy metal toxicity, 340
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macronutrients

Fe deficiency, 341
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Mn oxidation state, 341
nitrogen fertilizers, 340
P availability, 341
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phytohormone regulation, 346
polyamines synthesis and metabolism, 345
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salinity stress, 336, 337
sources, 334, 335
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thermal stress, 338, 339
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Silicon foliar fertilizer, 342
Silking and pollen shed period, 131
Small temporal RNAs (stRNAs), 450
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Soil acidification, 40
Soil moisture stress, 129
Soil pH

and acidic soils
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causes, 38–40
definition, 37
nutrient imbalance, 41–43
toxicity, 41–43
USDA, 37
worldwide distribution, 40, 41

Al, 36
crop production, 36
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and plant diversity, 43
proton toxicity, 36
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Soluble salts, 103
Spatial water uptake, 133
Specific ion effect
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Sporophytes, 58
Starch, 156, 158, 159, 162, 163, 177
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Stigma-specific peroxidase (SSP), 387
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photosynthetic activity, 264
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transpiration-driven sap ascent, 264

Stomatal closure, 136, 137, 144
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Stomatal resistance, 134
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definition, 129
oxidative, 260
regulation, 261
soil moisture, 129
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water deficit (see Water deficit stress)

Stress susceptibility index (SSI), 116
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abiotic stress (see Abiotic stresses)
mechanisms, 274
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Stroma, 156, 161
Submergence, rice

adventitious roots formation, 180
aerenchyma, 179
consequences, 174
deep water flooding, 174, 178
flash flooding, 173, 177
gaseous exchange, 178
hypoxic conditions, 174
leaf gas films, 180
physiological effects

carbohydrate consumption, 176
chlorophyll contents, 176
photosynthesis and respiration, 

175–176
radial zone, 174
ROL, 179

ROS, 180–181
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Summer fallow management, 413
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70, 212, 242, 265
Superoxide radicals, 428
Supplemental Ca, 310, 312, 314
Symplast pathway, 112

T
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Thermal stress
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Tillering, 160
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plants, 314
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see Salinity tolerance
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Total dissolved solids (TDS), 102
Toxic metals/metalloids

agricultural soils, 299
cause, 299
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irreversible damage, 299
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mustard (B. juncea), 300
in roots, 299
to plants, 299

Transcription factors (TF), 69
Transgenic plants, 197
Transgenic rice, 201
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Vegetative growth
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Al3+ stress, 54
Al toxicity, 55
Al3+ toxicity, 55
G. max, 56
grain yield, 56
leaf and canopy development, 56
Mn toxicity, 56
plant life cycle, 54
root development, 56
root growth, 54
soil acidity, 55, 56
toxic level of Mn, 57
Z. mays, 56

Vitamin C, 214
Vitamin E, 214

W
Water deficit

photorespiration and declines carbon 
fixation, 296

in physiological attributes, 295
in T. aestivum, 296

Water deficit stress
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vs. adaptive responses, 141, 142
grain filling, 131
in maize, 130

germination, 132, 133
growth and development, 140–141
hormone homeostasis, 136, 137
leaf properties, 133, 134
and oxidative damage, 138, 139
photosynthesis, 137, 138
proteins, 139, 140
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root characteristics, 133
stomatal closure, 135, 136
water relations, 134, 135

leaf growth, 130
long-term drought responses, 129
osmotic adjustment, 130
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short-term responses, 129

Water relations
and water deficit stress, 134, 135

Water status and transpiration, 63
Water stress, 216
Water use efficiency (WUE), 374
Waterlogging, 413
Weathering, rocks, 413
Weeks after planting (WAP), 360
Wetlands, 174
Wind, 306
Wounding stress

silicon, 339

X
Xiangnuo-1, 394
Xylem parenchyma cells, 112

Y
Yield, 191, 193, 200, 203

Ca-mediated yield improvement, 312
crop plants, 300
drought, 296
grain, 131, 133, 134
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