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Preface
 

Terrestrial plants, since their emergence, are subjected to harsh environ-
mental conditions that include hostile factors such as temperature extremes, 
water deficit or excess, heavy metal toxicity, salinity, UV radiation, etc. 
Owing to their sessile nature, plants need to confront such stresses, which 
adversely affect their life cycle and their vital physiological processes like 
seed germination, seedling growth, flowering, and seed production. There-
fore, it is not only necessary to understand the biochemical and molecular 
mechanisms underpinning the defense responses, but also to come up with 
effective strategies to mitigate stress-mediated toxicity and ensure better 
yield. A lot of progress has been witnessed in understanding of the forward 
and reverse genetic approaches and genome-wide analyses, especially in 
model plants like the classical Arabidopsis thaliana and its extremophyte 
relative Thellungiella salsuginea, both exhibiting multi-stress tolerance. 

Traditional agronomic practices, including selection of tolerant cultivars, 
fertilizer management, mutation breeding through radiation exposure, and 
pre-treatment of seeds and seedlings before sowing, include some of the 
effective adaptive strategies to fight against such stresses. The first rice 
varieties, KT 20–74 and SH 30–21, released in China as early as 1957, were 
developed through induced mutation. A semi-dwarf and non-lodging mutant 
variety of wheat called Sharbati Sonora was generated through the treatment 
of a red-grained Mexican variety, Sonora 60, by gamma radiation. Many 
abiotic stress-tolerant crops, including varieties of rice, wheat, corn, potato, 
soybean, cotton, and sugarcane, with superior yield, have been successfully 
produced by mutation breeding and are being used for human consumption in 
many countries. Priming of seeds and seedlings, viz., pre-exposure to water 
and protective chemical agents, induces “stress memory” existing in both 
the present generation and its offspring, and therefore appears as a prom-
ising strategy to cope with climate change and improve plant performance. 
Various compounds like phytohormones, growth regulators, and signaling 
molecules are induced during stress, each of which when used as a priming 
agent, enables the plants to adapt against adverse situations. Stress memory 
is highly epigenetic-based and involves diverse mechanisms, including 
DNA methylation, histone modification, nucleosome positioning, chromatin 
remodeling, and noncoding RNA-mediated regulation. Identification of 



 

 

 

  

  
 

 

xxii Preface 

appropriate strains of root-colonizing, non-pathogenic, plant growth-
promoting bacteria and plant inoculation with such microbial consortium 
has been found to provide cross-protection against multiple environmental 
stressors like drought, salinity, and metal toxicity and enhance the efficacy of 
phytoremediation of inorganic and organic pollutants. 

Genetic and biotechnological methods have been developed over time 
immemorial to develop stress-tolerant plants. Advanced conventional 
breeding strategies are required to expedite the generation of stress-tolerant 
varieties. Such strategies heavily rely on certain pillars like large mapping 
populations in the form of recombinant inbred lines, double haploids, and 
near-isogenic lines, marker-assisted selection, marker-trait association, 
mapping software, and identification of genes by linkage mapping and 
quantitative trait loci. The introduction of a single gene or gene pyramiding 
with multiple genes via transgenic technology, is always a widely opted 
approach by scientists to develop stress-resilient plants. The transgenic 
approach allows the identification of the target genes, transcription factors, 
and microRNAs, providing an integrated knowledge of the physiological 
and molecular mechanism of stress tolerance. Recent developments in omics 
approaches and systems biology, coupled with next-generation sequencing 
(NGS), epigenomics, and CRISPR/Cas technology, also have a high implica-
tion in the future in developing climate-resilient plants. Omics platforms like 
genomics, transcriptomics, proteomics, and metabolomics have provided 
an opportunity to gather a holistic knowledge of stress-mediated regula-
tion for plant defense. Systems biology coordinates the information from 
various high throughput omics tools, thereby enabling us to comprehend the 
mechanism of plant response. Small RNA (siRNA and miRNA) technology 
acts as a nodal player of plant development at both post-transcriptional and 
transcriptional levels by regulating gene expression and combating various 
abiotic stresses. The noncoding RNAs and their putative target genes 
show differential expression patterns during stress, implying epigenetic 
regulation of noncoding RNA expression. Apart from DNA methylation, 
post-transcriptional RNA modifications are also regarded as plant epigenetic 
regulators. Targeting the regulatory or structural genes or cis-regulatory 
sequences and creating novel QTL through robust genome editing tools 
like CRISPR/Cas9 has allowed a rapid and precise modification of any 
organism at the nucleotide level. Another emerging field is nanotechnology, 
where nanoparticle application has highly improved plant performance by 
improving the free radical scavenging and antioxidant potential during stress 
and has revolutionized the agricultural sector. 



 

 

Preface xxiii 

The third volume, entitled “Sustainable Approaches for Enhancing Envi-
ronmental Stress Tolerance,” of this 3-volume publication book, therefore, 
focuses on the agronomic and biochemical approaches as well as biotechno-
logical and high throughput technologies, including the prospects of genetic 
engineering, epigenetics, and the latest CRISPR/Cas technology in gener-
ating stress-tolerant plants. I am sure that this volume will definitely provide 
a clear road map with regard to the implementation of different techniques 
for improving abiotic stress tolerance in plants for better sustenance. 
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ABSTRACT 

Widespread industrialization and anthropogenic activities have increased 
the accumulation of toxic pollutants that includes most importantly heavy 
metals that pose a serious threat to human and aquatic lives. Industries 
being the major source of environmental pollution are indiscriminately 
releasing toxic and hazardous wastes (both organic and inorganic) resulting 
in worsening of the existing situation. In order to mitigate the toxic effect 
of heavy metals, there are a large array of physical and chemical methods 
were adapted for remediation of these metals from the soil and water 
bodies. These techniques, however, are costly and energy-intensive, because 
secondary air or groundwater contamination, and can affect soil microbial 
diversity, making bioremediation a more desirable option. The method of 
bioremediation comprises the use of microorganisms which include the 
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class of autochthonous or zymogenous that secretes enzymes that lead to the 
breakdown of the heavy metal compounds. Moreover, these microbes are 
also helpful to detoxify environmental pollutants. It is efficient in reducing 
toxic pollutants concentration below that causing human health risk, high in 
cost-effective ratio and minimal/no-secondary pollution generation issues. 
However, the efficiency of this method is severely limited by the unavail-
ability of the right strain of microbe and various environmental factors 
like oxygen concentration, temperature, nutrient, and co-substrates avail-
ability and presence of potentially toxic compounds. Our present chapter 
includes the problem associated with the toxicity pollutant which includes 
both organic and inorganic pollutants. Moreover, we also tried to include a 
sustainable, viable, and eco-friendly bioremediation technology which are 
microbes-assisted bioremediation. Further, it would highlight the current 
emerging issues and challenges, which require consideration for the future 
development of novel technologies for the bioremediation of contaminated 
sites. 

1.1 INTRODUCTION 

The recent trends of industrialization and rapid urbanization worldwide has 
led to the incidence of xenobiotic contamination in soil and air. This contami-
nation of heavy metals and organic pollutants might result in nutrient runoff, 
soil erosion, and ultimately lead to the pollution of soil and water bodies. 
Increased incidence of soil pollution in terms of contamination of soil by the 
enhanced release of the harmful substance (heavy metal and organic pollut-
ants) into the soil affect the flora and fauna of the soil. However, unlike the air 
pollution that directly affect the lives of animal and human, soil pollution can 
indirectly and detrimentally affect the lives of all form (Mishra, Mohammad, 
& Roychoudhury, 2016). The primary sources of heavy metal include mining 
and smelting of metallic ores, fertilizers, municipal; wastes, sewage sludge, 
pesticides, burning of fossil fuels and electronic wastes (Devi et al., 2021; 
Mondal et al., 2019). Both intended and unintended activities can result in 
soil pollution, which broadly is of two types viz. point source and diffuse 
pollution. The main sources of point-source pollution are anthropogenic 
activities and are very common in urban areas. Diffuse pollution occurring 
in the soils is difficult to analyze, and examples include the use of pesti-
cides in agriculture, soil erosion, uncontrolled disposal of waste, persistent 
organic fertilizers and fertilizers that also add heavy metals (Wu & Chen, 
2013). Remediation involves removing toxic or biohazardous contaminants 
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that can have possible human health hazards or threats to the environment 
from an infected area. Remediation is a cleanup and disinfecting process. 
Conventional methods of remediation followed ‘cap and contain’ strategy, 
i.e., digging up and removing it to a landfill and then maintaining it on the 
same land. In this case, the products barely lose their hazardous nature as 
they stay in their original form but in isolation. However, in recent times 
with the development of advanced techniques these pollutants could be 
destroyed, if possible, be transformed into harmless substances. However, 
they have major drawbacks viz. lack effectiveness, high cost of application 
(expensive), technological complexity, lack of public acceptance, and more 
secondary toxic compounds being released during the incineration process. 

Bioremediation (bio = living, remediate = to bring the sites and affairs 
into the original states) makes an effective better sustainable approach 
possible to achieve amelioration of polluted soils (Arora, 2018). The term 
bioremediation is defined as any process which uses the biological system to 
reduce the toxic effect of the pollutants. The biological system might include 
microorganisms, green plants, fungi, or enzymes derived from the biological 
system that reduces the contaminant concentration in soil (Schaechter, 
2009). As microorganisms are easy to manage and plants are easy to grow, 
bioremediation is superior to the use of conventional methods for remedia-
tion purposes. The other terms which are generally used for the process of 
bioremediation are bio-reclamation, biotreatment, and bio-restoration. It can 
be carried out in situ or in advanced reactors (ex-situ). Bioremediation by 
microorganisms and nematodes requires a good atmosphere for the polluted 
sites to be cleaned up. The process of microbial activity in the polluting 
sites might require the addition of extra components so that the microbes 
can thrive well. These extra components include the addition of nutrients, 
favorable temperature, moisture, and terminal electron acceptor (O2/NO2) 
that help to enhance the growth of a specific organism (Lal et al., 2022; Altaf 
et al., 2022). 

Soil microorganisms and nematodes can degrade pollutants consisting 
predominantly of heavy metals, hydrocarbons, oils, polychlorinated 
biphenyls (PCBs) and polyaromatic hydrocarbons (PAHs) as they have the 
capacity to mitigate heavy metals and also decompose well after its effect 
on microbes (Jariyal et al., 2020; Meena et al., 2022; Tiwari et al., 2021). 
However, bioremediation is not readily used for the treatment of all pollut-
ants; certain heavy metals, such as Pb and Cd are not readily absorbed or 
captured by microorganisms and nematodes (Kumar et al., 2011). It is a 
natural alternative mechanism, rather than a panacea to strategies such as 
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incineration, catalytic destruction, adsorbent use, physical removal, and 
eventual pollutant destruction. There is, however, a distance between labora-
tory research developments and commercial field applications. Therefore, 
the present chapter focuses on the use of various soil microorganisms and 
nematodes as a possible strategy that can contribute very effectively and 
in an eco-friendly way for bioremediation and amelioration of polluted 
soils. Further, it also delineates the challenges and limitations hindering the 
widespread application of these clean green approaches involving microbes. 

1.2 SOURCES AND TYPES OF POLLUTANTS IN THE 
ENVIRONMENT AND THEIR FATE 

The present scenario of high anthropogenic activity affected the environ-
ment which is the primary issue of the society. The pollutant that is natu-
rally occurring and foreign matter significantly affected the environment 
and created adverse conditions for soil and water bodies. They all attract 
substantial attention due to the environmental impacts they trigger. There 
are many pollutants in soil, therefore the main pollutants in the soil can be 
broadly categorized as of three types, i.e., organic, inorganic pollutants, and 
biological. 

1.2.1 ORGANIC POLLUTANTS 

The accrual of organic pollutants in the environment has an immense impact 
on the solidarity of both land and marine habitats, creating more detrimental 
effects on human health (UNEP, 2015). The wastes from the kitchen and 
garden are generally categorized as biodegradable waste and mostly are of 
organic types. However, the waste from the factories and agricultural runoff 
are categorized as persistent organic pollutants (POPs). Stockholm conven-
tion classified 12 POPs into: 

1. 	 Industrial Chemicals: Polychlorinated biphenyls (PCBs) and 
hexachlorobenzene. 

2. 	 Pesticides: Endrin, Heptachlor, Hexachlorobenzene, Mirex, Aldrin, 
Chlordane, DDT, Dieldrin, Toxaphene. 

3. 	 By-Products: Polychlorinated dibenzofurans (PCDD/PCDF), hexa-
chlorobenzene, polychlorinated dibenzo-p-dioxins and PCBs. 
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These aforementioned chemicals were distinguished by the low solubility 
rate and high lipid solubility, which makes it possible for them to bioaccu-
mulate in animal fatty tissues and join the food chain (Mondal et al., 2019). 

1.2.2 INORGANIC POLLUTANTS 

Inorganic pollutants are typically chemical substances of salts and minerals 
derived from manufacturing, mineral origin, such as metals, agricultural, 
and domestic waste (Masindi & Muedi, 2018). These inorganic pollutants 
are naturally occurring but reported to be transformed by human production 
to increase their amount contained in the environment. Heavy metal toxicity 
is one of the toxic components among the inorganic pollutants, and it is 
a major threat to the food chain, which leads to major environmental and 
health issues in the present modern society. 

1.2.3 BIOLOGICAL POLLUTANTS 

Biological pollutants are primarily the product of human activities and 
have a significant effect on both aquatic ecosystems and the terrestrial. In 
particular, it is the introduction of non-indigenous and xenobiotic species 
(Masindi & Muedi, 2018). A wide diversity of pollutants is found in nature, 
which can be classified as in Table 1.1. 

1.3 APPROACHES FOR REMEDIATION OF ENVIRONMENTAL 
POLLUTANTS 

Apparently, bioremediation methods can be classified as in situ (at the site) 
or ex situ (away from the site), taking into account the site of operation. 
Some of the environmental factors to be considered while selecting any 
bioremediation technique are listed in Table 1.2. 

1.3.1 BIOREMEDIATION AT IN SITU 

The bioremediation at in situ level signifies when there is detoxification 
of the pollutant precisely where the pollution has occurred. The reme-
diation process does not need excavation or extraction of soil or water. 



 

 

 

Pollutants Classification with Examples	 References 
Organic Halogenated Pesticides	 BHC, DDT, and derivatives (dicofol, DFDT, etc.), cyclo-

dienes (endosulfan, heptachlor, chlordane, aldrin, dieldrin, 
endrin, etc.), others (mirex, toxaphene) 

Solvents DCM, chloroform, etc. 
Other PCBs, dioxins, hexachlorobenzene, PAHs, CFCs, HFCs, 

HCFCs, etc. 
Non-halogenated Non-halogenated Petroleum hydrocarbons, dimethyl phthalate, explosives 

hydrocarbons (nitroaromatic explosive), and solvents viz. BTX (ben-
zene, toluene, xylene), etc. 

Inorganic Metal/metalloids Mostly heavy As, Cd, Pb, Hg, Se, pesticides (Hg, Cu, As, etc.) and 
metals and toxic fertilizers (micronutrient based), and salts 
agrochemicals 

Non-metals Toxic non-metals Cyanides, ammonium, sulfur, salts, etc. 
Radioactive Am, Be, 32P, 14C, 15N, 59Fe, 3H, 238U, 232Th, and 210Po, etc. 

Biological	 This category of pollutants includes bacteria, viruses, molds, mildew, animal dander and cat saliva, house 
dust, mites, cockroaches, and pollen. 

UNEP (2015) 

– 
– 

Mondal et al. 
(2019) 

Masindi & 
Muedi (2018) 

Fuller (1977) 
Gulan et al. 
(2017) 
UNEP (2015) 
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TABLE 1.1 Classification of Pollutants Present in the Environment 
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TABLE 1.2 Optimum Conditions for Bioremediation of Environmental Pollutants 

Environmental Factor Conditions Required for Microbial Activity References 
Available soil moisture 25–85% water holding capacity		 Harekrushna & 

Kumar (2012);Oxygen Aerobic, minimum air-filled pore space of 10% 
Haghollahi,Soil type Low clay or silt content Fazaelipoor, & 

pH	 5.5–8.5 Schaffie (2016) 
Temperature 15–45°C 

The detoxification or remediation of the site requires oxygen and nutrient 
by circulating the polluted soil to facilitate the degradation of the organic 
pollutant by the naturally occurring bacteria. The process of bioremediation 
was reported to be the cheapest and most effective method for detoxification 
of heavy metals in soil (Kumar et al., 2011). In situ bioremediation is of 
mainly two types: (i) intrinsic in situ bioremediation; and (ii) engineered in 
situ bioremediation. 

1.3.1.1 INTRINSIC/NATURAL ATTENUATION IN SITU BIOREMEDIATION 

It uses the biodegradation of toxic pollutants to harmless substances by the 
innate capacity of the microorganisms already present in the environment 
(Vidali, 2001). In this process, there is no interference of humans, and it is 
considered the cheapest method of bioremediation which is widely known. 
Scientists turn to engineered bioremediation when the intrinsic bioremedia-
tion is not feasible under certain circumstances. 

1.3.1.2 ENGINEERED/ENHANCED IN SITU BIOREMEDIATION 

The aforementioned process requires the introduction of the microbes into the 
site of the contamination. Moreover, in this method, there may be the addi-
tion of engineered microbes for the bioremediation process. This enhances 
and accelerates the process of degradation of heavy metals by improving the 
physiochemical condition and growth of microbes. Mainly, electron accep-
tors, nutrients, and oxygen are added along with nitrogen and phosphorus 
to enhance the development of the microbes (Rodríguez et al., 2009). Some 
important in situ bioremediation processes are discussed hereunder. 
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1.3.1.2.1 Bioventing 

The process of bioventing is an approach to aerating the water and soil 
that accelerate the process of degradation of organic substances (Hyman & 
Dupont, 2001). The aforementioned method is used mainly for the purpose 
of the treatment of the unsaturated soils and enables aeration in the soil. 
This method supplies oxygen to the microbes which are present in the water 
and soil, thereby accelerating the activity of microbes. This process also 
enhances the growth of the indigenous microbes that help in the decomposi-
tion of organic matter. This methodology helps to enhance the degradation 
of the anaerobically degradable polluted soil which are rich in organic 
hydrocarbon, pesticides, and other chemicals (Dupont, 1993; Khan, Husain, 
& Hejazi, 2004). However, this process is not successful if the water table is 
situated within a few feet under the soil (Van Deuren et al., 2002). 

1.3.1.2.2 Biosparging 

The aforementioned method is generally used to degrade the products 
which are mainly composed of petroleum and also dissolved in water. The 
majority of the petroleum product is absorbed by the water table in soil, so 
this methodology is very much helpful (Norris, 1993, 1995). In this method, 
the atmospheric air is injected through the soil which is both saturated and 
unsaturated soil. To have the application of this method efficiently, the soil 
should be homogenous in the polluted region. The biosparging method has 
also been used to reduce energy consumption (Dary et al., 2010). 

1.3.1.2.3 Bioaugmentation 

The process of bioaugmentation is achieved by the addition of laboratory-
grown microbes which has the potential for degradation of the heavy metal 
pollutant. In the aforementioned process, the microbial strain with higher 
Polycyclic Aromatic Hydrocarbon (PAH)-degrading capabilities were inocu-
lated in the polluted soil environment (Dhanya & Kalia, 2020). This approach 
introduces either wild type or genetically engineered microbes which help 
to enhance the degradation of heavy metal and reclaim the soil (Kuiper et 
al., 2004). There are various advances in the bioaugmentation method which 
includes gene bioaugmentation, cell encapsulation, phyto-augmentation, and 
rhizosphere bioaugmentation (Gentry, Rensing, & Pepper, 2004). 
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1.3.1.2.4 Phytoremediation 

Phytoremediation is an efficient process, and it is cheap and environmental 
friendly in the removal of heavy metal and toxic material from the soil. This 
method requires the involvement of plant and their part which is supported 
by the allied rhizospheric microorganism to extract and remove the pollutant 
(Hooda, 2007). Generally, a heavy metal such as Cd, Se, and As is used to be 
removed from the soil (contaminated soil) which are generally present in the 
form of metal and metalloid (Hooda, 2007). This sustainable and inexpensive 
process is evolving rapidly as a viable alternative to traditional remediation 
approaches and would be the most acceptable for developing countries like 
India. Despite this feasibility, phytoremediation has yet to become a potential 
commercial technology available in India (Ghosh & Singh, 2005). 

1.3.1.2.5 Subsurface Bioremediation 

Bioremediation did at the subsurface region of soil where both organic and 
inorganic pollutants. Ethylbenzene and xylenes (BTEX), benzene, toluene, 
bioremediation is done by this method (Shim & Yang, 1999). 

1.3.1.2.6 Free Enzyme Bioremediation 

This is a newly developed technology allowing the rapid detoxification of 
residues of pesticides in surface waters, such as irrigation water, and prob-
ably from other wettable products, such as soil and product surfaces (Scott 
et al., 2011). 

1.3.2 EX SITU BIOREMEDIATION 

1.3.2.1 SOLID-PHASE SYSTEM 

Composting is a method that involves the mixing of organic compounds 
such as agricultural waste with polluted soil. The presence of the organic 
material in the soil leads to the creation of a higher microbial population in 
the soil which might lead to a higher compositing temperature (Shilev et al., 
2007). However, this method is a more controlled and extended version of 
the land farming. 
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1.3.2.2 LAND FARMING OPERATION 

This is a basic technique of excavating and spreading polluted soil and prepa-
ration of bed by regular tiling until the pollutant in the soil gets degraded. 
The aforementioned process is limited, and the handling of the soil was done 
at 10–35 cm, on the superficial surface. It is the most efficient in eliminating 
PAH and PCP. 

1.3.2.3 BIOPILE SYSTEM 

It is a combination of composting and land cultivation. In this process, the 
engineered cell is designed as composted aerated piles. It is also used for the 
treatment of petroleum hydrocarbons and the extraction of pollutants from 
the surface. This process is the modification of land farming which aims 
to monitor the physical losses of the pollutant that leads to leaching and 
volatilization (Williams, 2006). It provides indigenous aerobic and anaerobic 
microorganisms with a congenial habitat for their proliferation. 

1.3.2.4 SLURRY PHASE SYSTEM 

Contaminated materials, microorganisms, and water are formulated into 
slurry within the bioreactor or fermentor. The bioreactors are designed to 
promote microbial degradation. 

1.3.2.5 USE OF GENETIC ENGINEERING 

The use of DNA technology among the various forms of biotechnology has 
the potential of producing new combinations of genes that have not existed 
in nature before. The use of restriction enzymes has enabled the isolation 
of particular DNA fragments that can be transferred to another organism 
lacking the same. Genes that code for environmental pollutant metabolism, 
such as PCBs and other xenobiotic compounds, are often found on plasmids, 
but not always. A modern viewpoint on bio-waste treatment has opened up 
the possibility of genetic transfer to non-biodegrading microbes (Sayler & 
Ripp, 2000). The recombinant DNA has the potential to multiply and may 
grant the unique derivative capacity to detoxify environmental pollutants. 
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1.3.2.6 BIOFILMS 

It consists of an organized population of bacterial, algal, or other cell types 
contained in a polymer matrix that is self-produced. Waste can accumulate 
within biofilm to toxic levels. Used for treatment of recalcitrant compounds. 

1.3.2.7 BIOLEACHING 

Involves extraction of desired metal from low-grade ores with the help 
of microorganisms. Microorganisms produce acids from reduced sulfur 
compounds, and the acids solubilize the desired metals. 

1.4 MICROBIAL BIOREMEDIATION: A GREEN TECHNOLOGY FOR 
ENVIRONMENTAL REMEDIATION 

The industrial revolution in recent decades enabled humans to explore and 
exploit natural resources which leads to the deterioration of the environment 
and human health. For dealing with environmental pollution, bioremediation 
is the most novel and ideal solution for pollution abatement. This approach 
uses biological systems for the treatment of contaminants. 

1.4.1 MICROORGANISMS INVOLVED IN BIOREMEDIATION 

1.4.1.1 BACTERIA 

Bacteria are the most important microbes in the clean-up of contaminated 
soil and water because they break up dead material into inorganic nutrients 
very quickly. Different pesticides including chlorinated pesticides can easily 
be digested by bacteria. Bacteria can act on both aerobic and anaerobic 
functions by using the enzymatic pathway and catabolic reaction of micro-
organisms to break down soil contaminants or convert them into nontoxic 
substances. 

1.4.1.1.1 Aerobic Bacteria 

The variety of anaerobic bacteria is recognized for the ability to degrade 
which includes Pseudomonas, Alcaligenes, Sphingomonas, Rhodococcus, 
and Mycobacterium. The aforementioned bacteria were reported to degrade 
and decay the pesticide and hydrocarbon which are generally alkanes and 



 

 

 

 

14 Biology and Biotechnology of Environmental Stress Tolerance in Plants, Volume 3 

polyaromatic compounds. The mechanism behind the detoxification is that 
many bacteria use the pollutant as the sole source of carbon and energy. 
Bacteria such as Mycobacterium, Escherichia, and Bacillus are commonly 
used for the bioremediation of heavy metals and PAHs. The mechanism of 
use of PAHs as the source of carbon as they break down the substances 
like anthracene, pyrene, naphthalene, phenanthrene, and benzopyrene in the 
presence of heavy metals such as Cd, Cu, Cr, and Pb that are reported to 
have occurred with PAHs. The enzyme used by the microbes for aerobic 
degradation is methane monooxygenase which acts against a wider range 
of compounds that includes chlorinated aliphatic trichloroethylene and 
1,2-dichloroethane. 

1.4.1.1.2 Anaerobic Bacteria 

There use isn’t as prevalent as aerobic bacteria. These are primarily used 
for the bioremediation of the polychlorinated biphenyls (PCBs) which are 
present in the river sediments, dechlorination of the solvent trichloroethylene 
(TCE) and chloroform. 

1.4.1.2 FUNGI 

The group of fungus was reported to be used as the bioagent for bioreme-
diation of soil. The fungi such as the white-rot fungus Phanaerochaete 
chrysosporium was reported to have the ability to degrade the extremely 
diverse range of pollutants and heavy metals. The growth of the fungus was 
accelerated by the addition of straw, sawdust, and corn cobs where it acts as 
the substrate. Moreover, the heavy metal pollutant might also be remediated 
by the fungal communities such as Pleurotus, Acremonium, and Fusarium. 
However, the microbial consortia were reported to be associated with the 
effective strategies for remediation of heavy metals and PAHs. There are 
some well-established techniques where the process of immobilization 
(Huang et al., 2016) and compost (Poulsen & Bester, 2010) can protect the 
microbes from heavy metals and PAHs, thereby enhancing the activity of 
microorganisms. 

1.4.1.3 ALGAE 

Several species of algae have shown the ability to biosorb organic and inor-
ganic pollutants, specifically heavy metals and even radioactive substances. 
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Quite recently, the use of the extraction from algae in the remediation of 
wastewater has recently gained interest from the scientific community 
which is reported to have great potential as it fixes carbon dioxide (CO2). 
Moreover, the algae biomass also contributed to the feedstock for biofuel 
production (Huang et al., 2010). Moreover, the recent study by Yamamoto 
et al. (2008) suggested that the microalgae were used first time for the reme-
diation of organically enriched sediments. Algae is also useful for the wider 
range of organic pollutants which includes PAHs, petroleum hydrocarbons, 
polychlorinated biphenyls (PCBs), explosives like trinitrotoluene (TNT) and 
pesticides. In addition to it, algae are also used for the biomonitoring and 
restoration of the aquatic system and lead to having favor in the phytoex-
traction and biodegradation of many organic pollutants available in the soil. 
Moreover, complex formation Ion exchange, and electrostatic interaction aid 
in the biosorption of heavy metal ions by algae (Zeraatkar et al., 2016). 

1.4.2 GENERAL MECHANISMS FOR MICROBIAL BIOREMEDIATION 

In the presence of xenobiotic substances, which have the potential to damage 
environmental health and functioning, microorganisms use a variety of 
ways to interact and survive. As far as the degradation of organic pollut-
ants are concerned, these rather act as carbon source for microbes which 
are consumed either in the presence or absence of oxygen producing less or 
non-toxic substrate products. Quite naturally, rapid, and complete degrada-
tion of pollutants is brought under aerobic condition. The key reaction of 
aerobic biodegradation is oxidation, which is catalyzed by oxygenase and 
peroxidases. Various groups of organisms, such as denitrifiers, methanogens, 
and sulfidogens, are actively involved in the bioremediation process under 
anaerobic bacteria circumstances. 

By combining fermenters and acetogens, as well as methanogens and 
sulfate reducers, carbon molecules are decomposed step by step, creating 
methane, CO2, ammonia, and hydrogen sulfide. In most cases, anaerobic 
degradation mechanisms have been deemed inferior to aerobic degradation. 
Anaerobic procedures, on the other hand, have proven to be efficient and 
significantly less expensive than aerobic treatment when substantial loads of 
easily degraded organic components are present. Microbes with a variety of 
methods, including metal-organic complexation, metal-ligand degradation, 
oxidation, methylation, enzymatically, metal efflux pumps, intracellular, and 
extracellular metal sequestration, and metal exclusion, reclaim heavy metals 
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as the most common inorganic pollutants (Jaganathan et al., 2018; Awadhesh 
et al., 2020; Chourasia et al., 2022; Mangal et al., 2022). Metals, especially 
at high concentrations, can harm the microbial population by interfering with 
metabolic processes such as cell division suppression, protein denaturation 
and cell membrane rupture. Tolerant microorganisms demonstrate the ability 
to live in the presence of high heavy metal(loid) concentrations by utilizing 
survival strategies such as biotransformation, extrusion, enzyme usage, 
generation of exopolysaccharide (EPS), and metallothionein synthesis 
(Chinnusamy, Zhu, & Sunkar, 2010; Lal et al., 2020; Devi et al., 2021; 
Awadhesh et al., 2021). 

Microbe transformation of metal(loid)s could be broadly categorized into 
two types, redox conversions (oxidation and reduction) to less toxic state 
and conversions from inorganic to organic form and vice versa. Oxidation of 
metal(loid)s could help gain energy and on the contrary reduction can occur 
through dissimilatory reduction where microorganisms utilize metal(loid)s 
as terminal electron acceptor for anaerobic respiration. The reduction process 
mainly could be methylation and demethylation. Microbial methylation 
is quite important because of volatile products formed during the process 
leading complete phase change of inorganic contaminants from solid (soil) 
to gas (atmosphere) resulting in complete amelioration. A pictorial represen-
tation of a microbe cell imparting several mechanisms of tolerance to high 
heavy metal(loid) (HM+) concentration is presented in Figure 1.1. 

FIGURE 1.1 Mechanism of microbial detoxification of heavy metals. 
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1.4.3 MICROBIAL CONSORTIUM OF PLANT GROWTH PROMOTING 
RHIZOBACTERIA (PGPR) FOR BIOREMEDIATION 

Microorganisms and plants are used in bioremediation, which is a widely 
acknowledged and successful in-situ technique of treating heavy metal 
contaminated soils. A plant-based phytoremediation is a typical approach 
of contaminated soil bioremediation. Bioremediation that incorporates 
both microbes and plants provides a more efficient clean-up of heavy 
metal-polluted soils. The effectiveness of this strategy, however, is highly 
dependent on the type and efficiency of the organisms involved. Plant growth-
promoting rhizobacteria (PGPR) are bacteria that colonize the rhizosphere of 
plants and stimulate plant development (Kloepper, 1978) Heavy metals may 
be removed from the environment through phytostabilization, phytoextrac-
tion, rhizofiltration, and phytovolatilization (Kumar et al., 2021). The PGPR 
has the potential to enhance the phytoremediation of heavy metals through 
promoting plant growths, transforming heavy metals, and/or alleviating 
heavy metal stress (Zhuang et al., 2007). A conceptual model for the role of 
PGPR in phytoremediation of heavy metals has been depicted in Figure 1.2. 

FIGURE 1.2 Mechanism of bioremediation of heavy metals through PGPR. 

The interaction between arbuscular mycorrhizal fungi (AMF) and PGPR 
have a synergistic effect on plant due to channelization of rhizospheric P 
(Bhardwaj et al., 2014). Mishra et al. (2016) reported enhanced uptake of Fe 
by plants in Fe contaminated soil under combined action of AMF and PGPR 
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(Mishra et al., 2016). Nannipieri et al. (2007) identified higher interactions 
among rhizospheric microbes in metal contaminated soil (Nannipieri et al., 
2007). Several reports are available on the potential of biochar (a porous 
carbonaceous material produced by pyrolysis of crop residues) in heavy 
metal remediation (Guimarães et al., 2021; He et al., 2019). The use of PGPR 
and biochar along with a hyperaccumulator plant significantly increased the 
Cd content and bioaccumulation factor of accumulator, about 412% and 
403% higher than that of control, respectively (Wu et al., 2019). This system 
also increased the fresh and dry biomass of the metal accumulator plant by 
227.27% and 178.33%, respectively. Khan & Bano (2016) identified cata-
lase and oxidase enzymes secreted from the PGPR isolated from municipal 
wastewater that solubilize insoluble bound phosphate and exhibit antifungal 
and antibacterial activities. The use of Ag-nanoparticles with these PGPR 
enhanced the levels of abscisic acid (ABA) by 34%, indole acetic acid 
(IAA) by 55%, gibberellin by 82%, and proline synthesis by 70%, as well 
as alleviating oxidative stress and enhancing the bioremediation capacity of 
PGPR for Pb, Cd, and Ni. Table 1.3 summarizes the function of PGPR in 
the remediation of heavy metal-polluted soil. Biofilms have been used to 
remove heavy metals, according to studies (Yin et al., 2019). Biofilms are 
characterized as bacterial communities attached to a surface or to each other 
inside a matrix (Poulsen, 1999; Moussa & Algamal, 2017). Harekrushna & 
Kumar (2012) investigated bacterial biofilm zinc sorption and the role of 
extracellular polymeric molecules (EPS). 

The microbial EPS can bind with heavy metals and protect the cells from 
the hostile environment. Forming biofilms by these strains is considered a 
natural strategy to maintain a favorable niche in stressful environments with 
increased metals concentrations. Costley & Wallis (1999) reported the effi-
ciency of biofilm in removing the heavy metals in order of Cu>Zn>Cd with 
the removing efficiency of 73%, 42%, and 33% respectively. Workentine 
et al. (2008) reported that metal toxicity might be reduced by biofilm by 
altering their physiology for protection of sensitive chemical targets against 
the reactive metal species. 

1.5 ENDOPHYTIC MICROBES ASSISTED BIOREMEDIATION 

Natural remediation techniques provide more environment friendly oppor-
tunity for cleanup of the polluted soils and water. Phytoremediation due to 
its cost-effectiveness has caught attention worldwide. It uses the natural 
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TABLE 1.3 Role of PGPR in Bioremediation of Heavy Metals 

Heavy Metal Plant Species Microorganisms Growth Condition Mechanism of Remediation References 
Fe3+ Pennisetum 

glaucum and 
Sorghum bicolor 

Fungi (Glomus, Acaulospora, 
and Scutellospora) and PGPR 
(Streptomyces, Azotobacter, 
Pseudomonas, and Paenibacillus) 
association 

Pot experiment Increased Fe uptake by plants 
through siderophore formation 

Mishra et al. 
(2016) 

Cr5+ and Cd2+ Lepidium sativum Azotobacter sp. Lab experiment Stimulated plant growth and 
enhanced tolerance to heavy 
metals 

Sobariu et 
al. (2017) 

Cd Chrysopogon 
zizanioides 

Serratia marcescens SNB6 fixed 
with biochar 

Pot experiment Enhanced the Cd content and 
bioaccumulation factor of the 
plant 

Wu et al. 
(2019) 

Pb, Cd, and 
Ni 

Zea mays Pseudomonas sp., Pseudomonas 
fluorescence, and Bacillus cereus 
with Ag-nanoparticles 

Pot experiment Solubilization of insoluble 
bound phosphate and plant 
growth promotion 

Khan & 
Bano (2016) 

Zn and Pb None Biofilm of Pseudomonas 
aeruginosa (P8) and three strains 
of P. fluorescens (P4, P9, P10) 

Culture media Immobilization of heavy 
metals from the solution 

Oladipo et 
al. (2018) 

Cd Oryza sativa Enterobacter aerogenes K6 Pot experiment Reduced Cd uptake and 
oxidative stress through IAA 
production, P solubilization, 
ACCD activity 

Pramanik et 
al. (2018) 

As Oryza sativa One strain of Pseudomonas sp. 
(S6) and two strains of Bacillus 
sp. (S7 and S10) 

Green house and 
field condition 

Promoted plant growth and 
reduced As uptake 

AW et al. 
(2020) 

Note: ACCD: 1-aminocyclopropane-1-carboxylate deaminase. 
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ability of plants to purify soil and water bodies of potentially harmful toxic 
elements (organic and inorganic). This method provides a huge advantage 
over conventionally used physical or chemical technologies in terms of 
efficiency, environmental sustainability, cost-effectiveness, and ecology 
enhancement. However, several limitations such as phytotoxicity, slow 
degradation, and limited uptake of contaminant, evapotranspiration of vola-
tile contaminants and disposal of plant residue constrain the application of 
this technology (Khan & Doty, 2011). Majority of these limitations can be 
overcome by plant-associated microbes (bacteria, fungi, and actinomycetes) 
or endophytes which can improve the amelioration of some pollutants. 
Endophytes reside in the living plants sharing a mutualistic relationship 
without causing apparent negative symptoms of infection (Huo et al., 2012). 

Heinrich Friedrich Link, a German botanist, was the first to characterize 
endophytes as a unique category of partially parasitic fungus that live in plants 
in 1809 (Kumar & Saxena, 2020). Enterobacteriaceae, Pseudomonadaceae, 
and Burkholderiaceae are some of the most common endophyte genera. 
Endophytic bacteria have a variety of advantages over rhizospheric bacteria 
in phytoremediation. Rhizospheric bacterial populations are difficult to 
regulate, and competition between rhizospheric bacterial strains frequently 
lowers the number of the desired strain. Quantitative gene expression of 
xenobiotic catabolic genes and genetic modification of the catabolic pathway 
may aid in improving the efficacy of plant-based bioremediation. 

1.5.1 ENDOPHYTE AIDED PHYTOREMEDIATION OF INORGANIC 
POLLUTANTS 

Extracellular precipitation, intracellular accumulation and sequestration, 
biotransformation of hazardous metal ions to less or non-toxic forms, and 
adsorption/desorption of metal ions are all methods by which endophytic 
bacteria might lower metal phytotoxicity (Ma et al., 2016). The genes that 
code for metal or antibiotic resistance proteins can help to relieve or remove 
abiotic or biotic stress. Sun et al. (2010) discovered that endophytic bacteria 
could modulate the activity of plant antioxidant enzymes (such as POS, CAT, 
SOD, glutathione (GSH) peroxidase, and ascorbate peroxidase (APX)) as 
well as lipid peroxidation, which confronted plant defense mechanisms, and 
that this could help plants resist heavy metal-induced oxidative stress. 

Furthermore, methylation can be used by certain endophytic bacteria as a 
metal resistance or detoxifying process. Some mercury-resistant endophytic 
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bacteria, for example, express the MerB gene, which encodes organo-mercu-
riallyase, which converts organomercurials to mercuric ion (Hg2+) (Brown et 
al., 2003). Luo et al. (2011) reported that the cadmium resistant endophytic 
bacterium Serratia sp. LRE07 was able to absorb approximately 65% of Cd 
and 35% of Zn in bacterial cells from a single metal solution, considerably 
lowering the phytotoxic effects of the metals by sharing the metal burden. 

The metal biosorption by bacteria can be facilitated passively or actively. 
In passive uptake metal binds with functional groups on the cell surface which 
could be by precipitation, chelation, or ion exchange (Schiewer & Volesky, 
2014). While in active biosorption or bioaccumulation, the metals can be 
metabolically taken up inside the bacterial cell. Endophytes are reported to 
alter the bioavailability and uptake of metals into plant by secreting a variety 
of metabolites, including siderophores, organic acids (e.g., citric, oxalic, and 
acetic acids), etc., thus avoiding phytotoxicity (Visioli et al., 2014; Tiwari 
et al., 2021; Lal et al., 2021). Barzanti et al. (2007) reported that 81% of 
bacterial isolates recovered from Alyssum bertolonii were shown to produce 
siderophores and to promote plant growth under Ni stress. 

When copper-resistant endophytic bacteria were introduced into a host 
plant, they showed strong Cu translocation from the root to the shoot of 
Brassica napus, resulting in a reduction in Cu hyperaccumulation overall 
(Sun et al., 2010). Toxic metals and metalloids are immobilized by fungal 
endophytes, which create metal oxalate or trigger chelation onto melanin-like 
polymers. By over-expressing As translocation factor, vesicular-arbuscular 
mycorrhiza (VAM) can boost arsenic (As) absorption in the hyperaccumu-
lating fern Pteris vittata L. (Trotta et al., 2006). Mucor sp. and endophytic 
yeasts (Cryptococcus sp. CBSB78 and Rhodotorula sp. CBSB79) were 
identified from Brassica chinensis L. growing in metal-rich soil, with the 
potential to increase Pb, Zn, copper (Cu), and cadmium (Cd) bioaccumula-
tion (Deng et al., 2011; Wang et al., 2013). Table 1.4 lists several commonly 
identified endophytes that helped with heavy metal phytoremediation. 

1.5.2 ENDOPHYTE AIDED PHYTOREMEDIATION OF ORGANIC 
POLLUTANTS 

Numerous research has shown the efficacy of endophyte-assisted phytore-
mediation in the removal of organic contaminants from soil. Even at 
extremely low concentrations, the presence of stubborn organic pollutants in 
the environment limits plant and microorganism development and metabolic 



  

 

 

 

Endophyte Host Plant Pollutant Mechanism of Action References 
Microorganism 
(a) Inorganic Pollutants 
Bacillus sp. L14 

Pseudomonas koreensis 
AGB-1 

Rahnella sp. JN27 

Penicillium funiculosum 
LHL06 

Lindgomycetaceae P87 

Mucor sp. MHR-7 

(b) Organic Pollutants 
Pseudomonas putida 
M1441 (pNAH7) 

Solanum nigrum 

Miscanthus sinensis 

Amaranthus 
hypochondriacus and 
A. mangostanus 
Glycine max L. 

Aeschynomene 
fluminensis 

Brassica campestris 
L. 

Pisum sativum 

Cd and Pb removal up to 80.48% and 
75.78%, respectively. 
Inoculated plants showed relatively 
higher heavy metal(loid) content 
viz. As, Cu, Cd, Zn, and Pb over 
uninoculated plants 
Hyperaccumulation of Cd by host plant 
even at very high Cd concentrations 

Pb, Al, Cr, Ni, and Cu accumulation in 
shoots of soybean decreased by 23.1%, 
42.6%, 5.2%, 68.2%, and 90.1%, 
respectively, compared to that of non-
inoculated plants 
Soil Hg decreased by 57% in A. 
fluminensis plants inoculated with P87 

The strain removed 60–87% of heavy 
metals from broth culture when supplied 
with 300 µg mL–1 of the metals. 

Inoculated plants showed higher (40%) 
naphthalene degradation rates compared 
to uninoculated plants 

Induced hormesis by heavy 
metals 
Solubilization of heavy 
metal(loid)s causing high 
uptake by hyperaccumulator; 
promotion of plant growth 
Production of siderophores, 
IAA, ACC deaminase, and the 
Cd solubilization in soils 
Extracellular adsorption or 
intracellular absorption of 
heavy metals by LHL06 

Volatilization and 
bioaccumulation of Hg in plant 
tissues 
Absorption of heavy metals in 
mycelia prevented its uptake 
by plant 

Phytoprotection, 
phytoremediation 

Guo et al. 
(2010) 
Babu et al. 
(2015) 

Yuan et al. 
(2014) 

Bilal et al. 
(2019) 

Pietro-Souza et 
al. (2020) 

Zahoor et al. 
(2017) 

Germaine et al. 
(2006) 

22 TABLE 1.4 List of Different Endophytes Involved in Phytoremediation of Organic and Inorganic Pollutants from Soil 
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TABLE 1.4 (Continued) 

Endophyte Host Plant Pollutant Mechanism of Action References 
Microorganism 
Burkholderia sp. Willow Degradation of toluene was improved Biodegradation, production of Weyens et al. 
HU001, Pseudomonas leading to a decreased toxicity and siderophores, organic acids, (2010) 
sp. HU002 evapotranspiration and IAA 
Enterobacter ludwigii Italian ryegrass, Both showed degradation rates of diesel Hydrocarbon degradation and Yousaf et al. 
strains viz. ISI10-3 and birdsfoot trefoil and fuel up to 68% ACC deaminase activities (2011) 
BRI10-9 alfalfa 
Phomopsis Rice Combination with rice decreased Higher accumulation and Fu et al. (2018) 
liquidambari phenanthrene up to 25.68% in plant biodegradation 

compared with uninoculated treatment 
Neotyphodium Festuca arundinacea; TPH removal from petroleum Enhanced oxidation of shorter Soleimani et 
coenophialum, N. F. pratensis contaminated soils chain alkanes al. (2010) 
uncinatum 

Note: IAA: Indole acetic acid; ACC: 1-aminocyclopropane-1-carboxylic acid; TPH: Total petroleum hydrocarbon. 
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processes. Plant-endophyte synergism is important for plant development, 
growth, and fitness, as well as contaminated soil decontamination. The 
endophyte Pseudomonas putida PD1 was shown to enhance root and shoot 
development as well as protect plants against phenanthrene phytotoxicity in 
two distinct willow clones and a grass (Khan et al., 2014). The expression 
of degrading genes was found to be high in endophyte colonization that was 
successful (Jabeen et al., 2016). 

Since plants do not procure their carbon from organic pollutants thus, they 
rely on the endophytes for their degradation. Endophytic bacteria create diverse 
enzymes to mineralize organic pollutants and reduce both phytotoxicity and 
evapotranspiration of volatile organic pollutants during phytoremediation of 
organic pollutants (Wang & Dai, 2011). For the first time, endophytic bacteria 
were used to clean up soil that had been contaminated by the organochlorine 
pesticide 2,4-dichlorophenoxyacetic acid (2,4-D) (Germaine et al., 2006; 
Afzal, Khan, & Sessitsch, 2014). Pseudomonas sp. BF1-3, a root endophyte 
with the organophosphorus hydrolase gene ophB, can easily hydrolyze 
chlorpyrifos (Barman et al., 2014). Burkholderia phytofirmans PsJN, an 
endophyte, has glutathione-S-transferase (GST) genes that help it degrade 
and detoxify complex chemical substances (Mitter et al., 2013). Chelating 
agents, siderophores, biosurfactants, low molecular weight organic acids, and 
other detoxifying enzymes are all produced by certain endophytes and are all 
beneficial for eliminating organic pollutants from soils (Li et al., 2012). Pesta-
lotiopsis palmarum BM-04, a powerful remediating endophytic fungus, can 
withstand high salinity and crude oil contamination (Naranjo-Briceño et al., 
2013). PAH and total petroleum hydrocarbon (TPH) clearance were 80–84% 
and 64–72% in the plant rhizosphere, respectively, and TPH removal was 
higher in endophyte-infected plants than in non-infected plants (Soleimani 
et al., 2010; Nandy et al., 2020). Phomopsis liquidambaris could not only 
respond to phenanthrene pollution stress in vitro, but it could also mitigate 
the effects of phenanthrene accumulation in plants (Fu et al., 2018). Table 1.4 
lists the endophytes involved in the detoxification of organic contaminants. 

1.6 NEMATODES: AS INDICATORS AND AMELIORANTS OF HEAVY 
METAL CONTAMINATED SOILS 

Nematodes are one of the most abundant multicellular animals on earth widely 
distributed in various soil habitats, with a total estimated population reaching 
to around 4.4 × 1020 (with a total biomass of approximately 0.3 gigatons) in 
the surface soil (van den Hoogen et al., 2019). Nematodes are found to play a 
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significant role in organic matter decomposition, nutrient cycling, enhance soil 
microbial activity and modify the composition of the microbial community 
structure (Ferris, Venette, & Scow, 2004; Xiao et al., 2010; Landesman, Treonis, 
& Dighton, 2011). They are ubiquitous and have successfully adapted to 
nearly every ecosystem of any climatic extreme. They are prevalent in a varied 
range of soils and aquatic systems, in heavily polluted soil, in deep-sea sedi-
ments and in decomposing plant and animal products. Conventional physical 
assessment of environment pollution provides an absolute value of pollutant 
concentration instead of its pathway and bioavailability. Therefore, biomonitor 
species could be employed as a feasible means to assess the bioavailability 
of pollutants and for risk assessment. Nematodes are quite sensitive to envi-
ronmental factors and xenobiotic substances (organic and/or heavy metals) 
in soil and aquatic environment. Nematodes have several unique features 
viz. relatively short generation time, easy identification without employing 
biochemical procedures, resistant stages allowing them to survive inactively 
during stress condition and have heat shock proteins (HSPs) which express 
themselves during heat stress (Bongers & Ferris, 1999) (Figure 1.3). Thus, the 
use of nematodes as indicators of environmental stress caused by xenobiotic 
substance has caught the interest of researchers worldwide. However, there are 
several problems that could narrow the scope of use of nematode for environ-
mental biomonitoring, the most important being the masking effect of other 
environmental factors on the actual effect of contaminants on nematode (Devi 
et al., 2021; Lal et al., 2020; Altaf et al., 2021). 

FIGURE 1.3 Pros and cons of use of nematode as a suitable environmental indicator. 

This could be avoided by minimizing the effect of external environ-
mental factors other than the pollutants which could be facilitated by taking 
reference sites in a study which should be similar to contaminated locali-
ties (Sochová, Hofman, & Holoubek, 2006). Several studies have found 
that nematode community structure and diversity, not overall nematode 
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population, are the most sensitive features for detecting environmental stress 
(Yeates & Bongers, 1999). Plant parasitic nematodes, bacterial, and fungal 
feeders, predators, and omnivores all have various levels of susceptibility 
to soil pollutants. The eating habits and anatomy of the stoma determine 
the trophic groups (Gomes, Huang, & Cares, 2003; Sochová, Hofman, & 
Holoubek, 2006). Various ecological indices and characteristics are used 
to quantify soil disturbance levels and decomposition routes, as well as to 
monitor community changes in diversity and trophic structure (Table 1.5). 
Nematode community indices can also be used to characterize heavy metal’s 
long-term impacts (Nagy et al., 2004). 

Pollution levels (heavy metal or organic) in the environment have been 
shown to have a negative impact on soil ecology. Severe pollution causes a 
notable reduction in species variety and is generally straightforward to iden-
tify, but adequate environmental protection necessitates the identification of 
less severe consequences. Furthermore, any minor changes in community 
structure or population caused by pollution are frequently obscured by other 
external variables, making it difficult to track. Thus, to avoid this, pollution 
tolerant species of nematode could be used as indicators that detect the impact 
of pollutants but do not respond to changes in other environmental variables 
(Millward & Grant, 2000; Beeby, 2001). Nematodes have been shown to 
react distinctively to different pollutants. Some commonly found tolerance 
mechanisms towards organic and inorganic pollutants are outlined in Figure 
1.4. Due to its extensive host range and tolerance to a variety of climatic 
situations, Xiphinema vuittenezi, a plant pathogenic nematode, has been used 
as a test organism in laboratory toxicity and heavy metal absorption investi-
gations (Sávoly et al., 2016; Hrács et al., 2018). The greater resistance of X. 
vuittenezi to bulk ZnO was attributed by Hrács et al. (2018) to higher internal 
Zn levels in the species owing to cuticular absorption of Zn. Panagrellus 
redivivus, a free-living bacterivore nematode and r-strategist nematode, 
is also commonly employed as a test organism for aquatic and terrestrial 
toxicity investigations (Leitgib, Kálmán, & Gruiz, 2007). Nematodes can 
stop pharyngeal pumping and avoid ingesting hazardous chemicals by doing 
so (Jones, Peter, & Candido, 1999). The detoxification of organic xenobi-
otics and the discharge of metal ions from the cell are both aided by GSH and 
glutathione S-transferases (GST). GSH is a redox regulator and antioxidant 
that aids in the elimination of reactive oxygen species (ROS), particularly 
hydrogen peroxide (H2O2) (van den Hoogen et al., 2019; Tiwari et al., 2021; 
Lal, Vengavasi, & Pandey, 2019). This is thought to be an essential nematode 
tolerance mechanism. 
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TABLE 1.5 Various Ecological Indices to Study Community Changes of Nematode Under Stress 

Parameters/Ecological Index Calculation/Definition Purpose References 
Colonizer–persister (cp) values The cp scale corresponds to r–K strategy: cp 

1 (colonizers, opportunists) are r-strategists, 
cp 5 (persisters) are K-strategists. 

Categorization of nematode taxa Bongers & 
Ferris (1999) 

Maturity index (MI) 

Plant parasitic index (PPI) 

Weighted mean of the c-p values for all 
individual nematodes in a representative soil 
sample excluding plant parasite nematodes. 
Weighted mean of the c-p values for all 
individual plant parasite nematodes in a 
representative soil sample. 

Monitor colonization and subsequent 
succession after disturbances, measure 
xenobiotic-induced stress, differentiate 
between tillage practices, aftereffects of 
liming an acid soil 

Bongers & 
Ferris (1999) 

Modified maturity index 
(mMI) 

Weighted mean of the c–p values for all 
individual nematodes in a representative soil 
sample 

PPI/MI ratio – Assessment and monitoring of the status 
recovery of disturbed habitats. 

Yeates & 
Bongers (1999) 

Shannon-Weaver’s diversity 
index 

H´ = –Σ pi log2 p 
where; pi is n/N, n being the number of 
organisms of the ith species and N the total 
number of organisms in the sample 

Characterize nematode diversity under 
stress 

Shannon & 
Grieve (1998) 

Simpson’s diversity index Ds = 1 – Σ(pi)
2 – Hurlbert (1971) 

where; pi is the percent of genus ‘i’ in the total 
abundance. 



 

FIGURE 1.4  Physiological responses responsible for imparting tolerance in nematodes to 
polluted soils. 
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GST has a wide range of activities, but its primary role is as a GSH 
transferase, catalyzing the conjugation of electrophilic endobiotics and 
xenobiotics (or their metabolites) to GSH (Li et al., 2012). GSTs also have 
non-catalytic functions, such as serving as binding and carrier proteins, such 
as ligands for certain hazardous chemicals. These processes are required for 
cell survival and detoxification against reactive oxygen species (ROS) and 
toxic electrophiles. Metallothioneins can operate as radical scavengers and 
guard against metal toxicity by sequestering Zn, Cu, Cd, and Hg, among 
other metals (Klaassen et al., 2019). If metabolization and excretion do not 
keep up with intake rates, organic contaminants can build up in the tissue. In 
Caenorhabditis elegans, Haitzer et al. (2000) discovered pyrene buildup in 
lipid-rich body areas. Pollution avoidance, detoxification, and accumulation 
(organic)/sequestration (heavy metals) are all accompanied by a variety of 
more general strategies for surviving in stressful situations (Ekschmitt & 
Korthals, 2006). These bioindicators’ responses to remediation tactics can 
be used to examine how soil remediation approaches alter hazardous metal 
bioavailability in the environment (Harrington et al., 2012). 

1.7 CHALLENGES ASSOCIATED WITH MICROBE-ASSISTED 
BIOREMEDIATION 

Microbial degradation, in its broadest definition, refers to the employment 
of microbes to break down, degrade, detoxify, or change contaminants in 
the environment. Microbe-assisted bioremediation is unquestionably a 
significantly more cost-effective and environmentally benign method of 
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dealing with the considerable accumulation of contaminants (both organic 
and inorganic) in soil and water systems. As per an estimation made by 
Blaylock et al. (1997), adoption of bioremediation technique for Pb polluted 
soil could help reduce the cost by 50–65% compared to the conventional 
methods. Literature is replete with case studies implying the use of microbes 
as a successful clean-up strategy for both organic and inorganic pollutants. 
Microbes alone or in association with plants have the ability to metabolize 
a wide range of pollutants, categorically diverse in nature and properties, 
either to obtain carbon and/or energy for growth and development or as 
co-substrates. Despite numerous advantages of microbe-assisted bioreme-
diation, several limitations persist which often thwart the extrapolation of 
lab carried experiments to field level showing unparalleled results. One 
particular concern that persists is the long-term sustainability of the microbes 
in bioremediation process. Considering the alarming rate of accumulation 
of both organic and inorganic pollutants in the environment the microbial 
bioremediation process should be fastened so as to match the available 
commercial remediation processes. 

Presence of more than one type of pollutants or a mixture of organic 
pollutants and heavy metal(loid)s could obstruct the normal metabolic 
functioning of the microbes. Therefore, the microbes need to be genetically 
manipulated so as to introduce the required feature in the GEMs to increase 
their endurance level to a wide array of pollutants without affecting its 
remediation efficacy. In addition, genetic modification should be such that 
the GEM should be able to modulate itself to the changing environmental 
conditions. If at all the need of GEM arises then its introduction should 
be backed up with thorough studies on its ecotoxicity, effect on existing 
biodiversity and growth kinetics. Microbial techniques are the most logical, 
long-term answer for remediation because the safe removal of large levels of 
contaminants is a concern matched by greater worldwide awareness of the 
environmental concerns caused by other approaches. 

1.8 CONCLUSION AND FUTURE PROSPECTS 

Natural and human activities are causing an increase in organic and inorganic 
contaminants in the environment. In order to have a balanced and sustainable 
ecosystem, these toxins must be removed and/or stabilized from the environ-
ment. Despite the fact that there have been several targeted studies in this 
area, only a few strategies have been shown to be both safe and cost-effective. 
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Plants with high efficiency and rhizobacteria/genetically modified (GM) 
microorganisms are thought to be preferable to expensive physiochemical 
remediation approaches. The use of nematodes as an indication for stressed 
environments produced by heavy metal pollution, on the other hand, appears 
to be an added benefit in bioremediation systems. However, these biological 
approaches reveal slow microbial metabolic growth kinetics. Degradation 
of a complex combination of contaminants by a single species of microor-
ganism is also reported to be a time-consuming process. As a result, finding 
microbial strains that can stimulate plant development while also degrading/ 
stabilizing contaminants is important, and future research should concentrate 
on GM microorganisms for bioremediation and their mechanism of action 
in successfully degrading pollutants. In addition, for successful pollution 
remediation, the reaction model, degradation kinetics, and half-life period of 
the degraded pollutants must be evaluated. 
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ABSTRACT 

Biotic and abiotic stresses are key restrictions in agricultural yield, food 
grade, and universal food stability. Numerous characteristics are influenced 
by stress, including physiological, biochemical, and molecular plant condi-
tions. Soil fertility and environmental contamination have both declined as 
a result of the usage of inorganic fertilizers and pesticides in agricultural 
practices. As a result, it is critical to construct more secure and long-term 
agricultural development methods. Plant growth-stimulating microorgan-
isms (PGPM) and mycorrhizal fungi are used to boost plant growth in these 
situations. It offers a cost-effective and environmentally friendly way to 
protect plants from stress. Plant growth can be aided by PGPM, which regu-
lates plant hormones, improves nutrient acquisition, generates siderophores, 
and improves antioxidant techniques and systems. Acquired systemic resis-
tance (ASR) along with mediated systemic resistance (MSR) are useful in 
combating biotic stress (ISR). In stressed conditions, arbuscular mycorrhiza 
(AM) improves nutrient and water transportation while also increasing stress 
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toleration. This interrelation between the plant and the microbe is significant 
for viable agrarian along with industrial purposes since it relies on biological 
activities and restores traditional agricultural practices. As an environmental 
engineer, you can use microbes to help solve environmental stress problems. 
As a result, feeding the world’s population with available resources while 
reducing environmental effects is a feasible and future technology. We have 
endeavored to investigate beneficial microorganisms that can withstand 
abiotic and biotic stress, as well as their mechanisms of action, in order to 
boost long-term agricultural production. 

2.1 INTRODUCTION 

Abiotic and biotic stress are constantly affecting our agroecosystem, affecting 
crop fecundity, soil condition, and prolificacy. The presence of innumerable 
stress-causing factors has an adverse effect on growth and productivity of 
crops. The biotic as well as abiotic tensities are the two kinds of stressors. 
Abiotic and biotic strain are causing 50% and 30% of losses in farm 
output, respectively. These stresses can be occurred naturally or produced 
by humans. Temperature, dryness, salinity, and heavy metal stress are the 
most significant abiotic stressors. The impacts of stress on the biochemistry 
along with morphological, physiological as well as on the gene regulation 
of the plant are numerous. In relation to climate and temperature change, 
scarcity of water, brininess, and heavy metal pollution are key stressors. 
Abiotic stress variables also have an impact on biotic stress, lowering crop 
output. The loss of soil microbial diversity, soil fertility, and competition 
for nutrient resources are the main effects of these pressures (Chodak et al., 
2015). Plant-linked microbial communities, like fungal mycorrhiza and plant 
growth-promoting bacteria (PGPB), are the only viable alternatives, as they 
aid plant flourishing and maturation under various biotic as well as abiotic 
conditions. Plant growth-promoting rhizobacteria (PGPR) and mycorrhizal 
fungi are two efficient microorganisms that can help improve and enhance 
viable agricultural as well as environs reliability. Plant-linked microorgan-
isms are divided into three categories based on their effects on plants: 
helpful, harmful, and neutral. PGPR refers to a bacterial group including 
Azospirillum, Azotobacter, Bacillus, Burkholderia, Enterobacter, Klebsiella, 
Pseudomonas, Serratia, along with Variovorax that support plant blooming 
and development in both normal and stressful conditions. Drought, salt, and 
heavy metal stress are all too much for most plant growth-promoting microor-
ganisms (PGPM) and Arbuscular mycorrhizae (AM). As a result, developing 
biofertilizers that are appropriate in such conditions is a difficult undertaking 
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for both farmers and scientists. Plant fitness and health are maintained by 
the PGPM and mycorrhizae in biotic as well as abiotic tensile environments 
(Vimal et al., 2017). Upcoming task will be production of biofertilizers that 
can be used alleviation of the stresses. Some of them laced with the ability to 
withstand these pressures and encourage plant flourishment and maturation. 
These tensile-tolerant microorganisms have a unique way of overcoming 
adversity and consolidating plants. However, in regard to investigate plant 
related microbes’ interactions for influencing plant flourishment and disease 
defiance in feasible agriculture, new methodologies are required (Finkel et 
al., 2017). In the matter of biotic and abiotic tensity, the plant-correlated 
serviceable microorganisms improve the proficiency of their maturation 
and flourishment. In this chapter, we sought to investigate the advantageous 
effects of distress-tolerating microorganisms as well as their mechanisms of 
action in order to improve the sustainability of agrarian production. 

2.2 PGPM ASSISTING STRESS TOLERANCE 

The implementation of strain-tolerant AM fungi as well as PGPM to plants 
may improve their thriving and surviving rate under harsh conditions 
(Nadeem et al., 2014). Microbes exploited indirect as well as direct ways to 
support plant thriving and maturation amid stressful situations. Microorgan-
isms use a variety of biochemical and molecular pathways to stimulate matu-
ration and development. Inoculation with PGPM, as an example, promotes 
plant development by maintaining balance in hormone and nutritional state, 
creating plant growth regulators, and prompting phytopathogen resistivity 
(Spence & Bais, 2015). PGPM produces compounds that lower pathogen 
populations in the plant’s environment. Production of siderophore in the 
rhizosphere by these bacteria, for example, restricted the availability of iron 
to specific pathogens, causing a reduction in their development (Zoch et al., 
2016). In addition, they help plants growth by nitrogen fixation from the air, 
solubilizing phosphate, along with generating plant hormones (Ahmad et al., 
2011). Additional strategies that assist the plant adapt with the unfavorable 
environment include nutrient mobilization, exopolysaccharide formation, 
rhizobitoxine production, and so on (Vardharajula et al., 2011). Ethylene 
production is inhibited by the rhizobitoxine, which helps plants to grow and 
develop in stressful situations (Kumar et al., 2009). Moreover, important 
enzymes such as ACC-deaminase, chitinase, and glucanase might have the 
capability to improve the thriving and developmental rate of plant subjected 
to stress conditions (Farooq et al., 2009). Furthermore, the sigma factors 
present in few bacteria allow them to modify the expression of gene in 
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unfavorable conditions in order to counteract detrimental effects (Gupta et 
al., 2013). Aside from PGPM, another crucial aspect of growth and develop-
ment is the reciprocal action of fungi with the roots present in the higher 
plants. AM is the most frequent type of mycorrhizae found in agricultural 
fields. These fungi are crucial players in the nutrient cycle, absorption, and 
translocation. 

2.3 METHOD AND MODE OF DROUGHT STRESS TOLERANCE 

The microorganisms that are tolerant to drought conditions have the potential 
to improve plant survivability and development when there is a lack of water. 
To survive in low water potential environments, microorganisms have trans-
formed, adapted, and/or developed a mode for tolerance (Table 2.1). They 
can gather osmolytes and create exo-polysaccharides, and they can form 
thick walls or go inactive (EPS). These plant-associated microorganisms 
have a variety of ways for dealing with the obstructive effects of drought 
on both the plants and soil. They give nutrients and superior environmental 
conditions for ongoing plant growth, regardless of water content. Beneficial 
microorganisms that colonize the rhizosphere enhance plant growth and 
development in a variety of ways, both directly and indirectly: (i) synthesis 
of phytohormones such as cytokinins, indole-3-acetic acid (IAA) as well 
as abscisic acid (ABA); (ii) exopolysaccharides from bacteria; (iii) ACC 
deaminase; and (iv) elevated systemic toleration are all possible mechanisms. 

Plant-produced phytohormones play an important role in maturation and 
survivability (Farooq et al., 2009; Porcel et al., 2014). Furthermore, PGPR has 
the potential to generate plant-related hormones that promote plant division 
and maturity in stressful situations. During drought stress, IAA, a highly active 
auxin, governs differentiation in the vascular tissues along with adventitious 
and/or lateral differentiation of roots, division of cells, and growth of shoot 
(Goswami et al., 2015). ABA is a key growth-related regulator in drought-
tensile plants. As PGPR is introduced into a seed or plant, the concentration 
of ABA rises, regulating the physiology of the plant to resist drought stress. 
Drought strain is alleviated by ABA through modulating the drought-related 
genes transcription and hydraulic conductivity through roots (Jiang et al., 
2013). Azospirillum brasilense recovers Arabidopsis thaliana’s drought 
response mostly through increasing levels of ABA (Cohen et al., 2015) (Table 
2.1). During times of stress, 1-aminocyclopropane-1-carboxylate (ACC) acts 
as an instant antecedent of the ethylene. Hydrolyzation of ACC is done by 
ACC deaminase from the bacteria into ammonia and alpha-ketobutyrate (Bal 
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TABLE 2.1 Microorganisms for Tolerance to Drought Stress 

Name of Microorganism Plants Mechanism References 
Azospirillum lipoferum Maize Increase the amount of soluble sugar, free amino acids, and 

proline content. Root length, shot fresh weight, shoot dry 
weight, root fresh weight, and root dry weight are all affected. 

Grover et al. (2021) 

Bacillus spp. Maize Proline, carbohydrates, and free amino acids accumulate more, 
and electrolyte leakage is reduced. It reduces the antioxidant 
enzyme’s activity (catalase, glutathione peroxidase) 

Abdelaal et al. (2021) 

Pseudomonas putida Soybean The level of abscisic acid and salicylic acid decreases and the 
content of jasmonic acid increases. 

Skz et al. (2018) 

Bacillus amyloliquefaciens Wheat Transcript level-mediated homeostasis increases. Safdarian et al. 
(2019) 

Pseudomonas putida Cicer arietinum L. Accumulation of osmolyte, scavenging of ROS ability 
increases. 

Tiwari et al. (2016) 

Azospirillum sp. Lettuce Ascorbic acid, chlorophyll content and aerial biomass, 
increases. 

Fascigleone et al. 
(2015) 

Azospirilum brasilense Wheat Crop yield and proline level increased. Simultaneously 
decreased stomatal conductance, and relative soil water content. 

Hernaández-Esquivel 
et al. (2020) 

Trichoderma Rice Delay response against drought stress Khadka & Uphoff 
(2019) 

Pseudomonas libanensis and 
Pseudomonas reactans 

Brassica oxyrrhina Increased pigment content, plant growth and decreased proline 
and malondialdehyde content in leaves. 

Ma et al. (2016) 
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et al., 2013). Drought tensile tolerance and PGPR improve biomass, potential 
of water, and reduce loss of water in stressed maize plants. These inoculants 
lessen the antioxidant action while increasing sugar, proline, and free amino 
acid synthesis in plants (Vardharajula et al., 2011). 

2.4 MANAGING SALINITY STRESS 

Farmers and agricultural scientists face a difficult problem in determining 
soil salinity. The cumulation of harmful sodium and chlorine ions inside 
the soil, as well as nutritional imbalances, have a significant impact on 
plant growth and microbial activity. Inoculating PGP microorganisms and 
endophytic microorganisms resulted in reduction of harmful salt effect on 
many plants. Plant growth under salinity stress can be aided by PGP micro-
organisms through a variety of direct and indirect ways. Furthermore, the 
biofilm generated by the PGPB under saline tensity is useful in reducing 
the negative consequences (Kasim et al., 2016). In a salty situation, Azospi-
rillum inoculated lettuce seed demonstrated greater germination rate as well 
as advancement in vegetative maturation than the control (Barassi et al., 
2006). In another survey, inoculating salt-resistant and salt susceptible chili 
pepper with the growth-promoting bacteria Pseudomonas stutzeri reduced 
the deleterious effects of brininess soil (Bacilio et al., 2016). Other species of 
microorganisms tend to reduce the action of biofilm formation in response to 
salinity stress when tested on grains of barley (Kasim et al., 2016). Reports 
suggested that in some plants, great improvements in salinity toleration is 
noticed when co-inoculation of AM fungi is done with salt-resistant bacteria. 
For example, when the salt tensile maize plants are inoculated with R. intr-
aradices and Massilia sp. RK4, they together improved the colonization of 
arbuscular mycorrhizal fungi (AMF) in the root resulting in accumulation of 
the nutrients. These microbial as well as fungal interactions have a substan-
tial impact on maize plant salinity tolerance (Krishnamoorthy et al., 2016). 

2.4.1 MECHANISM OF SALINITY STRESS TOLERANCE 

The stimulation of growth under stress conditions is aided by the diversity 
of salinity stress-resistant microorganisms (Table 2.2). Production of 
phytohormone (e.g., auxin, cytokinin, ethylene, and gibberellins), fixation 
of nitrogen, nutrients mobilization, and production of the siderophore are 
examples of direct methods (Hayat et al., 2010). All of them are laced with 
a unique mechanism of action as well as mode of operation. These actions 
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TABLE 2.2 Microorganisms for Tolerance to Salinity Stress 

Name of Microorganism Plants Mechanism References 
Azospirillum Lettuce seeds Promoted higher ascorbic acid content, higher biomass and 

lower the browning intensity 
Fasciglione et al. (2015) 

Hartmannibacter 
diazotrophicus E19 

Barley (Hordeum 
vulgare L.) 

Increased ACC-deaminase activity, root, and shoot dry weight 
and also lower ethylene content 

Suarez et al. (2015) 

Bacillus amyloliquefaciens 
NBRISN13 (SN13) 

Rice Differences in transcription level in at least 14 genes Chauhan et al. (2019) 

Pseudomonas sp., Serratia sp. Wheat Reduce ethylene level, reduce ACC deaminase activity, and 
enhance root length, shoot height, and grain productivity. 

Vimal et al. (2019) 

Azospirillum sp. Wheat Increased grain yield and shoot dry weight. Plants accumulate 
proline and soluble sugars to maintain osmotic pressure 

Elakhdar et al. (2019) 

Rhizobium and Pseudomonas Mung bean 
(Vigna radiate) 

Increases yield of mung bean, increases ACC-deaminase 
activity for growth and nodulation under salinity stress 
conditions 

Ahmad et al. (2014) 

Acinetobacter spp. and 
Pseudomonas sp. 

Barley and oats Promote IAA production and lower ACC deaminase for better 
growth and yield. 

Chang et al. (2014) 

Brachybacterium 
saurashtrense (JG06) 

Groundnut 
(Arachis 
hypogaea L.) 

Higher phosphorus, calcium, and nitrogen. Higher K+/Na+ 

ratio in shoot and root. 
Shrivastava & Kumar 
(2015) 
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result in an elevation in the length of root, its surface area along with number 
of roots thereby increasing the uptake of nutrients (Egamberdieva & Kucha-
rova, 2007). 

Reduction in recurrence of plant pathogens causing diseases is a primary 
indirect factor. Rhizobacteria that colonize the roots create ACC deaminase, 
which helps in the conversion of ammonia and alpha ketobutyrate from 
ACC, lowering ethylene. Under stress, rhizobitoxine enzyme is known to 
inhibit the synthesis of ethylene synthesis, thereby promoting the nodula-
tions. In an attempt to reduce the salt tensity, the PGPB collects osmolytes in 
the cytoplasm, thereby creating a counteract to the osmotic stress along with 
keeping a check on the turgor pressure of the cell and the plant development. 
Salinity resistance of plant is achieved when the EPS binds to the cations, 
which explains its unavailability in plants in stress (Vardharajula et al., 
2011). Co-inoculation with the strains of PGPR for example Pseudomonas, 
Rhizobium, etc., can help plants flourish in saline soil by overcoming these 
negative effects (Bano & Fatima, 2009). PGPR features were found in two 
rhizospheric bacteria isolated from saline soil, Bacillus pumilus and Bacillus 
subtilis, including IAA synthesis, hydrogen cyanide (HCN) and ammonia 
generation, solubilization of phosphates, and salt tensile resistance (Damo-
daran et al., 2013) (Figure 2.1). 

FIGURE 2.1 Effect of different biotic and abiotic stresses on plants. 

2.5 MYCORRHIZAL FUNGUS IN SALINITY AND DROUGHT STRESS 
TOLERANCE 

The tolerance to salinity and drought distress is aided by plant-associated 
fungus. Drought stress is alleviated by AM symbiosis, which changes 
hormone physiology and plant physiology. It also boosts the effectiveness of 
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photosystem II and photosynthetic products when there is a water shortage 
(Ruiz-Lozano et al., 2016). Level of strigolactone rises in lettuce and tomato 
plants to alleviate drought tensity by symbiosis development while improving 
drought resistance (Ruiz-Lozano et al., 2016). AM fungus has also been 
identified being a key element in reducing the salinity of soil. Inoculation 
with AM have shown to improve plant development in salt-stress conditions. 
In a saline environment, they prevent the absorption of sodium or chlorine by 
citrus plants (Navarro et al., 2014). As a result, inoculation with PGPR and 
various microorganisms can be used to help salt-sensitive crops cope with 
salinity stress. Co-inoculation of PGM microorganisms and plant-related 
fungi may improve the effectiveness of drought and salinity stress tolerance. 

2.6 MICROBES AGAINST HEAVY METAL STRESS 

Plant-related microbes, for example, firmicutes, rhizobacteria, mycorrhiza, 
etc., as well as heavy metal tolerant microorganisms, have the capability to 
enhance the growth and maturation of plants being in metal stress condi-
tions. Efflux, metal impermeability, sequestration of EPS, volatilization, 
enzymatic detoxification, and complexation of metals are all methods 
involving these bacteria. Furthermore, these bacteria linked with plants 
stimulate plant growth and development by reducing ethylene levels, 
producing plant growth regulators, including IAA and deaminase ACC, as 
well as suppressing diseases (Glick, 2010) (Figure 2.2). Fixation of nitrogen, 
nutrient mobilization, siderophores, as well as solubilization of phosphate, 
among other things, help plants grow and remove heavy metals (Verma et 
al., 2013; Ahmad et al., 2011). Heavy metals have been removed using both 
live and non-living microbial biomass. Bioaccumulation of microbes is a 
powerful way to remove heavy metals from contaminated soil. Firmicutes, 
Actinobacteria along with Proteobacteria have been found to eliminate 
larger concentrations of lead, manganese, and Arsenic from soil polluted 
by metals (Zhang et al., 2015). According to Fatnassi et al. (2015), copper 
(Cu) concentrations above 1 mM harmed Vicia faba plant growth, but when 
infected with rhizobia and PGPR, the impacts were mitigated. AM fungi 
reduce malonaldehyde and H2O2, minimizing the adverse effects of stress 
caused due to deposition of cadmium (Hashem et al., 2016). Jing et al. 
(2014) in his research have shown that different species of Enterobacter and 
species of Klebsiella are efficient metal tolerant by creating plant growth 
chemicals when removing lead, cadmium, and zinc metal from polluted soil 
(Table 2.1). 



 

FIGURE 2.2  Mechanism of rhizosphere microbes to minimize the various biotic and abiotic 
stresses. 
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2.7 MICROBES IN TOLERANCE TO BIOTIC STRESS 

Plant-microbe interactions are critical for appropriate growth and develop-
ment in natural settings. They are vital for nutrition mobilization and pathogen 
defense (Shoebitz et al., 2009). Under abiotic stress, biological management 
of soil-transmitted illnesses, replacing the chemically produced agents, have 
a substantial impact on crop productivity. Different elicitors are released 
when microorganisms interact with plants, causing physio-biochemical 
changes in the flora distribution. For several months, these modifications 
result in disease resistance in the plant. An essential mechanism for biotic 
stress tolerance is the production of reactive oxygen species (ROS) and 
oxidative burst (Miller et al., 2010). The systemic acquired resistance along 
with induced systematic resistance (ISR) are two types of defensive reac-
tion mechanisms induced by bacteria (SAR). Non-morbific root correlated 
plant’s growth-boosting microorganisms may increase the ISR, whereas 
SAR includes changes in gene expression at the molecular level and is 
linked to pathogenesis associated/related (PR) proteins. Both ISR As well as 
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SAR have diverse gene induction and expression patterns that are dependent 
on the eliciting and regulatory pathways (Nawrocka & Maolepsza, 2013). 
Under biotic stress, PGPM induce SAR, that includes the assemblage of PR 
proteins and SA, whereas ISR depends on pathways associated with the regu-
lation of jasmonate and ethylene (Salas-Marina et al., 2011; Bari & Jones, 
2009). The NOS (nitrogen-oxygen species) as well as ROS (reactive oxygen 
species) have a significant impact on the generation of SA, JA, and ET, and 
they create a complicated networks that modulates pathogens (Bari & Jones, 
2009; Choudhary & Johri, 2009). The ethylene and regulatory factors play a 
crucial while the PR genes are expressing themselves. 

2.8 CONCLUSION 

Plant growth characteristics, productivity, and survivability are all affected 
by various kinds of abiotic and biotic stressors. Those crops and plants that 
can substitute their physio-biological properties because of the exhibition of 
salinity, drought, heat, cold, and alkalinity tolerant proteins can withstand 
stress conditions. Crop output, quality of food, and universal food security 
are all hampered by these pressures. Imbalance in hormones, nutrient mobili-
zation, toxicity of ions, and disease vulnerability are all continuing to wreak 
havoc on maturation and survivability of the plant in the current climate. 
The only other option for dealing with plant stressors is by the develop-
ment of microbiological contrivances and procedures for soil-plant-microbe 
interaction. 
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ABSTRACT 

Stress is the condition which limits plants growth and exerts adverse effects 
on physiology as plants prioritize resistance overgrowth. Continuous climatic 
change and increasing environmental pollution introduces different abiotic 
and biotic stress in the plants which causes huge economic loss and a threat 
to plant biodiversity. In order to survive in stress condition plants, incorpo-
rate different physical, physiological, and molecular strategies that mainly 
include phytohormonal regulation and stress-related gene expressions. In 
this particular, it was found that plants in association with endophytes, plant 
growth-promoting rhizobacteria (PGPR) and arbuscular mycorrhizal fungi 
(AMF) exhibited better potential to mitigate stress conditions. Endophytes, 
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PGPR, and AMF are symbionts, which promotes growth and induce tolerance 
in plants against different biotic and abiotic stresses through the regulation of 
different phytohormones, antioxidant enzymes, secondary metabolites, vola-
tile compounds, stress-related genes, and a number of signaling molecules 
are activated by their interaction. PGPR and endophytic microbes stimu-
late the activity of 1-aminocyclopropane-1-carboxylate (ACC) deaminase 
which lower ethylene levels and promotes growth in stress condition. 
During stress period, association of PGPR, AMF, and endophytes elevate 
the levels antioxidant enzymes like superoxide dismutase (SOD), catalase 
(CAT) and ascorbate peroxidase (APX). Likewise, during biotic stress 
situation, when pathogens attacks plants, these symbionts activate different 
signaling molecules including cyclin dependent protein kinase (CDK), 
mitogen-activated protein kinase (MAPK) and calcium-dependent protein 
kinase (CDPK) which results in hypersensitive responses, rapid cell death 
and induces PAMP-triggered immunity (PTI). In this chapter, we discussed 
about how endophytes, PGPR, and AMF protects plants from different 
biotic and abiotic stresses, which include drought, salinity, cold, flood, and 
heavy metal stresses. Also enlightened different mechanism through which 
endophytes, PGPR, and AMF confers tolerance and growth in plants during 
adverse situations. 

3.1 INTRODUCTION 

The normal growth and development of the plant is supported by the different 
environmental factors, mainly the climatic condition and the soil profile. Soil 
is a dynamic and complex structure which is greatly influenced by the pres-
ence of a variety of stressors. The rapid climate change exhibited the severity 
of different stress condition which affects the crop production and currently 
it is a major problem of sustainable agriculture. These stresses can be catego-
rized into biotic such as attack of different pathogens and pests and abiotic 
which mainly includes adverse climatic conditions like salinity, drought, cold, 
flooding, heavy metal, and heat stress. However, abiotic stress is considered 
as the main reason for yield losses, but biotic stressors also cause signifi-
cant effects to plants. Plants may cope with one or a combination of these 
stresses. To deal with these stress conditions plants have evolved different 
protective strategies both at cellular and molecular levels some of which are 
phytohormonal regulation, production of antioxidant enzymes, changing of 
architecture of plants root, transcriptional control, signal transduction, etc. 
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(Nadeem et al., 2013). In this particular, it was found that microbes that are 
associated with plants through the symbiotic relationship help to mitigate 
different stress conditions and promotes growth. Plant microbes’ association 
is a very common incident and found in a plenty number of different plant 
species. Plant-microbes interactions induced tolerance in plant and also help 
to modulate plant response to adverse environmental conditions (Massad et 
al., 2012). Different beneficial bacteria, fungi, algae, protozoa, and actinomy-
cetes that promote plants growth can be categorized into endophytes, PGPR 
and arbuscular mycorrhizal fungi (AMF). Not only in the stress condition but 
also in the normal condition, inoculation of plant roots with these microbes 
provides better plant growth and development. These microorganisms mainly 
harbor in the plant root and the rhizospheric area in the soil. The rhizosphere 
is the soil area that lies near the plant root supports maximum microbial activi-
ties since root exudates provides nutrients for their growth and metabolism 
(Ilangumaran & Smith, 2017). 

Endophytes are symbiotic microorganisms that reside in the healthy 
plants without causing any significant harm and disease. Therefore, 
endophytic organisms are beneficial microbes that may be fungi, bacteria, 
or viruses (Lata et al., 2018). In 1866, De Bary first time coined the term 
endophytes for all the microbes that reside inside the healthy plant that do 
not develop any symptoms or disease (Verma et al., 2021). Geological time 
scale analysis has suggested that plant-endophytes interaction has originated 
from the time of origin of the first group of higher land plants and currently 
all the plants show plant-endophytes interaction. In recent time plant and 
endophytes interactions gained a special position as it could induce toler-
ance in plants against environmental stressors and also helps in inhibiting 
different pathogenic infections (Wiewiora et al., 2015). Endophytes can 
survive various adverse environmental conditions like nutrient deficit, 
drought, chilling conditions, etc. Fungal endophytes give protections to the 
photosynthetic apparatus in plants from heat and high light intensity and also 
induce the amount of photosynthetically active pigments (Rozpadek et al., 
2015). Some of the fungal and bacterial endophytes help in sequestration of 
metals resulting in heavy metal tolerance in plants. Endophytes positively 
regulate the acclimatization process in plants under adverse climatic condi-
tions and induce expression of stress responsive genes that are critical for 
the plant survival. Endophytes-mediated stress tolerance includes several 
direct and indirect mechanisms which includes providing enhanced nitrogen 
fixing abilities, production of osmolytes, phytohormones, Reactive Oxygen 
Species (ROS) scavenging enzymes, induced expression of defensive genes, 
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siderophore production and anti-pathogenic metabolites production (Zhang 
et al., 2019; Verma et al., 2021). 

Among different microorganisms colonize in the plant roots, rhizo-
spheric bacteria are the most common organisms that promote plant growth 
and exhibited antagonistic properties to different pathogens. Beneficial 
bacteria living in the plant root includes both symbiotic and free-living 
bacteria. This growth promoting free-living bacteria are known as plant 
growth promoting rhizobacteria or PGPR (Majeed et al., 2015). Benefi-
cial bacteria belonging from different genera like Bacillus, Azotobacter, 
Pseudomonas, Azospirillum, Klebsiella, and Enterobacter are important 
PGPR that enhance plant growth and development under stress condition 
(Glick et al., 2007). Salinity is one of the severe threats to plant growth 
as it deteriorates the soil fertility and also induce osmotic stress. It was 
found that wheat species inoculated with a halophilic bacterium Serratia 
sp. improved salt tolerance in a Salt Lake (Singh & Jha, 2016). Beside 
this, PGPR also inhibit the disease cycle of several plant pathogens by 
exhibiting antagonistic mechanisms. There are some mechanisms through 
which PGPR enhance stress tolerance in plant which include production of 
enzymes like ACC-deaminase and chitinase, phytohormones, siderophore, 
inhibition of ethylene and induction of systemic resistance (Berg et al., 
2009; Hyat et al., 2010). 

Besides bacteria, fungal microorganisms occupied a great portion of the 
soil rhizosphere that supports plant growth and development. AMF found 
to form symbiotic relationship with 90% of plant and currently it is very 
difficult to find plants without having mycorrhizal colonization. Interaction 
between AMF and plants is considered as the most primitive symbiotic 
relationship that was first discovered (Diagne et al., 2020). AMF help in 
the uptake of different nutrients like phosphorus and nitrogen under stress 
condition and improved plant growth. AMF increases the root surface area 
that enables excess absorption of water and nutrients. Moreover, fungal 
hyphae can penetrate small pores of the soil, which contributes to more 
nutrient uptake and water absorption. Mycorrhizal fungi also help in the 
mobilization of those ions in the plant which are generally not found during 
abiotic stress condition (Allen, 2011; Faber et al., 1991). AMF not only 
promote plant growth but also it could induce tolerance against drought, 
salinity, temperature, and heavy metal stresses. An overall mechanism of 
how these symbiotic microorganisms provides tolerance to plants under 
stress condition is presented in Figure 3.1. 



 

FIGURE 3.1  Different environmental stress and the mechanisms through which rhizosphere 
microorganisms induced stress tolerance in plants. 
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3.2 PLANT AND DIFFERENT ENVIRONMENTAL STRESSES 

Plants may be subjected to different environmental stresses through different 
abiotic and biotic factors. Stress can be defined as any adverse environmental 
condition which limits plants growth and development. In plant stress is 
caused by the principal abiotic factors like heat, salinity, cold, water logging, 
drought, heavy metals, nutrients deficit, intense light and also by biotic factors 
including pathogens and different pests (Lichtenthaler, 1998; Wahid et al., 
2007). Abiotic stressors are the main challenge in the agricultural sector as it 
is responsible for the main yield losses every year worldwide. The scarcity 
of available water in the soil is responsible for different stress conditions like 
drought and salinity. Application of fertilizer along with irrigation and low 
rainfall greatly influenced salinity stress. It was reported that about 64% of 
the total arable land area of the world is under drought condition and 6% area 
is under salinity stress (Cramer et al., 2011). Drought is the most destructive 
stress condition that exhibit effects both at morphological and cellular level. 
One of the main effects of drought stress is reduced germination of seedlings 
(Nezhadahmadi et al., 2013). In addition to this, drought stress also inhibits 
photosynthetic efficiency of plants by decreasing leaf expansion along 
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with the accumulation of different ROS (Lata et al., 2018). Water deficit 
condition also affects several morphological and physiological changes like 
reduced root growth, delaying flowering and fruiting, reduced seed numbers 
and retard plant growth (Xu et al., 2016). Salt stress is another significant 
stressor which is characterized by high salt concentration in the soil that 
limits plant growth. Saline condition induces ion toxicity, reduced uptake of 
phosphorus and nitrogen, decreased membrane function, suppressed cellular 
metabolism, and accumulates ROS (Kumar, 2013). Rapid climate changes 
contribute to the global warming which also influences plant growth and 
development. High temperature rising has a direct detrimental effect on 
plants. Heat stress negatively impact protein stability, metabolism, RNA, and 
cytoskeleton structures (Theocharis et al., 2012). High temperature reduced 
seed germination and results in impaired photosynthetic machinery. In an 
experiment, it was observed that a short exposure of high temperature might 
cause fatal collapse of cellular organization and could cause cell and tissue 
death (Ahuja et al., 2010). Besides this, cold stress has several negative influ-
ences like membrane damage, cellular dehydration, inhibition of enzymatic 
reaction, changes in structures of proteins and macromolecular interactions 
(Yadav et al., 2010). Plants under the influence of heavy metal stress are 
also subjected to several physiological and biochemical changes. Prolonged 
heavy metal exposure to plants affects respiration, photosynthesis efficiency, 
nutrients uptake and causes membrane damage (Zhang et al., 2009). It was 
found that abiotic stresses significantly trigger biological, physiological, 
and molecular changes in plants. Moreover, drought, salt, and temperature 
stresses can initiate osmotic stresses which retards plant growth. Biotic stress 
includes different pathogens belonging to different groups like bacteria, 
fungi, nematodes, insects, and viruses. Uncontrolled biotic stress associated 
with crop field could cause 100% yield losses. Biotic stress causes several 
physiological and physical damages like root rot stem rot, plant wilt, seed 
damages and also affects flowering. 

3.3 PLANT RESPONSE TO EXTERNAL STRESSES 

During the stress condition plant suffer from different difficulties and abnor-
malities in their body which halts growth. Abiotic and biotic stress is the main 
challenge in the modern sustainable agriculture which needs to be controlled 
to ensure food security in the near future. With due course of evolution, 
plants have adopted different protective strategies to minimize the negative 
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impact and maintain their growth under such condition. It was found that in 
most of the stress condition overproduction of ROS like hydrogen peroxide 
(H2O2), hydroxyl radicals and superoxides occur which has a number of 
detrimental effects in plants (Nadeem et al., 2013). To minimize the effects 
of ROS plant developed a complex network of antioxidant enzymes system. 
Antioxidant enzymes like super oxide dismutase (SOD), catalase, ascorbate 
peroxidase (APX) and glutathione reductase (GR) improved plant tolerance 
against environmental stresses. It was reported that plants under stress condi-
tion contains much more antioxidant enzymes than plants that are susceptible 
to stress (Gill & Tuteja, 2010). The action of antioxidant enzymes increases 
with the increase of stress tolerance in a plant species. Not only the anti-
oxidant enzymes, during the stress period plant also accumulated excess 
amount of antioxidant metabolites like tocopherols, carotenoids, flavonoids, 
phenols, etc. (Apel & Hirt, 2004). Increase concentration of salt in the soil 
creates barriers to nutrients uptake and ion toxicity. To mitigate salt stress 
plant produces different compatible solutes like trehalose, proline, glycine 
betaine and many other which enhance tolerance in plant under saline 
environment (Ashraf et al., 2013). Accumulation of these compatible solutes 
helps in osmotic adjustment in the plant body that protects water loss and 
dilutes the concentration of toxic ions (Verma et al., 2021). Plants under 
temperature stress expressed several stress responsive genes and initiate a 
complex network of signaling cascade resulting in leaf rolling, alteration 
of leaf orientation, early maturation and changing membrane structure 
by altering lipid composition (Hasanuzzaman et al., 2013). Beside biotic 
factors, biotic stress also causes several damages to plants. Plant protects 
them from pathogenic attack by producing different hydrolytic enzymes 
and phytoalexins. Hypersensitive response is another strategy plant adopted 
during disease progression (Gonzalez-Teuber et al., 2010). 

Plant enables different signaling molecules like phytohormones and 
protein kinases which helps in receiving the stress stimuli and protects 
plants from different stresses. Beside phytohormones, nitric oxides (NO), 
Ca2+ and inositol phosphates also help in initiating signaling cascade under 
stress environment (Hilleary & Gilroy, 2018). These signaling molecules 
along with the stress stimuli enhance production of different stress-related 
phytohormones including jasmonic acids (JA), abscisic acid (ABA), sali-
cylic acid (SA) and ethylene. In recent studies, it was reported that NO 
and Ca2+-mediated signaling has a crucial role in stress tolerance of plants. 
ABA-dependent stomata closure and drought stress response is mediated 
through NO and Ca2+-dependent signaling pathway (Gulyani et al., 2018). 
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Mitogen-activated protein kinase (MAPK) helps in the process of diverse 
type of cellular responses like cell growth and proliferation. Different studies 
have reported that MAPK has enhanced activity during both biotic and 
abiotic stress condition (Nanda et al., 2016). An overall response of plants 
under different stress condition presented in Figure 3.2. 

FIGURE 3.2 Different responses of plant under environmental stress condition. 

3.4 ENDOPHYTES COLONIZATION AND PLANT GROWTH 

Symbiotic relationship is a type of mutualistic interaction between two 
organisms through which both the organism benefit from each other. Plant 
and endophytes interaction is a type of symbiotic relationship in which 
endophytic microorganisms promotes growth and biomass yield in plant and 
in return endophytes derives nutrients from the host plant for their survival. 
The term ‘endophytes’ comes from two Greek words ‘endon’ and ‘phyton’ 
which means within and plants, respectively (Lata et al., 2018). Endophytic 
organisms mutually colonize inside the plants without forming any symptoms 
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of infection. Fungal and bacterial endophytes are most unexplored diverse 
groups of microorganisms that promote both plant growth and stress toler-
ance (Shiomi et al., 2006). An efficient plant-endophytes interaction needs 
a successful colonization. Endophytes enter the plant in the same way as 
pathogens enter the plants, but the main difference is plants develop defense 
responses and secretes protective molecules against the former. Endophytic 
organisms may follow some of the important stages for successful coloniza-
tion inside the plant tissue including host finding, recognition, colonization, 
and entry into the internal tissue (Rodriguez et al., 2009). Fungal endophytes 
are generally found in root, stem, and leave while bacterial endophytes are 
mainly found in the rhizospheric area. Fungal endophytes are belonging 
from two groups, clavicipitaceous endophytes (C-endophytes) and non-
clavicipitaceous endophytes (NC-endophytes). C-endophytes mainly found 
in grasses and NC-endophytes grows in non-vascular plant, gymnosperms, 
and angiosperms (Mei & Flinn, 2010). Both bacterial and fungal endophytes 
take entry through the wound site and natural opening like stomata, lenticels, 
and hydathodes. Abiotic damages and wounds caused by pathogens are the 
most promising way for endophytes to take entry. In Phaseolus vulgaris, two 
bacterial endophytes Enterobacter asburiae and Pseudomonas fluorescens 
took entry through the damaged tissue caused by pathogen Rhizoctonia sp. 
(Mahaffee & Kloepper, 1997). Endophytic microbes also secrete cell wall 
degrading enzymes like cellulases, pectinases, proteinases, and hemicel-
lulases. In a study it was found that Acremonium typhinum an endophyte 
secretes a proteinase during colonization in grass Poa ampla (Lindstrom & 
Belanger, 1994). Temperature is another important factor in plant-endophyte 
colonization. Plants with endophytes infection can tolerate 65C while non-
symbiotic association is susceptible to high temperature (Rodriguez et al., 
2008). Beside these endophytes can also transmit via seeds and other vegeta-
tive organs of plants. 

Through plant-endophytes interaction both the organisms draw benefits. 
Endophytes regulate different physiological processes in the plant which 
promotes growth and stress tolerance. For instance, bacterial endophytes 
enhance nitrogen fixation in both leguminous and non-leguminous plants 
like wheat, rice, and maize (Saravanan et al., 2008). Gluconacetobacter 
diazotrophicus isolated from Saccharum sp. promoted growth and nutrient 
uptake under stress condition (Suman et al., 2005). Burkholderia kukruriensis 
the bacterial endophytes isolated from rice plant improved root and shoot 
growth and also promoted high grain yield (Mattos et al., 2008). Beside these 
endophytes also regulate phytohormonal imbalance thus alter physiological 
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processes and promote growth. Endophytes those especially colonizes the 
plant root, induce production of indole acetic acid (IAA) an auxin which 
have several physiological functions like shoot growth, seed germination, 
root growth, vascular tissue differentiation and promote photosynthesis 
(Ahmad & Kibert, 2013). In Solanum nigrum bacterial endophytes improved 
growth by the activity of 1-aminocyclopropane-1-carboxylate (ACC) 
deaminase enzyme and increased production of IAA. IAA also induces 
plant-endophytes interaction thus promoting better plant growth (Suzuki 
et al., 2003). During stress condition endophytes limits the production of 
ethylene, ABA, JA, and gibberellic acid (GA) and promote growth. Endo-
phytic fungi Phoma herbarum isolated from salt stressed root of Glycine 
sp. showed improved growth by production of GA. Plants that have poor 
nutrient uptake machinery in the normal condition, endophytes interaction 
improved nutrients uptake and promote growth in these plants. Thus, endo-
phyte promotes plant growth and development through three major steps, 
production of secondary metabolites and phytohormones, improved nutrient 
acquisition and providing tolerance against biotic and abiotic stresses. 

3.4.1 ENDOPHYTES-MEDIATED ABIOTIC STRESS TOLERANCE IN 
PLANTS 

Endophyte is an essential element of plant symbiosis which helps to mitigate 
several abiotic stresses in plants. The beneficial roles of endophytes are well 
studied, and several reports exhibited that under abiotic stress condition these 
microorganisms alter several biochemical, physiological, and molecular 
events inside the plant tissue proving better resistance (Nagata et al., 2015; 
Cherif et al., 2015). For optimal growth in plants, several environmental 
factors play a key role and alteration of any of these factors can retard growth. 
Drought, salinity, and temperature are the main abiotic stressors which limits 
growth. Moreover, these primary stressors can also initiate some secondary 
stress condition like oxidative and osmotic stresses. Endophytes activate 
different stress responsive system as soon as the plant receives stress stimuli. 
Endophyte also induces the expression of different stress responsive genes, 
biosynthesis of stress related biochemicals including secondary metabolites 
and phytohormones which minimizes the adverse impact. In pepper plants 
under stress condition, Bacillus sp. and Arthrobacter sp. downregulated 
several genes which promote stress and upregulated several stress defen-
sive genes that protect the plant from harmful effects (Lata et al., 2018). In 
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cucumber plant two fungal endophytes Penicillium sp. and Phoma glomerata 
increased biomass yield by improved uptake of nutrients like magnesium, 
calcium, and potassium and also reduced sodium ion toxicity under salinity 
and drought stress (Waqas et al., 2012). An overall mechanism of endophyte-
mediated stress tolerance is presented in Figure 3.3. 

FIGURE 3.3 Endophytes-mediated abiotic stress tolerance in plants. 

3.4.1.1 ENDOPHYTES AND DROUGHT TOLERANCE IN PLANT 

Drought is one of the main stressors responsible for low productivity of 
many important crops. However, many plants evolved protective mecha-
nisms against drought stress. In this regard, endophytic microorganisms play 
a significant role in adopting drought. Endophytes colonized rice, tomato, 
panic grass and dune grass utilized less water under drought stress than 
plants which do not have endophytic infection. Endophyte helps to accumu-
late different solutes in the plant tissue and also reduce water conductance 
and transpiration by altering leaf morphology (Malinowski & Beleskey, 
2000). Rhizobium etli a bacterial endophyte when inoculated in Phaseolus 
vulgaris induced stress tolerance under drought condition by production of 
trehalose-6-phosphate synthase enzyme (Suarez et al., 2008). Azospirillum 
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brasilense when inoculated in Arabidopsis thaliana improved drought toler-
ance by upregulating ABA accumulation (Cohen et al., 2015). Trichoderma 
isolated from Theobroma cacao induced drought tolerance by altering gene 
expression pattern (Lata et al., 2018). In maize plant, Piriformospora indica 
minimizes the effects of drought by enhanced proline accumulation, antioxi-
dant enzymes and also induced membrane stability (Xu et al., 2017). 

3.4.1.2 ENDOPHYTES AND SALINITY TOLERANCE IN PLANTS 

Increasing salinity in the soil is an emerging problem of the modern agricul-
tural system. It was estimated that by the year 2050, 50% of all the arable 
lands will face severe saline condition (Zhang et al., 2019). In chickpea 
plant salt tolerance is improved by Mesorhizobium ciceri and Bacillus 
subtilis by decreasing oxidative stress and induced production of compatible 
solute proline (Egamberdieva et al., 2017). In a study it was reported that 
inoculation of tomato plant with Pseudomonas fluorescens and P. migulae 
in a high saline condition induced salt stress tolerance by the activity of 
ACC deaminase (Ali et al., 2014). Accumulation of excess amount of ROS 
is a major problem plant generally faces during salinity stress. Endophytes 
enhance the production of ROS scavengers like catalase, peroxidase, GRs, 
and superoxide dismutases (SOD). In barley plant application of P. indica 
minimizes the oxidative damages by enhancing antioxidant system in the 
plant (Baltruschat et al., 2008). Achromobacter xylosoxidense promotes 
growth under saline conditions by decreasing ethylene levels and inducing 
antioxidant enzymes like SOD and APX in plants (Joe et al., 2012). 

3.4.1.3 ENDOPHYTES-MEDIATED TEMPERATURE STRESS TOLERANCE 
IN PLANTS 

Temperature is one of the important factors for plant growth. Uncertain and 
abnormal temperature exposure damages several crops worldwide. Various 
studies have supported the fact that endophytes improved plant growth and 
helped to minimize the impact of chilling and freezing stress (Zhang et al., 
2019). In a study when Lycopersicon esculentum was inoculated with three 
bacterial endophyte Bacillus subtilis, B. cereus and Serratia sp. it increases 
chilling stress tolerance by enhancing antioxidant enzyme system, accumu-
lating soluble sugar and induced expression of stress responsive genes (Wang 
et al., 2016). In another report it was found that, grass species Dichanthelium 
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lanuginosum which contains Curvularia protuberata a fungal endophyte, can 
tolerate up to 65°C soil temperature in Yellowstone National Park (Redman 
et al., 2002). Fungal endophyte also enhances heat tolerance in Triticum 
aestivum and promotes plant height and grain weight (Lata et al., 2018). 

3.4.1.4 ENDOPHYTES-MEDIATED HEAVY METAL STRESS TOLERANCE 
IN PLANTS 

Nowadays, heavy metal contamination in soil and underground water is a 
common phenomenon due to expansion of industrialization and urbanization. 
Application of chemical fertilizer by the farmers is also increase heavy metal 
contamination in soil. Accumulations of heavy metal in the plant body have 
several detrimental effects that limit growth. Exophiala pisciphila inhabiting 
in maize root limits cadmium (Cd) stress by activating antioxidant enzymes 
(Wang et al., 2016). Pseudomonas and Gigaspora can induce metal stress 
tolerance by altering the level of ACC deaminase which helps to manipulate 
the ethylene levels in plants (Friesen et al., 2011). Tobacco plants inoculated 
with Acrocalymma vagum decreased the amount of heavy metals like Cd, 
lead (Pb) and Arsenic (As) and also limits the translocation of these heavy 
metals in the plant (Jin et al., 2017). 

Plants might face more than one stress condition simultaneously. It was 
reported that endophytes can improve tolerance in plants against salinity, 
drought, and temperature stress simultaneously (Zhang et al., 2019). In Table 
3.1, we have presented different endophytic microorganisms that contribute 
to plant growth and development under different stress conditions. 

3.4.2 ENDOPHYTES-MEDIATED BIOTIC STRESS MANAGEMENT IN 
PLANTS 

In plants, biotic stresses are mainly characterized by the attack of various 
pathogens and insect pests which causes a negative impact on plant growth, 
leading to major yield loss. Endophytic microorganisms showed interaction 
with fungal pathogens, nematodes, and many other plant pathogens giving 
protection to plants (Chadha et al., 2015). In several studies fungal endo-
phytes exhibited significant antimicrobial activity and also inhibit several 
plant pathogens through antagonism (Rodrguez et al., 2008). Fungal endo-
phytes are used as biocontrol agents for several pathogenic microbes. For 
instance, Penicillium citrinum is used to control the destructive pathogen 



  
70 TABLE 3.1 Different Endophytes, Their Host, and Stress Tolerance Mechanisms 

Type of Stress Endophytes Host Plant Mechanism References 
Drought 

Salinity 

Temperature 

Bacillus subtilis 

Pantoea alhagi 

Sinorhizobium 
meliloti 
Trichoderma 
harzianum 
Phoma sp. 

Piriformospora indica 
Epichloë bromicola 

Pantoea agglomerans 

Streptomyces sp. 

Curvularia sp. 
Piriformospora indica 

Burkholderia 
phytofirmans 
Pseudomonas 
vancouverensis 

Brachypodium 
distachyon 
Arabidopsis and 
wheat 

Medicago sativa 

Oryza sativa 

Pinus tabulaeformis 

Brassica campestris 
Hordeum 
brevisubulatum 
Zea mays 

Oryza sativa 

Poplar plant 
Hordeaum Vulgare 

Arabidopsis thaliana 

Solanum 
Lycopersicum 

Upregulation of drought responsive genes 

Accumulation of soluble sugars, decreased accumu-
lation of proline and protects chlorophyll contents 
from degradation 
Enhanced antioxidant enzymes system 

Enhanced water uptake by upregulation of 
aquaporins 
Increased production of superoxide dismutase and 
catalase 
Increased production of antioxidant enzymes 
Increased glycine betaine content, antioxidant con-
tent and photosynthesis 
Improved water uptake by inducing membrane ions 
channel 
Decreased ethylene level and increased accumulation 
of proline and Ca2+ ions 
Induced antioxidant enzymes like SOD and APX 
Increased antioxidant content and reduced ion 
toxicity 
Induced cold response signaling and photosynthetic 
pigments 
Membrane stabilization and induced proteins that 
protects chilling stress 

Gagne-Bourque et 
al. (2015) 
Chen et al. (2017) 

Naya et al. (2007) 

Pandey et al. 
(2016) 
Zhou et al. (2021) 

Sun et al. (2010) 
Chen et al. (2018) 

Gond et al. (2015) 

Jaemsaeng et al. 
(2018) 
Pan et al. (2018) 
Baltruschat et al. 
(2008) 
Su et al. (2015) 

Subramanian et al. 
(2015) 
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TABLE 3.1 (Continued) 

Type of Stress Endophytes Host Plant Mechanism References 
Heavy metal Staphylococcus Brassica juncea Enhanced arsenic reductase activity, increased phos- Srivastava et al. 
(As) arlettae phorus in soil (2013) 
Heavy metal Neotyphodium Rye grass Reduced leaf expansion Ren et al. (2006) 
(Cd) uncinatum 
Heavy metal Bacillus sp. Sorghum bicolor Accumulation of root tillers and biomass Lata et al. (2018) 
(Cd, Mn) 
Heavy metal Pseudomonas Miscanthus sinensis Induced antioxidant enzymes and limited transloca- Babu et al. (2015) 
(Cd, Pb, Zn, As) koreensis tion of Pb, Cd, and Zn 
Osmotic Pseudomonas sp. Nicotiana tabaccum Induced genes that helps to degrade starch Sarma et al. (2011) 
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Fusarium oxysporum, through the production of specific enzymes (Ting et 
al., 2012). During the pathogenic attack fungal endophytes helps plant to 
produce phytoalexins, secondary metabolites and phytohormones providing 
defensive response in plants (Dastogeer et al., 2020). Beside fungal endo-
phytes, bacterial microorganism also helped plants by providing protection 
against several pathogenic attacks. Pseudomonas putida and Serratia plymu-
thica can inhibit two fungal pathogen Rhizoctonia solani and Verticillium 
dahilae by secreting antifungal biochemicals (Zhang et al., 2019). 

3.5 PGPR AND PLANT GROWTH 

Rhizosphere is the area in the soil that is unique in nature as it supports the 
highest microbial diversity and activity. Rhizosphere is greatly influenced by 
the activity of plant roots. A great proportion of microorganisms occupies the 
root rhizosphere area that promotes plant growth are known as plant growth 
promoting rhizobacteria (PGPR). Roots secrete several organic solutes, 
sugars, and chemicals which are needed for the survival of PGPR and in 
return PGPR promotes plant growth by regulating different biochemical, 
physiological, and anatomical processes (Nadeem et al., 2013). In addition to 
plant growth, these beneficial bacteria also provide tolerance against adverse 
environmental conditions like drought, salinity, and heavy metals stress. 
PGPR-mediated plant growth includes both direct and indirect methods. 
Direct mechanism involves the production of beneficial compounds by the 
bacterium that helps in nutrients uptake and fixing biological nitrogen. An 
indirect mechanism occurs when PGPR inhibits pathogenic attacks in the 
plant. They reduce the impact of pathogen attack by producing substances 
that induce resistance in plants and also produce siderophores which limits 
iron availability for the pathogens. Beside these two mechanisms, PGPR has 
a striking ability to produce different enzymes including ACC deaminase 
and chitinase. During the plant growth PGPR enhances production of IAA, 
cytokinin, ABA, siderophores, hydrogen cyanide and rhizobitoxine which 
not only induce plant growth but also provide resistance against biotic and 
abiotic stresses (Nadeem et al., 2013; Kumar et al., 2019). Rhizobitoxine 
induce nodule formation by inhibiting the level of ethylene which has 
a negative impact on nodulation. In addition to this ACC deaminase is a 
very important enzyme for plant growth under different stress conditions 
like drought, salinity, and heavy metal stress. Bacteria those produce ACC 
deaminase promote plant growth under abiotic stress condition by cleaving 
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the precursor of ethylene into ammonia and α-ketobutyrate resulting low 
level of ethylene in plant. IAA is the type of auxin class of phytohormone 
which has a key role in plant growth. PGPR those produces IAA promotes 
root and shoot growth and increased water uptake under saline condition 
(Kumar et al., 2019). During stress condition ABA plays an important role 
in stomata closure that protects plants from losing water. Production of cyto-
kinin is another common feature of PGPR. Cytokinin positively regulates 
cell growth, root and shoot development and tissue differentiation. PGPR, 
producing a high concentration of cytokinin, potentially improves tolerance 
in plants against stress conditions. For instance, Bacillus subtilis enhanced 
drought resistance and shoot biomass in lettuce plant by elevating the level 
of cytokinin (Arkhipova et al., 2007). Several genera of PGPR are also used 
in the agricultural sector as bio-fertilizer which facilitate enhanced nutrient 
uptake. Oscimum basilicum inoculated with Cronobacter dublinensis, 
Bacillus sp. and Pseudomonas monteilii improved nutrient uptake under 
stress condition (Rakshapal et al., 2013). 

3.5.1 PGPR-MEDIATED ABIOTIC STRESS TOLERANCE IN PLANTS 

Application of PGPR to manage abiotic stress in plant is now a widely followed 
strategy. The first evidence of PGPR mediated stress tolerance was found 
in Arabidopsis thaliana when Paenibacillus polymyxa improved drought 
tolerance in the plant (Timmusk & Wagner, 1999). After that, various studies 
have well established the fact that PGPR have several beneficial effects on 
plants under abiotic stress condition. The main mechanisms through which 
they promote stress tolerance are producing growth hormones, inhibiting the 
effects of ethylene, enhanced nutrients uptake, facilitate nitrogen fixation, 
producing antimicrobial molecules and minimizes effects of ROS (Ndeem 
et al., 2013). During stress condition ethylene level needs to be maintained 
normal to achieve normal growth. PGPR maintains ethylene level by 
producing ACC deaminase enzyme. PGPR binds to the root surface and 
produce IAA which helps to elevate the concentration of ACC deaminase in 
the root vicinity and promote root growth under drought situation (Glick et 
al., 1998). Under saline environment plants cope with nutritional imbalance 
and ion toxicity. It is very essential to maintain a high ratio of K+/Na+ in the 
plant to overcome salinity stress. Exopolysaccharides produced by certain 
strains of PGPR limits the accumulation of excess Na+ ions, thus maintaining 
a high K+/Na+ ratio inside the cell (Glick et al., 2007). PGPR improved plants 
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growth under heavy metal stress by producing antioxidant enzymes, IAA, 
and ACC deaminase (Kumar et al., 2019). The overall mechanisms of abiotic 
stress tolerance in plants by PGPR are summarized in Figure 3.4. 

FIGURE 3.4 PGPR-mediated stress tolerance in plants. 

3.5.1.1 PGPR-MEDIATED DROUGHT TOLERANCE IN PLANT 

Among different abiotic stresses, drought stress have several negative 
impacts on plants, and it is one of the main factors that only inhibit growth 
but also responsible for oxidative damages. Though modern biotechnological 
techniques improved plant resistance to drought by producing transgenic 
crops but still growth promoting rhizobacteria plays a pivotal role during 
the stress period. In drought scenario, the main problem in the plant body 
is the production of ROS and ethylene which limits root growth leading to 
impaired nutrients uptake. As PGPR has the ability to produce ACC deami-
nase and antioxidant enzymes thus it can inhibit the negative impact and 
permits continue growth (Kumar et al., 2019). Pseudomonas fluorescens 
when inoculated in Catharranthus roseus it improved drought resistance and 
also increased secondary metabolites contents (Nadeem et al., 2013). Simi-
larly, in pea plants PGPR induced drought tolerance through the activity of 
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ACC deaminase enzyme (Glick et al., 2007). Inoculation of Enterobacter sp. 
with endophytes improved drought resistance in maize, wheat, sugarcane, 
and sunflower plant by enhanced photosynthetic efficiency and water uptake 
(Kasim et al., 2013). 

3.5.1.2 PGPR-MEDIATED SALT TOLERANCE IN PLANT 

Increasing amount of salinity in the soil atmosphere greatly reduce crop 
productivity. Salinity is currently one of the major challenges in the sustain-
able agriculture system. Almost all the major crops grown part of the earth 
is facing more or less saline condition affecting plant growth. Production 
of salt tolerant crops can be achieved by genetic engineering but till date 
very few salts tolerant crops has been introduced. Thus, PGPR is used as an 
alternative strategy to induce salt tolerance in plants. Microorganism living 
in the root vicinity promotes growth by regulating source-sink interaction, 
biochemical metabolism, leaf senescence and biomass production. PGPR 
regulate signaling cascade in the root and shoot through which enhanced 
the production of stress responsive phytohormones under salinity stress 
(Ghanem et al., 2011). Under extreme saline condition plant faces osmotic 
inhibition of water uptake. Accumulation of excess Na+ ions under saline 
environment decrease the amount of Ca2+ and K+ ions which creates ionic 
toxicity. In a study, Azospirillum brasilense improved shoot elongation in 
wheat seedlings under saline environment (Creus et al., 1997). Under saline 
condition, PGPR inhibits ROS and ethylene production via antioxidant 
enzymes and ACC deaminase enzymes. 

3.5.1.3 PGPR-MEDIATED HEAVY METAL TOLERANCE IN PLANT 

Heavy metal contamination in the soil affects plant growth by developing 
impaired metabolism system. Cd, Zn, Pb, and Ni are some of the principal 
heavy metals that are released by different industrial waste materials 
contributing to the heavy metal toxicity in the soil. PGPR has several key 
functions which help to detoxify the impact of heavy metals in plants. PGPR 
improves water uptake and mineral solubilization in the plant under heavy 
metal contamination promoting plant growth (Majeed et al., 2015). PGPR 
promotes IAA and cytokinin production which helps plant to expand their 
roots in the soil to uptake minerals. Moreover, rhizosphere bacteria secrete 
some organic acids which increase the amount of solubilized phosphorus. 
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Metal chelation is another attribute of PGPR under extreme heavy metal 
contamination (Glick et al., 2007). Under Zn contamination plants inocu-
lated with Pseudomonas aeruginosa showed higher gene expression for 
antioxidant enzymes like catalase and SOD than those un-inoculated plants 
(Noctor & Foyer, 1998). It was also reported that some PGPR strains can 
accumulate metals thus reducing their availability in the soil rhizosphere 
(Naddem et al., 2013). In Table 3.2, some of PGPRs and their effects on 
plant stress tolerance are listed. 

3.5.2 PGPR-MEDIATED BIOTIC STRESS MANAGEMENT IN PLANTS 

Inhibition of different plant pathogens by PGPR enabled their use as a poten-
tial biocontrol agent. PGPR increases host resistance by several mechanisms, 
including secreting different cell wall degrading lytic enzymes, improved 
nutrients availability, and inducing systemic resistance (Bhattacharyya & 
Jha, 2012). In some studies, the biocontrol activity of PGPRs is well estab-
lished in the plant tomato and pepper (Mayak et al., 2004). Pseudomonas 
polymyxa can inhibit fungal pathogens like Fusarium sp. and Botrytis sp. 
which are responsible for several destructive diseases in many crops (Kumar 
et al., 2019). In another report it was found that, Bacillus amyloliquefaciens 
can inhibit wheat pathogen Fusarium gaminearum by reducing the produc-
tion of deoxynivalenol (DON) a mycotoxin produced by the fungus (Shi 
et al., 2014). This PGPR was also found to be effective in eggplant against 
Fusarium sp. (Chakraborty et al., 2021). Another aspect of is the inhibition of 
pathogens by exhibiting antagonistic mechanism. Rhizobacteria can produce 
many toxic and protective secondary metabolites which help to inhibit 
disease progression. Though this mechanism is not clearly understood but 
it was suggested that most of the protective secondary metabolites are non-
ribosomal peptides and polyketides (Mongkolthanaruk, 2012). For instance, 
Bacillus and Paenibacillus exhibited antagonistic mechanism by producing 
secondary metabolites in many crop species (Cawoy et al., 2013). 

3.6 ARBUSCULAR MYCORRHIZAL FUNGI (AMF) AND PLANT 
GROWTH 

Arbuscular mycorrhizal fungi (AMF) are the microorganism present in the 
soil showing obligate symbiotic relationship with plants. AMF are the most 
pervasive microorganisms that are found in almost 90% of plants and crop 
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Type of Stress PGPRs Host Response in Plants	 References 
Drought	 Burkholderia 

phytofirmans 
Achromobacter 
piechaudii 

Azospirillum spp. 
Bacillus spp. 

Salinity	 Pseudomonas 
fluorescens 
Azospirillum 

Pseudomonas 
spp. 
Azotobacter 

Pseudomonas 
aeruginosa 
Xanthobacter 
autotrophicus 
Klebsiella 
oxytoca 
Piriformospora 
indica 

Maize 

Solanum lycopersicum 
and Capsicum annuum 

Wheat 
Lettuce 
Arachis hypogaea 

Wheat 

Rice 

Maize 

Sunflower 

Eggplant 

Cotton 

Wheat 

Increased photosynthetic activity and improved water 
uptake. 
Induced plant growth under low water availability by 
the action of ACC deaminase which lowers ethylene 
level in root.
 
Provide plants growth by inducing IAA and cytokinin.
 
Increased photosynthetic activity.
 
Improved salt tolerance and reduced Na+ toxicity.
 

Improved plant height, grain yield and photosynthetic 

pigments.
 
Germination of seedlings. 

Induced uptake of P and K, lowered Na+ intake. 

Enhanced plant growth. 

Improved minerals uptake. 

Maintained plant growth by producing 
malondialdehyde, proline, and chlorophyll-a. 
Enhanced salt tolerance by producing photosynthetic 
pigments and soluble sugars (organic solutes) 

Naveed et al. (2014) 

Mayak et al. (2004) 

Kumar et al. (2019) 
Vivas et al. (2003) 
Nadeem et al. (2013) 

Nia et al. (2012) 

Kumar et al. (2019) 

Rojas-Tapias et al. 
(2012)
 
Kumar et al. (2019)
 

Abd El-Azeem et al. 
(2012) 
Wu et al. (2014) 

Zarea et al. (2012) 
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78 TABLE 3.2 (Continued) 

Type of Stress PGPRs Host Response in Plants References 
Heavy metal Rhodococcus spp. Brassica juncea Reduced Cd toxicity in plants by reducing Cd Nadeem et al. (2013) 

concentration in plant. 
Rhizobium trifolii Clover Induced growth by accumulating N and P under nickel Vivas et al. (2003) 
and Brevibacillus toxicity. 
brevis 
Pseudomonas Pisum sativum Induced root growth under Cd contaminated soil. Safronova et al. 
brassicacearum (2006) 
Pseudomonas Wheat Enhanced plant growth under Zn contaminated soil by Nadeem et al. (2013) 
aeruginosa increasing leaf chlorophyll and soluble proteins. 
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plant (Diagne et al., 2020). AMF fungi is an important constituent of the soil 
contributing 5–36% total biomass of the soil and 9–55% total microorgan-
isms that are living in the soil (Olson et al., 1999). In plant, there are mainly 
two types of mycorrhizal association are found namely Arbuscular mycor-
rhizae (AM) and ectomycorrhizae, among which AM is the most abundant 
fungi found in the soil biomass. AM fungi belong to the subkingdom 
Mucoromyceta and phylum Glomeromycota which contains 11 families, 25 
genera and about 250 species (Spatafora et al., 2016). AMF forms a hyphal 
network in the root cells of the plant known as arbuscle which helps them 
to draw foods from the host. These hyphal structures also penetrate the 
soil and enables plant to uptake minerals and nutrients providing growth 
(Nadeem et al., 2013). Aggregation of the mycelial structure increases both 
the root surface and root length that helps plant to reach more nutrients pools 
which are unavailable for the uncolonized root system. Moreover, some-
times AMF mycelia are function as nutrients absorbing organs in addition 
to root. Extension of the hyphal network also facilitates soil aggregation 
thus improves the physical properties of the soil. AMF also contribute to 
the soil fertility by increasing the availability of different macro and micro-
nutrients like nitrogen, phosphorus, copper, and magnesium. It has been 
reported that almost 80% phosphorus uptake is facilitated by the AM fungi 
in plants (Allen, 2011). It was found that in legumes plant AM fungi in addi-
tion with Rhizobium sp. helped in better nutrients uptake and also increased 
the efficacy of Rhizobium sp. to support plant under stress condition. The 
fungal symbionts also positively regulate nodule formation in legumes (Guo 
& Haung, 2010). Furthermore, these AM fungi can store several nutrients, 
thereby giving protection to plants under nutrient deficit condition. AMF 
fungi could promote nutrient cycling and increases nutrients in the soil by 
creating soil environment favorable for other beneficial microorganisms 
or by synergizing with other rhizobacteria and endophytes (Nadeem et al., 
2013). AM fungi produce a glycoprotein glomalin which is secreted from the 
hyphae. Glomalin binds nitrogen and carbon with the soil particles, thereby 
increasing soil carbon content and nutrients availability. Plant water relation 
is directly associated with glomalin content present in soil, contributing to 
approximately 20% total water uptake by plants (Gadkar & Rilling, 2006). 
AMF is also used as broad spectrum biofertilizer in different agricultural 
land providing high yields, better nutrients uptake, improved water status 
and enhanced soil quality (Diagne et al., 2020). 

In Cucurbita maxima inoculation with AM fungi significantly improved 
metabolism including carbohydrate, crude protein and fiber content in the root 
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and shoot tissue thereby improving plant growth (Al-Hmoud & Al-Momany, 
2017). Mycorrhizal fungi colonize in the watermelon plant improved water 
uptake, nutrient availability, and fruit quality (Keya et al., 2003). In another 
study it was found that, three AMF fungi Acaulospora longula, Scutellospora 
heterogama and Funneliformis mosseae exhibited positive effects on growth 
of carrot plant (Kim et al., 2017). Symbiotic fungal colonization in the root 
of barley and bread wheat improved Zn deficiency (Coccina et al., 2019). 
In sorghum plant enhancement of biomass and nitrogen, phosphorus, and 
potassium uptake is greatly influenced by the colonized mycorrhiza. It was 
also suggested that in this plant nutrients uptake is not only depends on the 
fungal partner but also depends on different nutrient uptake pathway selected 
by the host plant (Nakmee et al., 2016). In laboratory condition micro-
propagated Prunus cerasifera inoculated with Rhizoglomus intraradices and 
Funneliformis mosseae exhibited better growth and 100% survival than those 
which are uninoculated with these fungal symbionts (Diagne et al., 2020). In 
addition to AMF mediated plant growth, these symbiotic mycorrhizal fungi 
can also interact with several other microorganisms residing soil atmosphere 
and exhibit plant growth regulating functions. In general, AMF promotes 
plant growth by not only enhancing nutrient uptake but also minimizes the 
negative impacts of several biotic and abiotic stress conditions. 

3.6.1 AMF-MEDIATED ABIOTIC STRESS TOLERANCE IN PLANTS 

Having a number of positive effects on plants growth and development 
AMF is also well known for their role in managing plant stress toler-
ance against different abiotic factors. Various reports have already shown 
that, AMF has induced plant growth and tolerance under several adverse 
environmental conditions like drought, salinity, flooding, temperature, 
and heavy metal stresses (Allen et al., 2011; Nadeem et al., 2013; Diagne 
et al., 2020). In the presence of stress stimuli AMF fungi living in the 
plant root change their composition. These changes result in decreased 
diversity of the fungi and form an AMF community having similar type 
of species that are tolerant to that specific stress condition. Change in 
AMF community helps plant to respond more vigorously against the 
adverse condition (Bennett & Classen, 2020). With changing of climate 
this response by the AMF become stronger proving better resistance in 
plants. AMF adaptation under stress condition is not dependent on the host 
plant. Thus, colonization of AMF improves plants stability under drought, 
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salinity, and temperature stress (Nakmee et al., 2016). AMF mediated 
abiotic stress tolerance involved a diverse type of mechanisms including: 
(i) facilitation of nutrients and water uptake; (ii) accumulation of organic 
solutes, stress hormones and expression of stress responsive genes; (iii) 
alteration in plant physiology like osmotic adjustment, photosynthesis, 
gaseous exchange; (iv) improved antioxidant enzyme system; and (v). 
heavy metal chelation and elimination of pollutants from soil (Diagne et 
al., 2020). An overall mechanism of AMF mediated abiotic stress toler-
ance is summarized in Figure 3.5. 

FIGURE 3.5 Possible mechanism of AMF mediated abiotic stress tolerance in plants. 

3.6.1.1 AMF AND DROUGHT STRESS TOLERANCE 

Drought stress is one of the major factors responsible for low productivity 
of crop plants. Due to the low water availability in the soil, plant closes their 
stomata which eventually decreases photosynthetic rate as gaseous exchange 
get hampered. During drought AMF improved plant fitness through both 
drought mitigation and drought tolerance. AMF enhanced water uptake 
ability in plants which helps in drought mitigation and a combination of 
direct benefits provide strength to plants for drought tolerance (Bernardo et 
al., 2019). Root colonization of AMF increased root surface area for water 
absorption and also helps to penetrate a greater extent of the soil. Several 
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studies have shown that root colonization of AMF improved plant growth 
under drought condition by enhancing nutrients and water uptake ability. For 
instance, root colonization of AM fungi in Allium cepa, Trifolium repens, 
Lactuca sativa and Triticum aestivum improved growth under drought condi-
tion by expanding root surface area for water uptake (Diagne et al., 2020). 
Under drought condition, AM fungi induced leaf water potential, stomatal 
conductance, improved gaseous exchange, transpiration, and photosynthesis 
in plants. AMF minimizes the harmful effects of drought stress on photo-
system II reaction center (Zhu et al., 2012). AMF also improved water uptake 
by producing phytohormones and organic solutes. During stress, ABA plays 
an important role in plant. ABA modulates several hormonal signaling like 
root water conductivity, stomatal opening, and expression of water channel 
across the membrane. Colonization of AMF lowers the ABA level in the root 
which helps in water retention (Yooyongwech et al., 2013). Beside ABA, 
AMF also induced auxin and strigolactones that improved water stress 
response in plants. Another aspect of AMF is an accumulation of organic 
solutes like proline, glycine betaine and sugars which helps to adjust the 
osmotic potential of plant under drought condition. Antioxidant enzymes 
produced by the AMF reduced ROS accumulation protects plants from 
oxidative damages under drought stress (Laxa et al., 2019). Beside drought 
tolerance, AMF also induced flooding tolerance in plants. It was observed 
that in wet soil high diversity of AMF are formed. Flooding tolerance in 
plant is directly associated with high nutrient uptake and good photosyn-
thetic efficiency (Bao et al., 2019). 

3.6.1.2 AMF AND SALINITY TOLERANCE 

AMF can adopt saline condition efficiently. AMF colonization improved 
several plants growth under extreme saline conditions (Table 3.3). It has 
been well established that AM fungi can modulate several biochemical, 
physical, and physiological processes in plants. We already know that AMF 
can improve water uptake and increase nutrients availability in soil. This 
attribute of AM fungi induced salt tolerance in many plants including Zea 
mays, Triticum aestivum and tomato (Estrada et al., 2013). In addition to 
this, AM inoculation in plant root under saline condition accumulates 
osmoregulators like proline and sugars, improved water conductance of the 
root tissue, enhanced photosynthesis activity and reduced Na+ ion toxicity 
by maintaining the balance of K+/Na+ ratio (Li et al., 2020). Tomato plant 
inoculated with Funneliformis mosseae under saline condition improved 
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Fe, P, K, and Cu content of shoot, increased plant biomass and fruit yields 
(Al-Karaki et al., 2006). Zea mays inoculated with three strains of fungal 
symbionts improved plant biomass under salt stress by enhancing proline 
and potassium content in the shoot (Estrada et al., 2013). 

3.6.1.3 AMF AND TEMPERATURE TOLERANCE 

An extreme temperature (cold and heat) is another negative regulator of plant 
growth. AM fungi colonization can induce temperature tolerance (Table 3.3) 
in plants by accumulating osmolytes, enhancing photosynthesis, improving 
nutrients and water uptake, and minimizing ROS accumulation (Nadeem 
et al., 2013). At high temperature AMF helps plants by extension of root 
surface area producing a mycelial network that ensures water uptake and 
protects photosynthetic apparatus from damage (Zhu et al., 2012). During the 
period of temperature stress, AMF reduced the emission of N2O from plant 
by increasing nitrogen in the soil. It was reported that in low temperature 
plants those are inoculated with AMF exhibited better growth and biomass 
accumulation than those un-inoculated plants. For evidence, when Hordeum 
vulgare inoculated with AMF under low temperature stress showed better 
yield and biomass production (Hajiboland et al., 2019). Therefore, AMF can 
induce tolerance in plants under extreme environmental conditions. 

3.6.1.4 AMF AND HEAVY METAL TOLERANCE 

Mining and industrial areas are more prone to heavy metal contamination. 
Plants those are adopted these environments exhibited a greater proportion of 
AMF colonization in the root. AMF are used as a heavy metal stress reducing 
agents in contaminated soil area as it helps to eliminate metal from the soil 
thus reducing heavy metal toxicity in plants (Wang, 2017). AMF provides 
heavy metal remediation as their hyphae has the metal binding ability that 
reduces the bioavailability of metals like Cd, Co, Zn, and Pb (Audet & 
Charset, 2007). When maize plant is inoculated with Glomus sp. under heavy 
metal contaminated soil it showed better biomass yields and higher P, K, and 
Mg content in the root (Kaldorf et al., 1999). In a recent study it was found 
that AMF can induce expression of some metal transporter. For instance, in 
Rhizophagus irragularis a Zn transporter GintZn T1 was reported (Gonzalez-
Guerrero et al., 2016). Different AM fungi and their role in abiotic stress 
tolerance in different plant species are presented in Table 3.3. 
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Type of Stress AM Fungal Strains Host Stress Response References 
Drought Glomus intraradices Solanum Improved N and P uptake, increased fruit biomass. Subramanian et al. 

lycopersicum (2006) 
Glomus clarum Lycopersicon Increased leaf area, root, and stomatal conductivity, Dell’Amico et al. (2002) 

esculentum improved photosynthetic efficiency. 
Glumos intraradices Sorghum bicolor Enhanced grain yields. Alizadeh et al. (2011) 
Rhizophagus Zea mays Improved water translocation in plant. Barzana et al. (2012) 
irregularis 
Rhizophagus Triticum Improved osmotic adjustment and leaf water conductance. Allen et al. (2011) 
fasciculatus aestivum 
Rhizophagus Trifolium repens Increased proline content, nutrients like P and N and Ortiz et al. (2015) 
irregularis improved dry weight and water uptake. 
Glomus etunicatum Pistacia vera Increased chlorophyll content, nutrient concentration, Abbaspour et al. (2012) 

accumulation of proline, soluble sugar, increased 
antioxidant enzymes. 

Glomus mosseae Vigna radiata Increased leaf nutrient contents and improved water Nadeem et al. (2013) 
relation. 

Flooding Glomus intraradices Pterocarpus Improved phosphorus content. Fougnies et al. (2006) 
officinalis 

Glomus geosporum Aster tripolium Accumulated proline and soluble sugar and proteins. Solís-Rodríguez et al. 
(2020) 
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TABLE 3.3 (Continued) 

Type of Stress AM Fungal Strains Host Stress Response References 
Salinity 

Temperature 

Heavy metal 

Glomus spp. 
Claroideoglomus 
etunicatum 
Funneliformis 
mosseae 
Rhizophagus 
irregularis 
Claroideoglomus 
etunicatum 

Funneliformis 
mosseae 
Funneliformis sp. 

Glomus versiforme 

Ribes fasciculatum 

Glomus versiforme 

Glomus mosseae 

Glomus intraradices 

Funneliformis 
mosseae 

Wheat Increased plant biomass. 
Glycine max Improved plant growth by producing auxin. 

Gossypium Increased nutrient content (P) and plant biomass 
arboreum 
Digitaria Increased accumulation of antioxidant enzymes, stomatal 
eriantha conductance and reduced H2O2 formation in root 
Cucumis sativus Increased nutrient contents (P, K, Ca, Mg, Mn, Zn), 

Elymus nutans 

Zea mays 

Hordeum 
vulgare 
Cyclamen 
persicum 
Lonicera 
japonica 
Trifolium 
pratense 
Solanum 
lycopersicum 
Trigonella 
foenum-graceum 

antioxidant enzymes, photosynthetic pigments, and reduced 
Na+ uptake.
 
Reduced oxidative damages and enhanced chlorophyll 

contents.
 
Increased photosynthetic efficiency by protecting 
photosystem II from damage. 
Increased survival under low temperature stress. 

Increased antioxidant enzyme production and biomass 
under high temperature.
 
Decreased Cd concentration in root and shoot.
 

Decreased Zn toxicity in root and shoot. 

Reduced Cd contamination and oxidative damages. 

Enhanced heavy metal translocation and increased mineral 
uptake. 

Daei et al. (2009) 
Hashem et al. (2016) 

Tian et al. (2004) 

Pedranzani et al. (2015) 

Diagne et al. (2020) 

Chu et al. (2016) 

Mathur & Jajoo (2020) 

Diagne et al. (2020) 

Maya et al. (2013) 

Jiang et al. (2016) 

Li & Christie (2001) 

Hashem et al. (2016) 

Kelkar et al. (2013) 
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3.6.2 AMF AND BIOTIC STRESS MANAGEMENT IN PLANTS 

Symbiotic noninfectious microorganisms living in the plant root and 
rhizosphere is known to have a potential role in managing different plant 
pathogens. The role of AMF in reducing the damage caused by the pathogen 
is well-studied by different researchers. AMF-colonized plant successfully 
inhibited several pathogens in field conditions, and in some diseased plant 
growth remains unaffected. Charcoal root rot disease of Glycine max causes 
by the pathogen Macrophomina phaseolina resulting huge economic loss 
every year, can be controlled by applying AM inoculation (Spagnoletti et al., 
2020). In plant mycorrhizal colonization controls disease progression and 
disease severity by providing a resistance to plant known as mycorrhizal-
induced resistance (MIR). MIR is similar to systemic acquired resistance 
that gives systemic protection from pathogen attacks (Nguvo & Gao, 2019). 
AMF induced resistance in plant by different mechanisms including changing 
root morphology and structures, producing antioxidant enzymes, improving 
nutrients status in the host plant, enhancing photosynthesis, and changing 
microbial diversity in the mycorrhizosphere (Cameron et al., 2013). Coloni-
zation of tomato plant root by Funneliformis mosseae improved resistance 
against two nematode pathogen Pratylenchus penetrans and Meloidogyne 
incognita. Besides this, inoculation of F. mosseae also inhibits two fungal 
pathogen Fusarium oxysporum and Alternaria solani in tomato plant (Vos et 
al., 2012). Several reports also revealed that besides fungal and nematodes, 
AMF fungi can control several herbivorous insects and invasive plants like 
Striga (Diagne et al., 2020). 

3.7 CONCLUSION AND FUTURE PROSPECTS 

From the above discussion, it is evident that adverse environmental condition 
and rapid climate change affects plants growth and development by causing 
several biochemical, physical, and physiological changes. Not only the 
abiotic factors, biotic factors like presence of disease are also hampered plant 
growth. Many soil residing microorganisms like endophytes, rhizobacteria, 
and mycorrhizal fungi help to minimize the negative impacts of these stresses. 
Though many researchers are well described the role of these microorganism 
individually but there is also presence of evidence that application of combi-
nation of these microbes can improve stress tolerance in plant even better. 
Another important aspect of the usefulness of these microbes that we need 
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to consider is the application of these microbes in the natural field condition. 
Several studies that were previously done is under controlled condition. So, 
the effectiveness of using beneficial microorganism under natural habitat 
is well desired. Besides this, in some extreme stress condition, rhizosphere 
microorganisms also copes with the stresses, so we need to look after this 
aspect also. When plants cope with adverse environmental situation, there is 
a combination of stressors that affects plant growth. Furthermore, most of 
studies have been carried out only under one stress condition. So, the effects 
of symbiotic microorganisms need to be explored under multiple stress 
conditions. To commercialize these microbes for future protection of plants 
needs more trial and more studies. Lastly, it can be concluded that symbiotic 
microorganisms hold an important place in providing plant stress tolerance 
which has the potential to ensure future food security. 
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ABSTRACT 

Seed priming is a highly effective and low-cost seed enhancement technique 
to improve germination, early vigor, growth, and yield of crop plants. 
It reduces the time of seedling emergence and helps in the establishment 
of a uniform crop stand. Several priming agents, such as water, inorganic 
salts, sugars, micronutrients, plant hormones, and physical treatments with 
ionizing/nonionizing radiation are used as seed priming agents. Seed priming 
also confers plants with tolerance to various abiotic stresses. Primed seeds 
invigorate the seed metabolism through the repair and synthesis of nucleic 
acids and proteins. In hydro-priming, the seeds are soaked in water for a well-
defined period of time followed by drying to their original moisture level. 
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Conversely, magneto-priming is a non-ionizing, physical energy, dry seed 
treatment that evades the hydration and dehydration cycle. Both the priming 
techniques can alleviate the abiotic stress during seedling emergence and 
crop establishment stage, through an array of processes involving upregu-
lation of various signaling pathways and antioxidative systems leading to 
production of stress-responsive “savior metabolites.” The evocation of stress 
tolerance mechanism is manifested at the plant level as synchrony in seed 
germination, early vigor, increased biomass, and yield. The plants can also 
respond to reproductive stage stress exposures by using the stress memory 
response. In this chapter, we will discuss the various mechanisms governing 
the stress response under different abiotic stresses in hydro- and magneto-
primed seeds. 

4.1 INTRODUCTION 

Plants are exposed to various abiotic factors such as drought, high salinity, 
submergence, and extreme temperature, etc., leading to a substantial loss 
in crop yield. The exposure to these stress signal leads to activation of 
different defense mechanisms, stress signaling, metabolite production, etc., 
resulting in physiological, metabolic, and biochemical changes in plants 
(Xiong & Zhu, 2002). These alterations may affect plant performance, yield, 
metabolism, and oxidative stress (Jisha et al., 2013). Various efforts have 
been adapted to develop plants that can withstand stresses and show minimal 
pre- and post-harvest losses in limited agricultural resources (Gust et al., 
2010; Hasanuzzaman & Fotopoulos, 2019). Uniform seed germination, early 
seedling growth, and uniform plant stand (Hasanuzzaman & Fotopoulos, 
2019) determines yield and plant response to stresses. 

Seed priming is an effective method to strengthen the defense line of crop 
plants by imparting stress tolerance. Seed priming improves seed germination 
and crop stand. In general, seed priming is a physiological procedure of seed 
hydration followed by drying that enhances the pre-germinative metabolic 
process for faster germination, better growth, and production under normal 
as well as stressed conditions. It is a promising low-cost technique to induce 
germination, increase growth, and thus the productive ability of crops. In this 
process, different priming agents such as water, sugars, nutrients, hormones, 
micronutrients, organic sources, and inorganic salts, etc., are applied to 
regulate hydration level and activate germinative metabolic activities without 
radical protrusion (Hussain et al., 2015, 2018; Lutts et al., 2016; Zheng et al., 
2016). The abiotic cues prompt warning signals to enhance the plant defense 
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mechanisms that change plant transcriptional, biochemical, physiological, and 
epigenetic levels upon stimulus perception (Anderson et al., 2018; Mauch-
Mani et al., 2017). This is known as the priming phase which is followed by 
a post-challenge primed phase, where the plant shows a faster and stronger 
defense response upon subsequent challenge and has better stress tolerance. 
The substances released as an effect of priming are used to generate high-
energy compounds essential for the germination of seedlings (Renugadevi & 
Vijayageetha, 2013). The result is activation of different enzymes, production 
of metabolites, protein synthesis, improved antioxidant repair mechanism and 
biochemical cell repair systems. Overall seed priming promotes germination 
rate, seed vigor, photosynthetic efficiency, root length, biomass production 
along with efficient performance under an extensive range of environments 
and more than a few agronomic and economic advantages. Some of the other 
benefits are efficient release from thermo- and photo-dormancy, improved 
water use efficiency, early maturity, better nutrient uptake, and high yield 
(Hill et al., 2008; Hussain et al., 2016). Better oxidative defense mechanisms 
have emerged from primed seeds acquired with enhanced levels of superoxide 
dismutase (SOD), glutathione reductase (GR), ascorbic acid (AsA), catalase 
(CAT), and peroxidases (POD), late embryogenesis abundant protein (LEA), 
dehydrins (DHN), and aquaporins (AQP) (Blokhina, 2003; Chen et al., 2013; 
Fashui, 2002; Wechsberg et al., 1995). Many studies have reported better crop 
establishment, uniform germination with advanced plant growth and stress 
resistance in seedlings, therefore, the productivity of field crops (Farooq et 
al., 2005, 2006a, b, 2007, 2008, 2010; Muhammad Farooq et al., 2008, 2006a, 
b). Seed priming is a durable process that can be maintained and transmitted 
from one generation to another, thus signifying a type of immunological 
memory in plants (Lutts et al., 2016; Mauch-Mani et al., 2017). However, 
different factors attribute to priming, such as plant species, priming media, 
storage conditions, temperature, light, seed characteristics, priming duration, 
and aeration. 

4.2 MAGNETO-PRIMING INDUCED CHANGES IN PLANTS UNDER 
VARIOUS ABIOTIC STRESSES 

Magneto-priming is dry seed priming technique that omits the hydration and 
dehydration cycle which is inherent for wet priming treatments and allows 
storage of seeds at room temperature (Bhardwaj et al., 2012; Kataria & Jain, 
2019; Kataria et al., 2019; Thakur et al., 2019). The effect of the magnetic 
field, first reported in plants by Krylov & Tarakanova (1960), has received 
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considerable attention in the recent past. It is based on the principle of 
biophysics that shows the effect of oscillating and low-frequency magnetic 
fields without heating the biological tissues. Pre-treatment of seeds/seed-
lings with magnetic field is gaining importance in applied agriculture as 
magnetic treatment improves the early vigor and initial stages of growth in 
plants (Nyakane et al., 2019; Jin et al., 2019). Positive effects on increase in 
percentage and rate of germination with improved seedling vigor have been 
reported in various crops, e.g., wheat (Tritium aestivum; Rathod & Anand, 
2012), barley (Hordeum vulgare; Shabrangy et al., 2021), mungbean (Vigna 
radiata; Huang & Wang, 2008), sunflower (Helianthus annuus; Vashisth & 
Nagarajan, 2010), rice (Oryza sativa; Florez et al., 2004), chickpea (Cicer 
arietinum; Thomas et al., 2010), cucumber (Cucumis sativus; Bhardwaj et 
al., 2012), cherry tomato (Gupta et al., 2015), pea (Bhardwaj et al., 2016), 
soybean (Glycine max) and maize (Zea mays; Anand et al., 2012; Kataria 
et al., 2017a, b, 2019, 2020a, b), tomato (Solanum lycopersicum; Anand 
et al., 2019) and onion (Allium cepa; Thakur et al., 2020). The stimulatory 
response induced by magneto-priming is sustained till the maturity stage as 
manifested by improved plant growth, leaf area, photosynthesis, biomass, 
and crop yield (Kataria et al., 2019, 2020b, 2021). The protein patterns on 
SDS gel showed that leaves of soybean from static magnetic field (SMF)-
primed seeds had higher band intensities of the large subunit (53 kDa) and 
small subunit (14 kDa) of Rubisco (Shine et al., 2012). Transcript abun-
dance of large subunit of Rubisco and carbonic anhydrase (CA) genes were 
observed in leaves of soybean plants from SMF-primed seeds (Patel, 2020). 
In addition, proteomic analysis of SMF treated seeds of barley (Shabrangy 
et al., 2021) revealed that proteins carrying iron in their structure, with metal 
ion binding function, and those involved in electron transfer chain decreased 
compared to untreated seeds. Oscillation of metal ions by MFA exposure 
reduced the proteins with metal ion binding function, while the antioxidant 
system was upregulated due to the rise in cellular ROS levels. Total of 41 
shoot specific proteins were identified as shoot tissue responded more than 
roots. The biological processes that were up regulated by magnetic field 
included carbohydrate metabolism, oxidation-reduction reactions and redox 
homeostasis (Shabrangy et al., 2021). Hormonal regulation of improved 
root growth was observed in studies with varying intensities and direction 
of magnetic field. Magnetic field in parallel with gravity vector increased 
cell division in the meristematic tissue due to higher auxin content which 
was regulated by expression of genes of auxin signaling pathways in the root 
tips (Jin et al., 2019). All these studies emphasize that magneto-priming can 
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be used as a feasible and chemical free solution to address crop productivity 
under non-stress and stressed environments like drought, salinity, UV B 
radiation, nutrient deficiency, and heavy metal toxicity, etc. (Mirdha et al., 
2016; Razmjoo & Alinian, 2017; Baghel et al., 2018; Hozayn et al., 2018; 
Kataria & Jain, 2019; Islam et al., 2020; Kataria et al., 2020a, b, 2021; Fatima 
et al., 2020; Prajapati et al., 2020; Sarraf et al., 2020). 

4.3 MAGNETO-PRIMING FOR IMPROVING PLANT PERFORMANCE 
UNDER ABIOTIC STRESSES 

Magneto-priming of the seeds has helped in improving the abiotic stress 
tolerance which the crop experiences pre- and post-germination. It becomes 
more relevant as remedies for early plant growth under soil-related limita-
tions help in crop establishment that may be protected from later events of 
stress, like high/cold temperatures, by other strategies. We have discussed 
in detail the beneficial effects of magneto-priming towards various abiotic 
stresses under the different subheadings. 

4.2.1 SALT STRESS 

Salinity adversely affects seed germination and early seedling growth leading 
to reduced productivity in crops (Nawaz et al., 2012; Kataria & Verma, 2018). 
It lowers the osmotic potential, prevents water uptake and/or causes Na+ 

toxicity that prevents successful germination of the seeds (Khajeh-Hosseini 
et al., 2003). Similar to other abiotic stresses, ROS mediated oxidative stress 
results in malfunctioning of the cellular machinery (Ozgur et al., 2013; 
Kataria & Verma, 2018) by harming the biomolecules such as proteins, 
lipids, and nucleic acids (Gill & Tuteja, 2010). Application of compatible 
solutes via seed priming was observed to enhance salinity tolerance (Hare et 
al., 1998; Hasegawa et al., 2000; Sen & Puthur, 2020) due to accumulation 
of stress-induced compounds like free proline and malondialdehyde (MDA); 
antioxidant enzymes such as SOD, CAT, peroxidase (POD); ionic homeo-
stasis and hormone regulation (Iqbal & Ashraf, 2010; Sen & Puthur, 2020). 
El-Yazied et al. (2011) observed that magneto-priming of tomato seeds 
resulted in a significant increase in the germination percentage and reduced 
the time needed for germination. This was validated in another study on 
chickpea and barley where magneto-priming had the potential to overcome 
the adverse effects of salinity at germination and early seedling growth stage 
(Thomas et al., 2013; Hozayn et al., 2018). Germination tolerance index 
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increased in SMF (200 mT for 1 h) pretreated maize seeds as compared to 
untreated seeds under 50 mM NaCl stress (Baghel et al., 2019). SMF helped 
in reducing the oxidative damage, owing to the up-regulation of antioxidant 
enzymes in stressed plants (Sarraf et al., 2020). The seedlings derived from 
magnetic field treated seeds exhibit an increased stem length, stem diameter, 
leaf area, and fresh and dry weight under saline conditions (El-Yazied et al., 
2011). Baghel et al. (2016) indicated that SMF (200 milliTesla (mT) for 1 
h) pre-treatment significantly increased number and weight of root nodules, 
photosynthetic efficiency, biomass, and yield of soybean plants in non-saline 
and saline conditions in comparison to untreated seeds. The content of leghe-
moglobin and hemichrome also improved in the root nodules that indicated 
that the nodules remained active under salt stress. Seeds of other crops such 
as soybean and maize also responded to SMF pre-treatment by alleviating 
the salt-induced adverse effects on growth and yield as a result of more 
active reaction centers and higher efficiency of electron transport and faster 
reduction of electron acceptors in the photosynthetic pathway (Baghel et al., 
2016, 2019; Kataria & Jain, 2019). SMF pre-treatment of the seeds elimi-
nates the need for diverting the metabolic energy towards the detoxification 
of ROS produced under salt stress (Kataria & Jain, 2019). Kataria et al. 
(2019) reported that static magnetic field treatment (200 mT for 1 h) lowers 
the production of hydrogen peroxide (H2O2), antioxidants (dehydroascorbic 
acid (DHA), and ascorbic acid (AsA)) and activities of antioxidant enzymes 
(SOD, POD, APX, GR) along with higher levels of α-tocopherol in soybean 
leaves to facilitate higher growth, photosynthesis, and yield under salinity 
stress. Magnetoprimed seeds also showed higher uptake of water in soybean 
and maize and lower Na+/K+ ratio in wheat under saline conditions (Kataria 
et al., 2017a, b; Rathod & Anand, 2016). Rathod & Anand (2016) reported 
that the sodium exclusion in the tissues of plants from magnetoprimed wheat 
seeds may be responsible for enhancing the salt tolerance. Pulsed magnetic 
field treatment had a positive effect on the regeneration of soybean calli 
under salt stressed condition by enhancing primary and secondary metabo-
lite production (Radhakrishnan et al., 2012; Radhakrishnan & Kumari, 
2013). Recently, Kataria et al. (2020a) identified the role of nitrate reductase 
(NR) dependent nitric oxide (NO) production in magnetoprimed induced 
tolerance towards salt stress in soybean during early seedling growth. They 
found that NO scavenger (2-[4-carboxyphenyl]-4,4,5,5-tetramethylimidazo-
line-1-oxyl-3-oxide, CPTIO), inhibitors of enzymes for NO synthesis, NO 
synthase (N-nitro-L-Arg-methyl ester, L-NAME) or NR (sodium tungstate, 
ST) and of NADPH oxidase (diphenylene iodonium (DPI)) significantly 
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decreased the SMF-induced seed germination, seedling growth, activities of 
𝛼-amylase, protease, and NR, ROS, and NO content in roots of soybean 
seedlings. Although the percentage of reduction in NO and NR was higher 
with ST treatment compared to LNAME in seedlings of SMF-primed seeds, 
the NO donor (sodium nitroprusside (SNP)) promoted all the parameters in 
saline and non-saline condition. 

4.2.2 DROUGHT STRESS 

Water stress can also potentially affect seed germination and early seed-
ling growth (Ahmad et al., 2009). In maize, magneto-priming helped the 
seedlings to withstand moisture stress due to improved soil-water relations 
(Anand et al., 2012). Javed et al. (2011) found that SMF (100 and 150 
mT for 10 min) was effective in alleviating the drought-induced adverse 
effects on maize growth by improving photosynthetic efficiency through 
photochemical and non-photochemical quenching. Selim & El-Nady (2011) 
reported that magnetic field treated tomato seeds resulted in stimulation 
of plant growth, cambium differentiation activity, thickness of mesophyll 
tissue, water uptake, proline concentration and photosynthetic pigments in 
response to drought stress. Improvement in chlorophyll and carotenoids 
and decreased SOD, POX, APX, and CAT activities under drought stress 
was also observed by Sen & Alikamanoglu (2014) in plants from SMF (2.9 
mT–4.7 mT) treated wheat seeds. Alvarez et al. (2020) suggested that the 
adverse effect of salinity and drought on water absorption in Triticale seeds 
can be circumvented by exposing seeds to SMF of 3.71 mT for 10 h. At 
the plant level, soybean plants raised from SMF treated seeds and exposed 
to water stress at vegetative, flowering, and pod-filling stage showed lesser 
reduction in growth, photosynthetic efficiency, and yield (Baghel et al., 2018) 
Recently, the beneficial effects of magneto-priming (200 mT for 5 min) on 
improvement of drought tolerance in Hyssopus officinalis L. through protec-
tion of cellular membrane integrity, maintenance of photosynthetic pigment 
content, alternation of antioxidant enzyme activities were demonstrated by 
Mohammadi & Roshandel (2020). 

4.2.3 TEMPERATURE STRESS 

Among the various abiotic stresses experienced by plants, extreme tempera-
tures have a detrimental effect on the metabolic activities of the plants. Seed 
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priming techniques are used by various researchers to combat temperature 
stress at later stages of growth in various crops (Thakur et al., 2019). Afzal 
et al. (2015) reported that maize treated with magnetic field of strength 150 
mT increased chilling tolerance, plant growth, chlorophyll, total phenolics, 
gaseous exchange, seed protein, and oil content. In radish, magnetic field 
treatment (400 A/m) increased polar lipids under light and chilling stresses 
(Novitskaya et al., 2010). However, the effect of magneto-priming may 
generate interesting information if focused on the ‘stress memory’ response 
in relation to activation of gene network during priming and the mechanism 
of tolerance in plants on subsequent exposure to extreme temperatures. 

4.2.4 HEAVY METAL STRESS 

Magneto-priming may be used to ward off the deleterious effects of heavy 
metal stress by enhancing the seed germination, seedling vigor, rate of photo-
synthesis, biomass accumulation and crop productivity (Prajapati et al., 2020). 
Chen et al. (2011) reported that SMF (600 mT) alleviated the toxic effects of 
cadmium salts through increasing the photosynthetic rate, NO concentration 
and NOS activity and reducing the lipid peroxidation in mungbean seedlings. 
Pretreatment of SMF (200 mT for 1 h) to soybean ameliorated arsenic toxicity 
in relation to growth, photosynthesis, and water uptake (Fatima et al., 2020). 
In this study, SMF-pretreatment caused an increase in leaf area with larger 
thickness of midrib/minor veins along with improved photosynthetic perfor-
mance in contrast to un-primed seeds under As(V) stress. 

Iron uptake in plants is dependent on the redox reaction catalyzed by 
ferric reductase activity and the exposure to magnetic field alters the rates of 
redox reaction in plants (Bertea et al., 2015). Islam et al. (2020) suggested 
a role of the geomagnetic field in the uptake and maintenance of iron in the 
plant cells through increased activity of ferric reductase. These findings can 
be effectively utilized for phytoremediation of heavy metals like Fe through 
magneto-priming seeds before sowing in contaminated soils. 

4.2.5 UV-B STRESS 

Higher levels of biologically effective UV-B radiation traverse through 
the atmosphere due to high concentrations of ozone-depleting substances, 
changing climatic conditions, and altered land-use patterns (Laube et al., 
2014; Bornman et al., 2015). The UV-B radiations have deleterious effect 
on important biomolecules (Kataria et al., 2014a; Parihar et al., 2015) and 
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adversely affect growth, leaf thickness, photosynthesis, nitrogen fixation and 
yield (Rozema et al., 2002; Turunen & Latola, 2005; Kataria et al., 2014a, 
b). The disruption of membrane systems due to increase in O2 

•– radical 
along with increased malondialdehyde concentration and relative electrolyte 
conductivity in leaves of rice plants and cucumber cotyledons have been 
reported (Dai et al., 1997; Jain et al., 2004). On the other hand, lower levels 
of O2 

•– radicals were found in leaves of maize plants that emerged after SMF-
treatment (Shine & Guruprasad, 2012a, b). 

The inhibitory effect of ambient UV stress in maize was alleviated by 
SMF-pre-treatment (Kataria et al., 2015). In a follow up study, it was seen 
that SMF (200 mT for 1 h) treatment of soybean seeds increased plant 
height, leaf area, biomass accumulation, hemichrome content in the root 
nodules, and improved the PS II efficiency and rate of photosynthesis both in 
presence and absence of solar UV in comparison to untreated seeds (Kataria 
et al., 2017b). Raipuria et al. (2021) observed that SMF-priming provides 
UV-B tolerance to soybean seedlings via increased ROS and NO content; 
and up-regulation of α-amylase, nitric oxide NOS, and NR genes during the 
seed germination. Kataria et al. (2017b, 2020b, 2021) provided evidence 
that SMF-pretreatment increased the tolerance of soybean plants to ambient 
and supplemental UV-B radiation in the field conditions through the higher 
PSII efficiency, quantum yield of electron transport, performance indices, 
rate of photosynthesis and lower MDA, proline, ROS, and antioxidant (AsA, 
α-Tocopherol) content which subsequently increase the yield of soybean 
plants. Kataria et al. (2020b) also found that SMF-priming of soybean seeds 
(200 mT for 1 h) enhanced the CA in the leaves and nitrogenase activity in 
root nodules under non-stress and ambient UV-B stress as compared to their 
unprimed control plants. 

4.3 HYDROPRIMING FOR ABIOTIC STRESS TOLERANCE 

Due to sessile nature, plants continuously experience various abiotic stresses 
such as salinity, extreme temperature, and drought at different develop-
mental stages. Germination is an important stage that is highly responsive 
to vary under different environmental conditions and controlled by various 
molecular, biochemical, and physiochemical processes involved in embryo-
genesis (Bewley, 1997; Bewley et al., 2013; Lutts et al., 2016; Rajjou et al., 
2012). Abiotic stresses are often interrelated and cause a series of adverse 
changes in morphological, physiological, molecular, and biochemical that 
disturb plant growth, development, and production (Hussain et al., 2018). 
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These alterations may result in membrane damage (Korkmaz et al., 2010), 
oxidative stress (Shafi et al., 2009), reactive oxygen species (ROS) produc-
tion (Suzuki & Mittler, 2006), and reduced cellular respiration (Sugie et al., 
2006). Hydropriming is a simple, cost-effective, and promising method to 
improve abiotic stress tolerance of plants by an increase in seed emergence 
and synchronized germination (Jisha et al., 2013). This can be achieved 
by stimulation of pre-germinative metabolic processes, metabolic repair, 
osmotic adjustments, DNA processing, early reverse mobilization, energy 
metabolism, and endosperm weakening (Chen & Arora, 2011; Pandita et al., 
2007; Varier et al., 2010). Moreover, germination is improved by regulating 
DNA repair pathways, nucleic acid and protein synthesis, accumulation of 
sterols and phospholipids, and enzyme degradation such as catalase, etc. 
(Afzal et al., 2002; Paparella et al., 2015; Rajjou et al., 2012). Furthermore, 
other factors like induced cell division, fluidity of plasma membrane, cell 
elongation, and production of stress-responsive proteins play critical roles 
in proper seedling development (Ibrahim, 2016). Priming procedures are 
responsible for inducing stress defense mechanisms associated with abiotic 
stresses such as increased antioxidant scavenging enzymes, accumulation 
of HSP (heat shock protein), activation of membrane efflux, transcriptional 
activation of peroxiredoxin, and LEA proteins (Catusse et al., 2011; Li et al., 
2005; Varier et al., 2010). 

Hydro priming is a simple, safe, and economical technique used to 
produce seedlings with increased capacity of osmotic adjustment thus 
enhanced seed establishment and crop yield under environmental stress 
(Kaur et al., 2002). The seeds are hydrated by immersing in distilled water 
for a defined period determined by seed imbibitions at an appropriate 
temperature. The seeds must be dried properly under shade to their original 
weight (Jisha et al., 2013). However, germination is suspended due to low 
osmotic and matric potential (Basra et al., 2003) but hydropriming induces 
biochemical and physiological modifications in seeds before germination. 
Modifications like increased permeability and lower viscosity of protoplast 
attribute to increased nutrient and water uptake thus positive seedling growth 
and resistance to dehydration (Jisha et al., 2013; Yagmur & Kaydan, 2008). 
The predominant feature of hydropriming is the correlation between higher 
water uptake and increased seedling growth (Yagmur & Kaydan, 2008). 
This methodology is helpful under adverse environmental conditions as it 
improves seed hydration and water uptake efficiency under these constraints 
(McDonald, 2000). It is essential to maintain optimum temperature and 
humidity to avoid uncontrolled water uptake and radicle protrusion (Taylor 
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et al., 1998). The crucial technique of hydropriming is drum priming, which 
comprises a drum enclosed with seed coupled with a boiler creating vapors 
that condense and water droplets form in the drum (Warren & Bennett, 1997). 
Many studies have stated improved stand establishment, seed vigor, and 
yield under suboptimal or optimal conditions along with three to four-fold 
increases in germination as compared to non-primed seeds. Some studies 
explained improved seed germination by hydropriming in wheat under saline 
conditions (Afzal et al., 2007; Harris et al., 2001; Nawaz et al., 2016; Roy & 
Srivastava, 1999), chickpea (Harris et al., 1999; Kamithi et al., 2016; Kaur 
et al., 2002), lentil (Ghassemi et al., 2008), safflower (Ashrafi & Razmjoo, 
2010; Bastia et al., 1999), mountain rye (Ansari & Zadeh, 2012), water-
melon (Sung & Chiu, 1995), pearl millet (Kumar et al., 2002). Hydropriming 
was effective in enhancing vegetative and reproductive growth stages and 
seedling emergence in maize (Dezfuli et al., 2008; Mohammadi et al., 2008; 
Nagar et al., 1998). Several food crops coriander, wheat, Allium porrum and 
in desert plants like cacti (Dubrovsky, 1996) showed synchronized early 
germination after hydropriming. Similarly, improved seed germination was 
observed in onion (Caseiro et al., 2004) cauliflower (Jisha et al., 2013), 
and in mustard (Srivastava et al., 2010). Therefore, hydropriming provides 
improved seedling emergence seed germination, and productivity of field 
crops that can be explained by the rapid emergence of shoots and roots, and 
better tolerance under adverse conditions (Lee-Suskoon et al., 1998). 

4.3.1 SALT 

Salt stress is one of the leading problems and major growth-limiting factors in 
agriculture, with one-third of the world’s land affected by salinity (Flowers & 
Colmer, 2008). Other factors such as nonsystemic irrigation, natural weath-
ering, or intense agriculture also contribute to salt stress (Hasanuzzaman & 
Fotopoulos, 2019). The excess build-up of salts reduces water potential in 
plants, as consequence plants don’t get access to water (Munns et al., 2006). 
Further reduction of water and nutrient uptake due to ion toxicity is observed 
(Chinnusamy et al., 2005). The impact of salinity includes, reduced water 
and nutrient uptake, altered rate of respiration, reduced rate of photosyn-
thesis, lowered transpiration, ion toxicity, and affects stomatal conductance. 
When a plant is exposed to salinity, firstly the osmotic (hyperosmotic) stress 
happens due to excess sodium in the root zone, followed by ionic (hypertonic) 
stress due to altered concentration of essential nutrients (Munns et al., 2006). 
An increase in sodium levels reduces potassium ion influx and disturbs the 
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osmotic balance, enzymatic activities, and increase in ROS levels (Parida 
& Das, 2005; Parihar et al., 2015), altered stomatal functions, and nutrient 
imbalance in plants (Munns et al., 2006). Other physiological processes like 
seed germination, growth, flowering, and fruiting are also affected due to 
high levels of sodium (Parihar et al., 2015; Singh et al., 2013). However, 
plants may induce different morphological and physiological adaptations to 
acquire salt stress tolerance without affecting the normal functioning of the 
plant (Farooq et al., 2015; Shannon & Grieve, 1998). Under stress, the quality 
and composition of grain may change due to excess of a certain metabolite 
that helps the plant to tolerate the adverse effects of environmental factors. 
Once exposed to one stress, plants may exhibit tolerance to other or conse-
quent stress in coming generations (Ćuk et al., 2010). Such transgenerational 
memory involves modifications in proteome and metabolome with upregu-
lated expression of solutions and proteins required to overcome stress (Joyce 
et al., 2003; Walter et al., 2013). Seed priming induces metabolic alterations 
during seed germination and enhances osmolyte accumulation (Delavari et 
al., 2010), and lipid peroxidation, antioxidant activities, and proteins (Afzal 
et al., 2008; Jafar et al., 2012). The production of metabolites aids in setting 
up a defense mechanism. Seed priming has been efficient for salt tolerance 
in wheat (Jafar et al., 2012), mustard (Srivastava et al., 2010), maize (Aliu 
et al., 2015), and barley (Rashid et al., 2006). In Solanum villosum, the 
hydroprimed seeds showed synchronized germination, low oxidative stress, 
higher content of chlorogenic acid iso-orientin, and rutin. Hydropriming of 
maize seeds for 48 hrs. was beneficial in tolerating salinity stress. Similarly, 
hydroprimed sunflower seeds displayed better vigor and high germination 
rate under salinity stress (Matias et al., 2018). 

4.3.2 DROUGHT STRESS 

Water scarcity is considered to be one of the most destructive factors and 
a serious threat to agriculture, mostly in arid and semi-arid areas of the 
world. Inadequate rainfall, modern agriculture systems, and climate change 
are major causes of drought (Lobell et al., 2011). It adversely affects the 
germination, growth, and development of the plant. The severity of drought 
is unpredictable owing to the moisture content of soil, evaporation, and rain-
fall, etc. (Farooq et al., 2009). Drought can happen in all stages, and severely 
affects seed germination (Harris et al., 2002) and early seedling growth 
(Okçu et al., 2005), and crop stand (Kaya et al., 2006). In alfalfa, it was 
found that drought alters the fresh and dry weight of shoot and root, rate of 
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germination and hypocotyl length (Zeid & Shedeed, 2006), plant growth, and 
development in rice (Manickavelu et al., 2006). Drought stress reduced the 
spikes per plant, number of grains and number of tillers in barley (Hordeum 
vulgare) (Samarah, 2005), reduced the yield in pigeon pea by 40–55% (Nam 
et al., 2001) resulting in poor seed material. Seed priming induces drought 
resistance through changes in molecular mechanisms such as stress proteins 
and AQP, hormone signaling, cell membrane stability, osmotic adjustments, 
antioxidant defense, and morphological mechanisms by phenotypic plasticity. 
Thus, the use of different seed priming agents is encouraged (Farooq et al., 
2009). Hydropriming was used for seed invigoration for effective germina-
tion of seeds in maize (Janmohammadi et al., 2008), seed growth in chickpea 
(Kaur et al., 2002), and cotton (Casenave & Toselli, 2007) under salinity and 
drought. Nadali et al. (2020) evaluated quinoa cultivars for drought stress 
response. Hydro priming significantly enhanced growth and seed yield along 
with a comparatively lower lipid peroxidation and electrolyte leakage in all 
the three quinoa cultivars. Hydropriming increased germination and seedling 
growth under salt and drought stresses in sunflower (Kaya et al., 2006). 

4.3.3 HEAVY METAL STRESS 

Plants exhibit varied response to heavy metal phytotoxicity, that may occur 
due to volcanic eruptions, forest fires, surface mineralization, and spon-
taneous combustion or by human actions such as mining and agriculture 
(Nagajyoti et al., 2010). Human-produced contamination occurs through 
automobiles, use of pesticides, fertilizers, generator stations, metal smelters, 
mills, refineries, and municipal incinerators (El-Ramady et al., 2015). Heavy 
metals that require the growth and development of plants can be catego-
rized as essential and nonessential nutrients. The essential nutrients are also 
known as micronutrients such as Cu, Ni, Zn, Mo, Fe, Co, and Mn, involved 
in different metabolic processes such as redox reaction and electron transfer, 
etc. The nonessential nutrients are toxic for plants such as Cd, Cr, As, Pb, 
and Hg (Rai et al., 2004; Sebastiani et al., 2004). Metals can further be clas-
sified based on physiochemical functions as redox and nonredox metals. The 
redox metals, i.e., Fe, Cu, Cr, and Mn (Jozefczak et al., 2012; Valko et al., 
2005) cause oxidative injury that produces ROS resulting in DNA breakage, 
damaged photosynthesis mechanism, defragmented proteins, disruption in 
the cell and cell death (Flora, 2009; Schutzendubel, 2002). Non-redox metals 
include Hg, Al, Ni, cadmium, and Zn (Jozefczak et al., 2012; Valko et al., 
2005) are involved in binding of sulfhydryl group, glutathione depletion 
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(Valko et al., 2005), and inhibition antioxidants that cause damage to plants 
(Bielen et al., 2013). 

Heavy metals often reduce germination rates, reduce root, and shoot 
elongation rates, soluble protein content, and dry mass (Wang et al., 2003). 
Various heavy metals such as Cd, Hg, Ni, Pb, and Cr have toxic roles that 
affect productivity and affect germination (Ghosh & Sethy, 2013). In the case 
of HgCl2, Hg reacts with the sulfhydryl groups and alters cell membrane 
permeability, therefore, inhibits germination (Bose et al., 1983a, b). Along 
with germination, heavy metals also show affinity towards phosphate groups, 
essential ions and causes oxidative stress. Plants have developed various 
sophisticated mechanisms to overcome heavy metal stress, this involves 
physical barriers such as thick cuticles, cell wall, mycorrhizal association, 
and trichome tissues that store heavy metals and detoxify by producing 
secondary metabolites (Hall, 2002; Harada et al., 2010; Hauser, 2014; Lee 
et al., 2002; Wong et al., 2004). Another mechanism used by plants is the 
production of proteins called chelators such as spermine, nicotianamine, 
phytochelatin, glutathione, organic acid, or cellular exudates such as pheno-
lics, HSPs, phenolics, and flavonoids, and amino acids, i.e., proline and 
histamine, and hormones like jasmonic acid and salicylic acid, etc. (Dalvi 
& Bhalerao, 2013; Sharma & Dietz, 2006; Viehweger, 2014). However, 
hydropriming and halo priming by Mg(NO3)2 and Ca(NO3)2 improve germi-
nation percentage, seed emergence, radicle, and plumule length, α-amylase 
activity, and soluble sugar content in endosperm in wheat (Kumar et al., 
2016). Hydropriming enhanced the seed germination of Medicago trun-
catula in in heavy metal contaminated soil. There was upregulation of genes 
involved in DNA damage repair and antioxidant defense in hydroprimed 
plant material (Forti et al., 2020). 

4.3.4 TEMPERATURE STRESS 

Temperature is considered to be one of the major factors which play a vital 
role in seed germination and various enzymatic and biochemical reactions 
required for the germination of seeds (Bewley et al., 2013; Nascimento 
et al., 2021) Temperature stress can be categorized into three types, i.e., 
chilling, freezing or high temperature. Temperature stress can develop by 
increase or decrease in temperature, duration, growth stage, and the rate 
at which temperature changes. Under stress, plant shows growth retarda-
tion, low germination rate and often death. However, plants exhibit various 
mechanisms to overcome temperature stress, i.e., molecular mechanism 
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with metabolites, proteins, antioxidants, membrane lipids, stress-related 
transcription factors, regulatory factors, etc. (Kai & Iba, 2014). 

Temperature raised above ambient temperature by 10–15°C results in 
heat shock and harms the growth, development, and production of plants 
(Hall, 2001) This involves, denaturation of proteins, inhibition of enzymes, 
alteration of membrane integrity (Howarth, 2005), physiological process, 
root, and shoot inhibition, moisture content, seed, and tiller size (Iqbal et 
al., 2017), reduced photosynthesis and respiration (Barnabás et al., 2007), 
abscission and senescence (Hasanuzzaman et al., 2013; Vollenweider & 
Günthardt-Goerg, 2005). It also alters the gene expression levels, accu-
mulation of transcripts and initiates stress response by synthesis of genes 
involved in stress response (Iba, 2002). Low temperature or chilling stress 
also has harmful effects by interfering in the normal functioning of plants 
systems. However, plants induce different mechanisms to overcome stress 
by making short- and long-term alterations in molecular, and morphological 
mechanisms, i.e., leaf orientation, membrane composition, transpiration, etc. 
(Adam et al., 2011). Pre-treatment of seeds can be beneficial to increase toler-
ance against thermal stress (Nascimento et al., 2021). This is done by seed 
priming that promotes protein synthesis for HSPs, and enzymes required for 
tissue repair such as L-isoaspartyl, methyltransferase, etc., to increase low 
and heat temperature stress tolerance (Ji et al., 2017; Kester et al., 1997). 
Various studies have reported germination under cold stress with improved 
crop yield in hydroprimed maize (Finch-Savage et al., 2004) and resulted in 
faster germination of chickpea (Elkoca et al., 2007). Hydropriming could 
alleviate the negative impact of cold temperature on the plant performance 
in Mungbean and narrow-leaf lupine (Lupine angustifolius) (Płażek et al., 
2018; Posmyk & Janas, 2007). It was shown that resistance to chilling can 
be improved better seed hydration (Knypl, 1979; Posmyk & Janas, 2007), 
possibly due to changes in membrane conformation (Chen & Arora, 2013). 

4.4 CONCLUSIONS 

Uncertain and adverse environmental conditions during sowing compel the 
farmers to use high seed rate to compensate for poor emergence and achieve 
a normal crop stand. Seed priming is a well-recognized seed enhancement 
technique to enhance the planting value of various crops as it improves the 
seed performance under suboptimal sowing conditions. It induces morpho-
logical adaptations accompanied by physiological, biochemical, and molecular 
changes in plant cells under environmental stresses (Figure 4.1). Morphological 
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adaptations through seed-priming include hastening and synchronization of 
germination; improvement in plant growth, plant height, leaf area, root-shoot 
length, photosynthesis, accumulation of biomass to minimize or undo the 
effect on yield (Prajapati et al., 2020). During priming, hastened metabolic 
activity converts stored reserves into simpler compounds necessary for faster 
germination rates (Gallardo et al., 2001). It triggers the cell cycle-related 
processes and increases activities of antioxidant enzymes including super-
oxide dismutase, catalase, peroxidase, glutathione reductase (GR), etc., that 
ultimately improve oxidative status of plants under stress conditions, leading 
to increased seed germination and vigor (Khan et al., 2020). Seed priming is 
also known to improve seed viability by inducing the DNA repair machinery 
for repair of damaged DNA formed during the aging process (Thornton et 
al., 1993). The study reported that pre-replicative repair of damaged DNA is 
carried out during the aerated hydration that takes place during the priming 
treatments. Priming enhances the protein synthesis by improving the proper 
functioning of protein-synthesizing machinery like enhanced rRNA synthesis 
and maintenance of ribosome integrity (Coolbear et al., 1990). 

FIGURE 4.1 Seed priming induced morphological, physiological, biochemical, and 
molecular changes in plants under various abiotic stresses. 
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There was upregulation of genes involved in DNAdamage repair and anti-
oxidant defense in hydro primed plant material (Figure 4.2). Hydropriming 
allows enhances seed moisture status moisture, shortens imbibition duration 
along with constant supply of oxygen, thus increasing the level of metabolites 
associated with the germination process. Rather, hydropriming is considered 
as an early germination process at an optimal priming environment. In 
Arabidopsis, a hydropriming-specific Catalase isoform is found (Gallardo 
et al., 2001). In sugar beet seeds, hydropriming induces the accumulation 
of ABA signaling intermediates protein phosphatase 2C and 14-3-3 proteins 
(Catusse et al., 2011). 

FIGURE 4.2 Effect of hydropriming on the seed germination and plant growth under abiotic 
stresses. 

The morpho-physiological and biochemical responses of magnetoprimed 
seeds to various stresses are summarized in Figure 4.3. Figure 4.3 illustrates 
that magneto-priming enhances the seed germination and seedling growth 
due to increase in the level of ROS, NO which may have a signaling role. The 
increased activities of amylase and protease in the germinating seeds can lead 
to a faster rate of germination. This stimulatory effect of magneto-priming 
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persists till its maturity as evidenced by stimulated plant growth, leaf area, 
biomass, and improved the nitrogen fixation, photosynthetic performance 
and CO2 fixation which results in better yields under non-stress and abiotic 
stressed conditions. 

FIGURE 4.3 Effect of magneto-priming on the seed germination and plant growth under 
abiotic stresses. 
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ABSTRACT 

The present era of precision agriculture demands that every seed will germi-
nate and develop into a healthy plant. Improved emergence and uniform crop 
establishment in the field are the most critical that determine the final yield. 
But seed germination and early seedling growth are often impeded due to the 
frequent occurrence of sub-optimal conditions, particularly under the context 
of global climate change. Seed priming has been recognized long before as 
an effective technique that can potentially improve seed germination, ensure 
good plant establishment, and ultimately result in enhanced crop productivity 
in a wide range of environments. Nowadays, the physical means of seed 
priming are extensively being explored due to having several advantages 
over conventional seed priming methods as the later ones mostly rely on 
restricted hydration of the seed until the germination process starts and raise 
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an issue of reduced storability during post-priming periods. Furthermore, 
being eco-friendly, exploitation of physical methods would offer a unique 
option towards agricultural sustainability. 

Among the physical means, magneto-priming is not only a non-ionizing 
and non-invasive method but also an affordable dry seed priming treatment 
and a novel technique with proven positive influences on seed germination 
and the growth or yield of crops. Magneto-priming basically includes two 
types of pre-sowing treatment either with the static magnetic field (SMF) 
or electromagnetic field (EMF). Magneto-priming generally involves pre-
exposure of seed to magnetic fields with values greater than the earth’s 
geomagnetic field. Apart from having stimulatory effects on seed germination 
and crop growth, seed pre-treatment with magnetic fields has been reported 
to favorably alter several physiological attributes and biochemical processes. 
Moreover, magneto-priming can be used as a non-lethal physical stimulant 
to the seed as it develops a stress memory within the seed. The imprint of 
this priming memory is effectively carried to the subsequent growth stages 
of crop plants, and as such it helps to build up protection against different 
kinds of abiotic stresses. Though the underlying mechanisms involved in 
magneto-priming induced enhancement in germination or plant growth are 
not well-understood but the changes in electronic configuration, energy trans-
formation, activation, and regulation in the kinetics of several biochemical 
pathways are thought to be the major reasons behind the positive responses 
achieved under magneto-priming. With this background, this chapter aims to 
elucidate the basics of magneto-priming and the possibilities of exploiting 
this technique in improving the production, or the stress responses of crop 
plants. Further, efforts have been made to summarize recent progress in 
underlying mechanisms involved in magneto-priming. 

5.1 INTRODUCTION 

The agricultural production system needs to keep up the pace of increasing 
rate of crop yield for food security of the ever-rising global population. 
Thus, scientists are constantly in search of promising technologies that are 
not only economical and eco-friendly rather have the potential to improve 
germination, seedling vigor and ultimately enhance crop yield. Seed priming, 
including both chemical and physical methods, is one of the technologies 
that can be exploited to enhance seed quality and its field performance. 
However, the physical techniques of seed priming have been revealed to 
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be beneficial in various aspects over the conventional means. Among the 
various approaches, seed pretreatment with a magnetic field has been recog-
nized as a novel and non-invasive dry seed priming procedure with proven 
beneficial influence on radicle emergence and seedling vigor in a variety 
of crops. In recent years, many researchers have reported that seed magne-
tization with low-to-medium level magnetic field (MF) can favorably alter 
metabolic activities that occur during seed germination and early seedling 
stage (Anand et al., 2019; Bhardwaj et al., 2012; Shine et al., 2011; Sunita 
et al., 2015). Further, the application of biophysical factors like MF would 
lower the risk of the generation of toxins in plants or plant products leading to 
food and environmental protection (Aladjadjiyan, 2007). By comprehending 
the various interactions between EMF and physio-biochemical processes in 
plants, MF has been found to be a feasible alternative to chemical-based 
approaches of seed priming (Aladjadjiyan, 2002; Belyavskaya, 2004; Da 
Silva & Dobránszki, 2016). 

The extreme application of EMFs with the progress of various domains 
of science has changed the world over the last few decades and has raised 
questions on the biological effects of this field. Plants are exposed to MF to a 
greater extent than any other species due to the extensive and excessive use 
of magnets like different kinds of static magnets and different electromagnets 
in domestic appliances, medical equipment, industrial equipment, vehicles, 
and communication devices, etc. (Athari et al., 2008). Further, with such 
technological advancements, the strength of the geomagnetic field is rising 
beyond the level of 50–60 µT that can affect seed germination and growth of 
plants (Zhadin, 2001). Thus, plants development would either be positively 
or negatively affected as a consequence of such constant exposure to varying 
strength or intensity of natural MF (Kordas, 2002). 

The effect of MF on plants was first recorded by Krylov (1960). They 
were also the first to suggest the term magnetotropism ascribing the auxin-
like effect of MFs on seed germination. The observation on the root-growth 
response of a variety of plants suggests that some intrinsic factors must have 
been involved before the manifestation of tropism (Pittman, 1962). Such 
opinions have also led to the thought that the root-growth response of plants 
would be magnetotropic or geo-magnetotropic rather than directly helio-
tropic. In the last 10 to 15 years, plant science has made significant progress 
in understanding the impact of MF on seed germination and subsequent 
growth or development of crop plants. It is now evident that pre-sowing 
exposure of seeds to the magnetic field reduces planting costs by signifi-
cantly increasing germination rates as well as establishing good plant stand 
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by promoting growth (Efthimiadou et al., 2014; Mahajan & Pandey, 2014; 
Menegatti et al., 2019). However, contradictory results of growth inhibition 
have also been reported under exposure of MF (Abdolmaleki et al., 2007; 
Ijaz et al., 2012). The benefit of using MF in improving germination rates has 
been ascribed as the possible increase in membrane permeability that results 
in faster water absorption by seed (Reina & Pascual, 2001). Few studies also 
suggest that MF would influence water and nutrient absorption, and thereby 
promote the growth of plants (Hilal et al., 2002; Maheshwari & Grewal, 
2009). Along with improving germination rates, pre-sowing exposure of 
seeds to MF would bring about several positive effects including increased 
cell proliferation potential that lead to rapid plant growth (Cakmak et al., 
2010). Pre-treating seeds with a magnetic field (MF) shows increased plant 
production, and also the negative effects of environmental extremities on 
plant growth and development have been lowered (Kataria & Jain, 2019; 
Prajapati et al., 2020; Sarraf et al., 2020). The impacts of magnetic stimulus 
on seeds under saline stress using static MF have been described by Thomas 
et al. (2013); and Kataria et al. (2017a). Seed pre-magnetization with a static 
magnetic field (SMF) has also been revealed to minimize the damaging effects 
of various stresses, i.e., heat (Ružič & Jerman, 2002), salinity (Thomas et al., 
2013), ambient UV-B (Kataria et al., 2020), and cadmium (Chen et al., 2011). 
Apart from improving seed germination and seedling vigor, many studies 
also indicate that MF would not only enhance photosynthetic pigments, light 
energy absorption or photosystem II (PSII) efficiency, photosynthesis rate 
rather eliminate the negative impacts of various environmental stresses in 
soybean (Baghel et al., 2016; Kataria et al., 2017a, b, 2019). Furthermore, 
Mahajan & Pandey (2014) have concluded that the seed priming technique 
with the use of a magnetic field would be a feasible option to avoid agri-
cultural pests and diseases, and thereby reduce the use of insecticides and 
pesticides in agriculture. MF has also been reported to increase the activity 
of antioxidant enzymes like peroxidase (POX), polyphenol oxidase (PPO), 
superoxide dismutase (SOD), and catalase (CAT) within plant cells, and 
these ROS scavenging enzymes can minimize the oxidative damage caused 
by free radical ions (Dhawi, 2014; Maffei, 2014; Vian et al., 2016). Though 
the application of EMFs would also trigger oxidative stress in the plant 
(Shabrangi & Majd, 2009). As a consequence of oxidative stress, high-
energy electrons are shifted to molecular oxygen to generate reactive oxygen 
species (ROS); for example, singlet oxygen, superoxide ions, and peroxides. 
Thus, despite delivering several beneficial impacts on the plant, the reports 
on the negative effects of MF cannot be overlooked. The harmful effects of 
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MF include a decrease in cell growth, an increase in lignin and suberin on 
cell walls, or a decrease in seed germination and organ growth (Sahebjamei 
et al., 2007). 

Thus, it is now well established that all living beings including plants 
are always being exposed to the Earth’s MF. However, unlike phototropism, 
gravitropism, and thigmotropism of plants that describe plant’s response 
to various wavelengths of light, gravity, and touch or electrical signaling, 
respectively, the influence of MF on plant growth and development is not 
thoroughly studied or not well-understood. Under this context, the present 
chapter has been conceived to summarize the possibility of exploiting 
magneto-priming as a novel, safe, and cost-effective seed enhancement tech-
nique. Further, it intends to elucidate the current state of understanding of 
the physiological and molecular mechanisms behind the magneto-priming-
induced alternation in plant systems. 

5.2 MAGNETO-PRIMING AND PLANT RESPONSES 

The Earth’s magnetic (i.e., geomagnetic) field is an inevitable environmental 
factor, and it varies significantly in strength and direction that keeps changing 
with the location. While the majority of the MF found on the Earth’s surface 
has an internal source and it is primarily caused by the dynamo motion of 
turbulent flows in the planet’s fluid metallic exterior core while the external 
MF due to ionosphere and magnetosphere plays a minor role (Qamili et 
al., 2013). The existence of a geomagnetic field helps to protect our planet 
and its environment from the influence of solar storm by bouncing most 
of the charged particles via the magnetosphere (Occhipinti et al., 2014). At 
the Earth’s surface, the highest strength of vertical extension (67 μT) and 
horizontal extension (33 μT) of GMF is found at the magnetic pole and the 
magnetic equator, respectively (Kobayashi et al., 2004). Besides the exis-
tence of the Earth’s magnetic field, the significant presence of a magnetic 
field has also been detected in and around all other celestial objects like 
galaxies (≤ 0.1 nT), close to the sun (0.21 nT) and the surface of Venus is 
3 nT (Belov & Bochkarev, 1983). The geomagnetic field has certain conse-
quences on the living organisms since all living components of the Earth are 
constantly being exposed to the inescapable geomagnetic field, and it has 
been reported that relatively low intensity of magnetic field can effectively 
stimulate or trigger plant growth responses. This indicates that the influence 
of the Earth’s magnetic field on biological processes is not only debatable 
rather an interesting area of research. Therefore, studies on the impact of 
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magnetic fields with low and intermediate frequencies on biological compo-
nents have been attractive to the researchers in recent times, and this has 
created a new wave of fervor among researchers on how the magnetic field 
plays a role in plant growth and development. Thus, magneto-priming is 
now gaining importance as effective and environment friendly technology-
supported physical treatments of seeds. It is one of the advanced techniques 
of agronomical importance since magnetic field exposure brings out various 
positive influences such as increased germination rate and seed vigor, higher 
growth, enhanced crop yield as well as improved tolerance to abiotic stresses. 

5.2.1 GERMINATION 

The application of a magnetic field can break the dormancy of seeds, and 
subsequently improves the growth rate of different crop species like barley, 
maize, beans, wheat, and some fruit or other tree species. Further, a magnetic 
field of 16 Hz has been reported to be an effective method for improving the 
post-harvest quality of seeds of diverse plant species, specifically for low-
temperature sensitive germinating seeds species (Rochalska & Orzeszko-
Rywka, 2005). 

Hornwort (Cryptotaenia japonica) showed higher cellular function 
and enzymatic activity during the germination stage when the seeds were 
exposed to ultra-low frequency magnetic field alongside planetary GMF 
varying with sinusoidal time. This leads to assuming the possibility of the 
existence of optimum extremely low-frequency MF within the planetary 
geomagnetic field for improved germination of hornwort seeds (Kobayashi 
et al., 2004). The outcomes particularly in terms of germination percentage, 
emergence index or vigor index have been found to be satisfactory when 
pea seeds (Pisum sativum) are treated with the rectified sinusoidal magnetic 
field of varying strength 60, 120, and 180 mT for three fixed time periods of 
5, 10, and 15 minutes (Jamil & Ahmad, 2012). A significant upregulation of 
germination magnetic constant or other traits like transition time and water 
uptake along with an indication of the possibility of off-season germination 
has been recorded upon exposure of mungbean (Vigna radiata) seeds to the 
increasing intensity of static MF ranging from 87 to 226 mT for 1 hour and 
40 mins (Mahajan & Pandey, 2014). 

The exposure of chickpea (Cicer arietinum) seeds to an MF strength 
ranging between 0 mT and 250 mT for 1 to 4 hours at an interval of 50 
mT has recorded a significant increase in germination speed along with the 
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seedling length and dry weight. Further, better performance of magneto-
primed seeds has been recorded under rain-fed conditions as compared to 
control (Vashisth & Nagarajan, 2008). In an experiment, Payez et al. (2013) 
soaked the wheat seeds in water overnight and then treated them with a 30 
mT static magnetic field and 10 kHz of EMF for 5 hours a day and continued 
for 4 days. They observed a positive impact of both electromagnetic and 
static magnetic exposure on germination parameters and membrane integrity 
of seeds during germination. 

Further, pulsed electromagnetic field (PMF) exposures on maize (Zea 
mays) seeds for various time periods viz., 0, 15, 30, and 45 mins have shown 
promotional effects on various germination and morpho-physiological 
parameters during seedling growth. It has also indicated that magnetic expo-
sure for 30 and 45 mins would result in higher crop yield and the possibility 
of exploitation of magnetic fields as modern agricultural tools towards the 
economical development of farmers (Bilalis et al., 2012). Arecent experiment 
also supports the beneficial effect of magneto-priming on maize (Zea mays) 
under salt stress conditions. The experimental design for seed pretreatment 
had been established by 200 mT of SMF for a period of 1 hour. The primed 
seeds showed a significant enhancement in germination percentage and stress 
tolerance with promotional effects on other growth and development related 
parameters (Baghel et al., 2019). Later on, Alvarez et al. (2021) observed the 
impact of SMF on Triticale seeds under osmotic and saline stress conditions 
while the seeds were treated with 3.71 mT of SMF for 10 hours against 
the control. This experiment yielded improved mean germination time and 
time required for 50% emergence. The effects of electromagnets on tomato 
(Solanum lycopersicum) cv. Lignon were studied by pretreatment of seeds 
to various combinations of rectified electromagnets, i.e., 80, 120, 160, and 
200 mT for 1, 3, 5, 10, 15, and 20 mins. The results indicated that there 
was an increase in germination percentage with a decline in time required to 
germinate, increase in shoot, and root length under combined exposure of 1 
min each to magnetic fields of 160 mT and 200 mT (De Souza et al., 2010). 
Further, Poinapen et al. (2013) reported that pre-exposure of seeds to MF 
resulted in an increase in germination percentage and plant growth. Further, 
soybean seeds (Glycine max) recorded a significantly higher germination rate 
when the seeds were pre-treated with a magnetic field of 0.002 mT at 10 and 
100 Hz for 5 hours/day for 20 days (Radhakrishnan & Kumari, 2013). The 
pulsed EMF also has several promotional effects on broad beans including 
germination percentage. When seeds were primed with 12.5 mT pulsed EMF 
with 3 Hz frequency for 15 minutes, the germination percentage increased 
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significantly. The plants grown from treated seeds had been observed to have 
massive vegetative growth, but no significant effect was recorded in terms of 
reproductive yield (Katsenios et al., 2020). 

In another study, Razmjoo & Alinian (2017) treated cumin seeds to a 
static magnetic field of varying strengths, i.e., 0, 150 mT, 250 mT, 500 mT, 
and 1 T for 12 min. An enhancement in germination attributes and early 
growth parameters was observed in all the treatments. They also reported 
that the days to emergence as well as flowering and maturity had been short-
ened along with increased chlorophyll and declined proline contents under 
exposure to static magnetic field. Braga et al. (2020) evaluated the impact 
of MF pretreatment on the germination of coffee seeds and hence, the seeds 
were treated with the magnetic stimulus of 10 mT and 28 mT for 6 days. 
They suggested that seed pre-magnetization process would be an inexpensive 
and effective technique since there was an improvement in the germination 
uniformity along with permeability of cellular membrane and activation of 
antioxidant systems under exposure to both magnetic field intensities. The 
exposure of an extremely low EMF of 0.03 μT with 10 Hz frequency for 30 
minutes was found to improve germination percentage with a higher accu-
mulation of antioxidant enzymes in germinating Foxtail millet seeds (Setaria 
italica). The EMF treated seeds were recorded to enhance the germination 
percentage by 93% with a 15.66% higher germination efficiency than the 
untreated seeds (Ramesh et al., 2020). The impacts of magneto-priming on 
germination and subsequent seedling growth, or associated changes have 
been summarized and presented in Table 5.1. 

5.2.2 IMPACTS ON PLANT GROWTH AND DEVELOPMENT 

The germination and early seedling developmental stages are very critical 
since these two stages ultimately determine the overall growth and develop-
ment of crop plants and ultimately its productivity. In the context of current 
challenges for agricultural sustainability and food security, optimizing the 
exposure duration and dose or intensity of physical agents is very pertinent. 
As such the researchers are continuously engaged to find out the impact of 
physical treatments including magnetic exposure on crop growth particularly 
during early stages. 

The growth of the cucumber (Cucumis sativus) plant was found to 
increase significantly when magnetically treated water was used for irriga-
tion during the cultivation of seeds (Hirota et al., 1999). Further, magnetized 
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TABLE 5.1 Effects of Magneto-Priming on Seed Germination and Crop Performance 

Crops Dose of Magnetic Field Effect References 
Glycine max 1.5 μT at 10.0 Hz PMF Increased activities of β-amylase, CAT, PPO, and acid phosphatase, Radhakrishnan & 

for 5 h per day for 20 content of various minerals, plant height, leaf number, total number Kumari (2012) 
days of pods, pod length, number of seeds, seed weight. 

But reduced activities of hydrolytic enzymes as well as nitrate 
reductase enzyme or content of Ca. 

Helianthus annuus 20 μT Increased fresh weight of seedlings Fischer et al. (2004) 
Triticum aestivum From 0.02 μT to 100 μT Increased activation rate of esterases but reduced plant growth Aksyonov et al. (2007); 

Bogatina et al. (1978) 
Abelmoschus 99 mT Improved germination rate Naz et al. (2012) 
esculentus 
Allium ascalonicum 7 mT Higher accumulation of H2O2 with increased lipid peroxidation rate Cakmak et al. (2012) 
Coffea arabica 2 mT Decreased APX, SOD, and CAT activities Alemán et al. (2014) 
Cucumis sativus 100–250 mT Increased generation of superoxide radicals and hydrogen peroxide Bhardwaj et al. (2012) 
Glycine max 1,500 nT of PMF for 20 Reduced ROS generation but increased the Rubisco activity Radhakrishnan & 

days @ 10 Hz for 5 hrs. Kumari (2012) 
day–1 

Triticum aestivum 4 or 7 mT Increased germination rate, increased CAT activity but reduced Hasenstein et al. (2013); 
30-mT peroxidase activity, changed the position of amyloplasts within the 

cells 
Payez et al. (2013) 

Vicia faba 15 mT to 30 mT Higher accumulation of ROS, the modified activity of catalase and Haghighat et al. (2014); 
MAPK Jouni et al. (2012) 

Hyssopus officinalis 90 mT, 200 mT for 5 Reduced electrolyte leakage and MDA content but increased CAT Mohammadi & 
min and APX activities, polyphenols, total chlorophyll contents and Roshandel (2020) 

biomass at 200 mT 
Vigna radiata (Linn.) 87–226 mT SMF Increased mean germination rate, imbibition rate with increasing Mahajan & Pandey 
Wilczek. intensity of MF (2014) 
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Crops Dose of Magnetic Field Effect References 
Passiflora edulis
 
Sims.
 
Cucumis sativus L.
 

Glycine max (Linn.) 
Merr. 

Solanum 
lycopersicum Mill. 

Zea mays L 

Raphanus sativus L. 

200 mT SMF 

200 mT SMF 

150–200 mT SMF 

50–332 mT SMF 

200 mT SMF 

8–20 mT SMF 

Capsicum annuum L. 57–60 mT SMF 

Hordeum vulgare L. 35 mT SMF 

Oryza sativa L. 125–250 mT 
Phaseolus vulgaris L. 4–7 mT, 130 mT 

Tagetes patula 100 mT 

Increased rate of germination, seedling emergence and seedling vigor Menegatti et al. (2019) 

Increased activities of hydrolytic enzymes, accumulation of ROS as 
well as antioxidant enzymes 
Increased rate of seed germination, biomass accumulation, number 
of root nodules, nitrogen metabolism, pigment synthesis, rate of 
photosynthesis and productivity 
Germination rate increased, observed changes in biochemical and 
molecular level involving homeostasis of H  with improved seed2O2
vigor 
Improved seed germination and early growth of seedlings, enhanced 
activities of α-amylase, protease 
Enhanced rate of germination and seedling vigor index 

Enhanced seed germination, seedling growth, fruit yield as well as 
improved fruit quality 
Increased rate of seed germination and better plant establishment both 
under salinity stress and normal condition 
Enhanced germination dynamics, increased root, and stem length 
Increased GPOX activities in leaves and promoted mitotic activity in 
meristematic cells 

Enhanced germination, seedling vigor and starch metabolism 

Bhardwaj et al. (2012) 

Baghel et al. (2016); 
Kataria et al. (2020); 
Shine et al. (2011) 
Anand et al. (2019); 
Poinapen et al. (2013) 

Kataria et al. (2017b); 
Vashisth & Joshi (2017) 
Konefał-Janocha et al. 
(2018)
 
Ahamed et al. (2013)
 

Hozayn et al. (2018) 

Florez et al. (2019) 
Cakmak et al. (2010); 
Mroczek-Zdyrska et al. 
(2021) 
Afzal et al. (2012) 
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Crops Dose of Magnetic Field Effect References 
Solanum melomgena MTW Neutralized the soil pH value, yield increased on an average of 2.47% Kareem (2018) 
L. per unit area 
Vicia faba L. 
Solanum 
lycopersicon L.
 
Lens culinaris 110 mT MW Increased activity of APX but reduced SOD activity Azimi et al. (2018)
	
Medik.
 
Moringa oleifera MTW (30 mT) Improved growth under salt stress Hasan et al. (2019)
 
Lam.
 
M. peregrina (Forssk. 
Fiori)
 
Brassica rapa L. var. MTW (211 mT) Reduced electrical conductivity or total dissolved solids by 15.60% Ul Haq et al. (2016)
 
glabra Regel. after 300 min of treatment, and also reduced the soil-soluble Na+
 

significantly 15.53 mEq L–1 to 8.57 mEq L–1 

Cucumis sativus L. MTW (40 mT) Enhanced phosphorous content in leaves, lowered soil alkalinity, Noran et al. (1970); 
enhanced nutrient uptake, but lowered the [Na+] in the above ground Shahin et al. (2016)Cucumis melo L. MF (40 mT) 
plant parts 

 
143 

TABLE 5.1 (Continued) 



 

 

 

 

 

 
 

144 Biology and Biotechnology of Environmental Stress Tolerance in Plants, Volume 3 

water treatment of seeds had been reported to improve the water productivity 
in the seedlings of eggplant (Solanum melongena L.), tomato (Solanum lyco-
persicon L.) and faba beans (Vicia faba L.) by 1.65, 1.70, and 1.88 times, and 
thereby, the water savings of 11%, 14.2% and 13.5% respectively (Kareem, 
2018). 

Exposure to a magnetic field causes several changes at the intracellular 
level like the density of Ca2+ and other ionic substances. The Ca2+ ions play 
a very important role in several aspects of plant responses-like its growth, 
photosynthetic activity, mineral uptake, water, and reserve food transporta-
tion. The exposure of sunflower (Helianthus annuus) seedlings to a vertical 
magnetic field of 0.02 mT strength promoted seedling growth parameters 
like root and shoot fresh weights (Fischer et al., 2004). Pre-sowing magnetic 
field exposures also resulted in the enlargement of epicotyl cells and the 
development of greater osmotic pressure in the seedlings. Further, low 
MF exposure causes the development of some ultrastructural peculiarities 
like higher buildup of lipid bodies, increased formation of different lytic 
compartments viz., vacuoles, cytosegresomes, and paramural bodies, and a 
subsequent decrease in the phyto-ferritin content in plastids. On the other 
hand, the mitochondria show most sensitivities such as the size and amount 
of mitochondria in cells is increased, the matrix of mitochondria get electro-
transparent and reduction in cristae under exposure to low MF. Further, it has 
been reported that low MF exposure results in disruption of different meta-
bolic systems with the Ca2+ homeostasis and this, in turn, leads to change in 
root cell ultrastructure (Belyavskaya, 2001). 

Artificial shielding of geomagnetic field results in a substantial reduction 
in the cell numbers accompanied by higher DNA content in the meristematic 
region of shoot and root of onion (Allium cepa). Further, the formation of 
giant cells with large nuclei due to the fusion of normal nuclei, and binuclear 
or tetranuclear cells from mitosis without undergoing cytokinesis have been 
reported under low MF exposure (Nanushyan & Murashov, 2001). A recent 
study on the combination of magneto-priming and chemical priming on 
onion (Allium cepa) revealed that chemical priming with ascorbic acid (AsA) 
(50 mg L–1) or zinc sulfate (500 mg L–1) and 450 gauss of magneto-priming 
resulted in enhancement of growth parameters when the priming agents were 
used otherwise. The combination of AsA and magneto-priming for 24 hours 
also enhanced the germination velocity, dry weight, and vigor index of seed-
lings with reduced mean germination time, increased field emergence or total 
amino acids. Likewise, the combination of zinc sulfate and magneto-priming 
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increased the speed of field emergence and the seedling length (Zalama & 
Fathalla, 2020). 

Seed treatment with MF of 0 to 250 mT with a step of 50 mT for 1 to 4 
hours leads to enhance the growth parameters of chickpea root such as length, 
volume, and surface area of roots (Vashisth & Nagarajan, 2008). Vashisth et 
al. (2021) carried out an investigation on sunflower when the seeds were 
exposed to SMF of 200 mT for 2 hours prior to planting under soil mois-
ture stress. They observed that there was remarkable enhancement in shoot 
length, leaf area index, leaf number, total biomass, seed’s test weight with a 
higher seed yield containing more protein and oil. Interestingly an enhance-
ment in terms of blue light-dependent anthocyanin build up or destruction 
of CRY2 (cryptochrome circadian regulator 2) protein has similarly been 
reported at greater intensities of MF (Ahmad et al., 2007). In another experi-
ment, the seeds of three varieties of broad beans were treated with 12.5 nT of 
pulsed EMF with a frequency of 3 Hz for different time periods. Though 15 
minutes of exposure resulted in enhanced vegetative parameters like the dry 
weight of the seedlings, chlorophyll contents, increased leaf area with higher 
transpiration rate and stomatal conductance but seed yield did not show any 
significant improvement as compared to control (Katsenios et al., 2020). 

5.2.3 EFFECTS ON PHOTOSYNTHESIS AND CROP PRODUCTIVITY 

The chlorophyll content, stomatal conductance, and photosynthesis rate in 
leaves of maize (Zea mays) are increased upon treatment of seeds with a 
static MF of 100 and 200 mT (Anand et al., 2012). Further, electromagnetic 
priming of maize seeds at 100 and 150 mT for 10 minutes improves Chl-a 
content as well as photochemical and non-photochemical quenching, and 
subsequently, these changes lead to reduce the drought-induced adverse 
effect on plant growth (Javed et al., 2011). In another study, it has been 
reported that MF treatment on soybean seeds results in higher chlorophyll-a 
fluorescence, more soluble protein content in leaves with higher intensities of 
protein bands particularly in the 53 KDa larger subunit and 14 KDa smaller 
subunit of Rubisco along with a higher accumulation of biomass (Shine et 
al., 2011). However, contrasting results of reduced cotyledon area and dry 
weight along with decreased CO2 uptake by the radish seedlings have also 
been observed when seeds are exposed to MF prior to sowing (Yano et al., 
2004). MF exposure of 4 mT regardless of the direction promotes growth 
and CO2 uptake by potato plantlets (Iimoto et al., 1996). The exposure of 
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seeds to a static MF of 50 mT for 2 h helps to increase root growth, leaf 
chlorophyll content, photosynthesis rate and various yield attributing traits 
like number of the effective tillers, number of grains per plant and test weight 
of grain which in turn result in higher grain production of wheat, and also 
help the plants to alleviate the adverse effect of salinity stress (Rathod & 
Anand, 2016). Magneto-priming of chickpea (Cicer arietinum) seeds has 
been found to increase yield by 33% and also to effectively mitigate the 
negative influences of salt stress in this crop (Thomas et al., 2013). Bilalis 
et al. (2012) have reported that pulsed EMFs exposure on maize seeds for 
30 and 45 mins enhance the quantity of yields. A significant increase in the 
fruit yield of strawberries (Fragaria vesca) had also been described when 
strawberry plantlets were treated with MF in the range of 0.096 to 0.192 mT 
(Eşitken & Turan, 2004). Further, seed treatment with MF of 100 mT for 10 
mins and 170 mT for 3 min has been observed to effectively increase the 
growth and yielding parameters of tomato like weight fruit–1, fruit plant–1, 
fruit yield area–1 or fruit radius (De Souza et al., 2006). 

5.2.4 EFFECTS ON ALLEVIATION OF STRESS 

Abiotic stresses or environmental extremities such as salinity, water stress, 
high or low temperature, UV-B, etc., are well known to decrease germination 
rate, seedling vigor, nodulation, carbon, and nitrogen metabolism, growth 
rate, biomass production and ultimately crop yield. Researchers are of the 
opinion that the activation of pre-germinative metabolism as induced by the 
priming method would instill a kind of “stress memory” within seeds (Chen 
et al., 2012). As a consequence, such “stress memory” activates various 
protective mechanisms within the plant if it faces any stressful conditions 
during later stages of growth. Later on, the activated protective systems 
help the plant to alleviate the stress effects or also make the seedlings more 
tolerant to the specific kind of stress. 

Pre-treatment of maize seeds with SMF 100 mT for 2 hours and 200 
mT for 1 hour has been reported to help the plants to maintain the normal 
growth, water status of leaf and photosynthetic rate during the water stress. 
It is also noteworthy to mention that MF treatment shows reduced levels 
of free radicals and antioxidant enzyme activities in the leaves of 45-days 
old plants under mild and extreme water stress conditions in comparison to 
control plants (Anand et al., 2012). Seed priming with physical agents like 
static magnetic field has been reported to deliver compensating performance 
in respect of crop growth and yielding parameters both under normal and 
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abiotic stresses (Kataria & Jain, 2019). Further, the exposure of seeds to 
SMF of 200 mT for 1-hour has been reported to induce various positive 
responses such as the increasing activities of α-amylase and protease, nitrate 
reductase, nitric oxide contents along with a reduction in hydrogen peroxide 
(H2O2), superoxide (O2 

•–) and malondialdehyde (MDA) contents in leaves 
of soybean under UV-stress (Kataria et al., 2020). Moreover, magnetic field 
exposure on soybean has been reported to enhance the sugar and protein 
contents that would act as osmoprotectants in salt-affected callus and 
thereby minimize the adversities of salt stress (Radhakrishnan et al., 2012). 
Magneto-priming also reduces the impact of salt and drought stress in plants 
by enhancing the water uptake through root cells (Alvarez et al., 2020, 2021; 
Conrath, 2009; Kaya et al., 2006; Sarraf et al., 2020). It has been reported 
that an increase in Ca2+ ion would play a vital role in the drought tolerance 
mechanism under magnetic field exposure since the impairment between the 
cell’s plasma membrane and photosynthetic apparatus is prevented by the 
enhanced Ca2+ and regulation of the phytohormone metabolisms in drought-
affected plants (Blum, 1993; Selim & El-Nady, 2011; Song et al., 2008). 
Further, the enhanced production of proline and GA3 in MF treated plants 
would trigger the Mg2+ accumulation that results in the synthesis of chloro-
phyll and/or K+ accumulation that is responsible for an increased number of 
chloroplasts under drought stress (Reina & Pascual, 2001; Shaddad, 1990). 
Such enhancement of chlorophyll and chloroplast number in MF treated 
plants would then lead to developing thicker mesophyll tissues (Selim & 
El-Nady, 2011). In addition to these adaptive responses as induced by MF 
exposure, it also enhances stomatal conductance, increases CO2 concentra-
tion in sub-stomatal region of the leaves, or associated photochemical and 
non-photochemical reactions that help to improve drought tolerance of plants 
(Javed et al., 2011). The magnetic field exposure also positively influences 
the activities of several enzymes of polyamine pathways like ODC and PAL 
that help to withstand the adverse effects of biotic stresses or protect the 
plants during infection of plants by pathogens (Trebbi et al., 2007). A list of 
morpho-physiological or biochemical responses of plant species as triggered 
by magneto-priming under different abiotic stresses is summarized in Table 
5.2. Apart from the above effects, the magnetic field exposure would also 
elicit several other changes such as a mutation in cells of stamen hair of the 
inflorescence, formation of longer pollen tubes with a faster germination rate, 
along with enhanced cell wall metabolism and changes in the orientation 
of the macromolecules (Alexander & Ganeshan, 1990; Baum & Nauman, 
1984; Paul et al., 2006). 
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TABLE 5.2 Magneto-Priming in the Alleviation of Various Stresses 

Stress Plants Doses of Magneto-Priming 
Used to Alleviate Stress 

Responses References 

Salinity 
stress 

Zea mays L. 200 mT for 1 hour Increased rate of seed germination, seedling growth, 
hydrolytic enzyme activities, efficiency of PSII, net 
photosynthetic rate, overall plant growth or yield along 
with a higher accumulation of free radicals 

Baghel et al. 
(2019); Kataria 
et al. (2017b) 

Cicer arietinum L. 100 mT for 1 hour Improved seed germination rate, root, and shoot growth, 
enhanced activity of α-amylase or protease as well as 
water uptake by roots 

Thomas et al. 
(2013) 

Glycine max (Linn.) 
Merr. 

200 mT for 1 hour Increased number of root nodules, the content of 
leghemoglobin and hemichrome, plant biomass, crop 
yield, synthesis of photosynthetic pigments. Enhanced 
rate of photosynthesis, stomatal conductance, rate of 
transpiration and internal CO2 concentration 

Baghel et al. 
(2016) 

Glycine max (Linn.) 
Merr. 

200 mT for 1 hour Increased activities of α-amylase, protease, or nitrate 
reductase along with the accumulation of O2 

•–, H2O2 and 
NO 

Kataria et al. 
(2020) 

Triticum aestivum 
L. and Phaseolus 
vulgaris L. 

4 mT–7 mT SMF Enhanced rate of seedling emergence, plant biomass 
production and growth 

Cakmak et al. 
(2010) 

Glycine max L. 1,500 nT PMF @ 0.1, 1.0, 
10.0, and 100.0 Hz 

Improved root and shoot regeneration, biomass of callus, 
length, and number of roots, increased carbohydrates, 
proteins, secondary metabolites like flavonols, alkaloids 
or saponins contents 

Radhakrishnan 
& Kumari 
(2013); 
Radhakrishnan 
et al. (2012) 

Biology and Biotechnology of Environm
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 TABLE 5.2 (Continued) 

Stress Plants Doses of Magneto-Priming Responses References 
Used to Alleviate Stress 

Drought or 
water stress 

UV-B stress 

Temperature 
and light 
stress 

Glycine max (Linn.) 
Merr. 

Zea mays L. 

Zea mays L. 

Triticum aestivum 
L. 

Glycine max (Linn.) 
Merr. 

Zea mays L. 

Raphanus sativus 
L. 

200 mT SMF 

100 mT–150 mT EMF 

100 mT–200 mT SMF 

2.9 mT–4.7 mT SMF 

200 mT SMF 

150 mT SMF 

400 A/m WMF 

Enhanced plant growth, synthesis of photosynthetic 
pigments, PSII efficiency, rate of photosynthesis and 
biomass production 
Improved plant growth, chlorophyll content, rate of 
photosynthesis, transpiration rate, stomatal conductance, 
sub-stomatal CO2 concentration, photochemical, and 
non-photochemical quenching reactions 
Enhanced plant growth, leaf water content and potential, 
stomatal turgor potentiality, photosynthesis, and stomatal 
conductance, but decreased activities of POX, CAT, and 
SOD 
Increased chlorophyll and carotenoids contents but 
reduced activities of SOD, POX, APX, and CAT 

Increased plant growth, PSII or photosynthetic 
efficiency, crop yield, activities of various enzymes 
like carbonic anhydrase or nitrogenase, nucleic acids, 
protein, and NO contents in leaves, decreased levels of 
ROS with improved antioxidant defense mechanisms 
Enhanced chilling tolerance, increased plant growth, 
chlorophyll, and total phenolic contents, improved gas 
exchange parameters, increased protein, or oil contents 
in seed but reduced membrane permeability 
Increased levels of glycolipids, phospholipids as well as 
phospholipids to sterols ratio 

Baghel et al. 
(2018) 

Javed et al. 
(2011) 

Anand et al. 
(2012) 

Sen & 
Alikamanoglu 
(2014) 
Kataria et al. 
(2017a, 2020) 

Afzal et al. 
(2015) 

Novitskaya et 
al. (2010) 149 
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TABLE 5.2 (Continued) 

Stress Plants Doses of Magneto-Priming 
Used to Alleviate Stress 

Responses References 

Heavy 
metal stress 
(Cadmium 
stress) 

Vigna radiata L. 600 mT Improved plant growth, photosynthesis rate, nitric oxide 
synthase as well as NO content but reduced membrane 
permeability, electrolyte leakage, H2O2 and O2 

•– contents 

Chen et al. 
(2011) 

Biotic stress Citrus aurantifolia 
L. 

10 kHz WMF Enhanced leaf biomass, proline, and protein content, 
increased MDA accumulation but reduced H2O2 and 
carbohydrates contents 

Abdollahi et al. 
(2012) 

Nicotiana tabacum 
L. 

–17 to 13 μT 
SMF and 25.6 to 28.9 μT 

Improved activities of enzymes like ODC or PAL but 
reduced the number and area of lesions 

Trebbi et al. 
(2007) 

SSMF @ 10 Hz 

Biology and Biotechnology of Environm
ental Stress Tolerance in Plants, Volum

e 3 
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5.3 UNDERLYING MECHANISMS OF MAGNETO-PRIMING 

Various biochemical traits remain on the basis of the regulation of plant 
growth and development. The magnetic field would possibly alter these 
biochemical processes such as activities of several enzymes, ion flux across 
the plasma membrane, production of secondary metabolites or growth regu-
lators and their transportations, etc., and thereby it would play an essential 
function in the regulation of plant growth and development (Leelapriya et al., 
2003). It is thought that a combination of range, pitch, and higher frequency 
of non-uniform magnetic field would generate the so-called ‘ponderomo-
tive force’ which subsequently affects biological systems (Balcavage et al., 
1996; De Souza et al., 2006). It is assumed that positive influences of the 
magnetic field resulting from this ‘ponderomotive force’ that triggers auxin 
action and subsequently it results in increasing cell wall extensibility, altered 
ion transport across the cell membrane, or the regulation of a varied set of 
developmental processes through alterations in cell division, cell elongation, 
cell differentiation, as well as cell or organ polarity. Another thought indicates 
that an increase in the activities of certain enzymes would be the reason for 
biological effects under magnetic treatments. Since the Earth’s geomagnetic 
field can alter the activities of important enzymes like Ca2+/CaM-dependent 
PDEs (Cyclic nucleotide phosphodiesterases) that play an important role in 
between the cyclic nucleotides and Ca2+ mediated second messenger system. 
Further, it would also change the activity of cytochrome C oxidase, a key 
enzyme that participates in ATP synthesis through the redox reactions in mito-
chondria or initiates program cell death on receiving apoptotic stimulus (Liboff 
et al., 2003; Nossol et al., 1993). It has also been evident that a magnetic field 
of 0.2 and 0.3 μT can positively stimulate Na+ and K+-ATPase activity (Blank 
& Soo, 1996). Further, the magnetic field of 30 mT causes enhancement of 
the esterase activity in wheat and MF 1 mT increases peroxidase activity in 
horseradish (Aksenov et al., 2000; Portaccio et al., 2005). 

Alteration in the cell membrane ultrastructure leading to increased 
cellular permeability enhanced water flow through vascular tissues and 
transportation of ions through ion channels are supposed to be important 
behind the changes in the metabolic pathways under magnetic exposure 
(Bondarenko et al., 1996; Jamil & Ahmad, 2012). The increase in cellular 
permeability would then result in rapid imbibition of water and subsequently, 
it leads to de novo synthesis of hydrolytic enzymes. Hydrolytic enzymes like 
α-amylase are an endohydrolase that liberates smaller glucans by cleaving 
the α-1, 4-linkages between glucosyl residues. On the other hand, protease 
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is an important enzyme that plays an active role in amino acid production 
in germinating seeds. The water-insoluble storage proteins are hydrolyzed 
by endo-proteases and converted into soluble peptides or finally into amino 
acids. The higher germination rate under magnetic field exposures would 
be correlated with the greater mobilization of reserve food materials due to 
greater activity of enzymes namely, α-amylase, protease, and dehydrogenase 
in germinating seeds of several crops (Bhardwaj et al., 2012; Bhatnagar & 
Deb, 1978; Samani et al., 2013). Though contradictory results regarding the 
negative influence of MF on the protease activity on the second and fourth 
day of germination in broad beans have also been recorded (Rajendra et al., 
2005). MF treatment has been reported to enhance the activity of cambium 
differentiation that leads to the formation of a higher amount of xylem and 
phloem tissues, and thereby it improves the water and nutrient absorption 
capacity or their transportation through the plant system that ultimately 
results in improved plant health (Selim & El-Nady, 2011). 

It is also assumed that capability of absorbing magnetic energy by cellular 
ions is important for magnetic influence on biological systems. Further, the 
ionic changes or their motions and the physiological availability of small 
ions in the cell as affected by the specific frequencies and strength of EMFs 
would be responsible for the particular biological effects on the plants (Pazur 
& Rassadina, 2009). Previously it has been proposed that the interactions 
between magnetic field and biological system would involve several possible 
mechanisms viz.: (i) cyclotron resonance model; (ii) paramagnetic resonance 
model; (iii) interference between the ions and electron at quantum state; 
(iv) free radical reactions including other spin mechanisms; (v) compatible 
quantum incitement; (vi) biological effects of torsion fields associated with 
weak magnetic field; (vii) oscillator models both at classical and quantum 
state; (viii) active metastable state of liquid water by biological systems; (ix) 
amplifying mechanism through stochastic resonance or other indiscriminate 
processes; and (x) phase conversions revealing liquid crystal assembly in 
biophysical systems, etc. (Maffei, 2014). However, according to the recent 
insights, there are three main types of magneto sensing mechanism, i.e.: (a) 
the radical pair mechanism which is an interaction between the magnetic 
nucleus and the unpaired electrons of the radicals that results in the breaking 
of the symmetry of two electronic spins or the interconversion of the spins 
either in antiparallel direction/singlet state or parallel direction/triplet state; 
(b) the cyclotron resonance model of ions suggesting that the Larmor 
frequencies of the charged particles like ions follow a circular motion in a 
perpendicular plane to the external magnetic field; and (c) cryptochromes, 
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the blue light-absorbing flavoproteins are assumed to help several organisms 
like birds, insects or plants in perceiving the direction and intensities of the 
magnetic field. Upon exposure to blue light, these flavoproteins undergo a 
redox cycle of flavins and tryptophan residue that leads to the activation of 
radical pair mechanism and this, in turn, results in the perception of magnetic 
field (Fay et al., 2019; Mridha et al., 2016; Pooam et al., 2019). Another 
possibility “ferrimagnetism hypothesis” indicates that perception of static 
magnetic fields is accomplished through its interaction with iron particles, 
inorganic iron compounds like iron oxide black or greigite as well as with 
phytoferritin or iron-containing proteins of the plant cells. 

Though it is well known that enhanced production of cellular ROS would 
negatively affect the functioning of plant systems, but the magnetic treatment 
causes to reduce ROS production and improve plant growth significantly 
under different stresses (Radhakrishnan, 2019). In germinating seeds, ROS 
are generated via aerobic metabolisms that occur in mitochondria, chloro-
plasts, peroxisomes, and/or the apoplastic spaces of the cell membrane. The 
production of ROS is initiated by the active participation of some enzymes 
like xanthine oxidase (XO), superoxide dismutase (SOD), lipoxygenases 
(LOXs), membrane bound NADPH oxidase (NOX), amine oxidases (AOs) 
or peroxidases (POXs), etc. The reaction chain can be described as there is 
a redox-active metal ion present in each enzyme, and the metal ion initiates 
the generation of superoxide molecules, and then reduction of superoxide by 
the metal ion yields hydrogen peroxide (H2O2) (Bolwell & Wojtaszek, 1997; 
Collin, 2019; Messner & Imlay, 2002; Munro & Treberg, 2017; Smirnoff & 
Arnaud, 2019). These generated ROS play an important role as signaling 
molecules for the major events that happened in germinating seeds including 
dormancy breaking. The crucial roles of ROS like H2O2, hydroxyl radical 
(•OH–), superoxide (O2

•–) in seed germination of different crops have been 
established by several research (Bhardwaj et al., 2012; Kranner et al., 2010; 
Morohashi, 2002; Müller et al., 2009; Schopfer, 2001). H2O2 is the most 
common among the ROS. It stays for a long time in the plant systems, and it 
can easily diffuse through the cell membrane to reach their action sites from 
the actual sites of production. Actually, the redox state of the seed is changed 
by the interaction between ROS and the hormones that participate in seed 
germination. The participation of these hormones determines the success or 
failure of germination through the initiation of the metabolic reactions by 
regulating the expression of related genes (Bailly et al., 2008; El-Maarouf-
Bouteau & Bailly, 2008). In this context, it is also thought that there is an 
antagonistic effect between gibberellic acid (GA) and abscisic acid (ABA) 
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during the germination events (Koornneef et al., 2002). GA upregulates the 
process of germination and dormancy breakdown whereas ABA downregu-
lates the process and causes the continuation of the dormancy period. Several 
changes in plant systems with and without magnetic influence are presented 
schematically in Figure 5.1. 

FIGURE 5.1 Possible changes in plant systems with and without magnetic field exposure. 
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However, the magnetic field exposure has also been reported to increase 
the production and activity of several ROS scavenging enzymes. There are 
two types of antioxidant system viz., an enzymatic system which is medi-
ated by enzymes such as superoxide dismutase (SOD), ascorbate peroxidase 
(APX), catalase (CAT), glutathione peroxidase (GPOX), glutathione reduc-
tase (GR), glutathione s-transferase (GST), etc., and non-enzymatic system 
comprised of different phenolic compounds, carotenoids, AsA, α-tocopherol, 
etc. The antioxidant systems help to minimize the uncontrolled oxidation and 
thereby protect the plant from oxidative damages induced by ROS (Foyer 
& Noctor, 2005). The ROS scavenging enzymes such as SOD, CAT, APX, 
etc., regulate the concentration of ROS within the cell. Actually, the anti-
oxidant systems maintain a critical level of ROS concentration that is called 
“oxidative window” and thus allow the ROS to work as signaling molecules 
(Figure 5.2). The progressive events of germination are not permitted if the 
concentration of ROS is below or above the “oxidative window” (Bailly et 
al., 2008). Recent findings of the higher transcript level of some genes that 
are involved in the synthesis of SOD1, SOD9, NOX, and AO in germinating 
seeds under MF exposure would indicate the crucial role of magneto-priming 
in ROS scavenging (Anand et al., 2019). 

FIGURE 5.2 MF induced activation of antioxidant systems in germinating seeds. 
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5.4 ADVANTAGES AND DISADVANTAGES OF MAGNETO-PRIMING 

As like every technology, seed pre-magnetization also delivers both advan-
tages and disadvantages. The advantages of magneto-priming would be 
summarized as: 

•	  This is a simple, cost-effective, and harmless scientific technique of 
seed invigoration. 

• 	 The magnetic field can be of various types like a geomagnetic field, 
static magnetic field, the EMF of AC (alternating current) and DC 
(direct current), magnetically treated water, etc., and the strengths 
of the magnetic field can easily be regulated. Due to such versatility 
in experimental designs, the magnetic field can induce different 
responses in the plant system. 

• 	 The use of magneto-priming is not only restricted to laboratory 
experiments rather can also be extended to field applications 
since pre-sowing exposure of seeds to the magnetic field has been 
described to have positive influences on plant growth parameters 
like plant height, leaf area expansion, leaf chlorophyll content, 
photosynthesis rate and plant biomass production. 

• 	 Pre-sowing magnetization of seeds is able to mitigate several stress 
conditions like  salinity, drought, UV-B exposure, heavy metals like 
cadmium as well as biotic stresses. Thus, magneto-priming is one 
the most effective priming technologies to increase a plant’s survival 
and productivity under environmental stress conditions too. 

• 	 The use of physical priming techniques like magneto-priming can 
be an effective  and eco-friendly approach in reducing the use of 
hazardous chemicals in agriculture to control pests and diseases. 

Despite having the above advantages, magneto-priming has some disad-
vantages too: 

• 	 The main disadvantage of magneto-priming is the lack of proper 
information about the interactions of MF at the molecular and 
genetic levels. 

• 	 Besides, there is a lack of protocol for the experimental designs and 
standardized crop-specific intensities of the magnetic field. Further, 
the use of high strength EMFs can be hazardous to human health and 
thus it requires proper expertise on how to construct and sustain the 
experimental design. 
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5.5 CONCLUSION 

Our planet Earth has its own magnetic field that is known as the geomag-
netic field and this geomagnetic field has obvious consequences on the 
biosphere present on the Earth. Further, with the advent of the progress of 
science during the last century and with the events of modernization of our 
society, we are now habituated to using many types of equipment in our 
daily life ranging from scientific appliances to medical instruments or from 
mobile towers to latest war devices, and thereby we are being exposed 
knowingly or inadvertently to the magnetic field at every moment. There-
fore, these man-made magnetic fields of various kinds and strengths along 
with the geomagnetic field are constantly influencing the living beings on 
the Earth including the crop plants. Although the magnetic field of higher 
strength has some negative influences on plants depending on the types 
of species and the environmental conditions, but many researchers have 
already established that magnetic field at low intensity can improve overall 
growth and development of plants, crop productivity, and adaptations 
against different stresses. Thus, the magnetic exposure of seeds prior to 
sowing would be an effective modulator in the agricultural sector to build 
a good crop stand, improve plant growth and enhance yield. However, the 
elucidation of the effect of geophysical fields such as the geomagnetic field 
on plants is very challenging as the setting up of specific experimental 
design is not only problematic rather hard to comprehend. Till now, we 
have very little information about the biochemical reactions, physiological 
processes, and expression of specific genes or molecular mechanisms 
happening within living organisms after being exposed to a magnetic field 
and this indicates that a lot of knowledge is yet to be accomplished in this 
field. Thus, there is an urgent need to undertake extensive research on the 
influences of magnetic fields on crop plants as well as on the other living 
organisms present on the Earth to unravel the mechanisms involved in seed 
magnetization completely. Such research would lead to explore various 
pros and cons of seed magnetization and to recommend this practice as 
a cost-effective and environment-friendly agro-technique towards food 
security and agricultural sustainability. 
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ABSTRACT 

Biotic and abiotic stresses are major hurdles to maximize crop produc-
tion, and in climate change scenarios, the threat of these stresses is even 
high. Major abiotic stresses include salinity, drought, temperature, and 
heavy metal and major biotic stresses include plant diseases and insect-
pest attacks. These stresses have resulted in severe crop losses on a global 
scale. Scientists have developed various techniques to alleviate the effect of 
these stresses for optimum crop production, like agronomic management, 
soil amendments, use of microorganisms, use of pesticides, integrated pest 
and disease management, and development of tolerant genotypes. From all 
the above-mentioned techniques, the development of tolerant genotypes is 
the most sustainable technique that does not require any input except the 
seed of tolerant genotype. There are two major types of breeding techniques 
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used to introgress stress tolerance in cultivated genotype, i.e., conventional 
plant breeding and molecular plant breeding, further divided into various 
sub-disciplines. This chapter will discuss various plant breeding approaches 
for the introgression of tolerance against biotic and abiotic stresses, pros and 
cons, limitations, and prospects. 

6.1 INTRODUCTION 

Biotic and abiotic stresses are the leading factors of yield reduction in the 
major crops (Canter, 2018; Zörb et al., 2019). The major abiotic stresses are 
temperature, drought, and excess salt, affecting crop physiology and yield 
(Waqas et al., 2017; Vaughan et al., 2018; Zafar et al., 2018). The abiotic 
stress affects 90% of the land, which minimizes the yield up to 70% (Mantri 
et al., 2012). The prediction made on the crop yield models in relation to 
the changing climate expresses the loss in yield of many crops, including 
maize, rice, and wheat, which may lead to devastating and the most serious 
outcomes for food security (Tigchelaar et al., 2018). Through the genetic 
mechanism, plants become able to stand biotic and abiotic stress (Roy et al., 
2014; Pradhan et al., 2019). Plant breeding approaches regarding stress toler-
ance in the plant make it tolerant to tackle stress with little effort (Bertoldo 
et al., 2014). Plant with the improved genomic structure can tackle multiple 
stress with less yield reduction in a variety of environments (Yumurtaci, 
2015). 

Transgenic approaches are the best tool to improve plant architecture 
against the biotic and abiotic stresses, quantity, and quality of economic 
products in plants (Wang et al., 2016a, b). Recombinant DNA technology 
is the main player to improve the yield potential, nutritional value as well 
as shelf life in a severe and delicate situation (Roychowdhury et al., 2013, 
2014; Hasanuzzaman et al., 2013; Roychowdhury & Tah, 2013; Roychow-
dhury, 2014; Anumalla et al., 2015; Wani et al., 2016). Recombinant DNA 
technology is responsible for many beneficial roles regarding traits improve-
ment and new verities development with novel characteristics (Marco et 
al., 2015). Genetically modified (GM) plants have proline, glycine betaine, 
and different proteins such as molecular chaperones linked to a defense 
mechanism against biotic and abiotic stresses as reported in many field crops 
(Grobkinsky et al., 2016; Hasanuzzaman et al., 2015; Anumalla et al., 2016). 
Recently, genetic engineering is mostly used weapon to combat biotic and 
abiotic stresses in horticultural crops (Bakhsh & Hussain, 2015). In keeping 
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in view, the current and coming challenges in the future, a comprehensive 
review on biotic and abiotic stress is composed by using breeding and genetic 
approaches. 

6.2 GENETIC MECHANISM OF STRESS TOLERANCE 

6.2.1 SALINITY 

Excess of salt leads to ionic as well as osmotic stress in plants. Salt overly 
sensitive pathway is a crucial mechanism in salt stress which is responsible 
for regulating ion homeostasis. The salt overly sensitive pathway consists 
of three main genes SOS2, SOS3, and SOS1 (Ji et al., 2013). Regulation of 
the ion homeostasis is a crucial way to tackle salt stress in which sodium ion 
extrusion is a basic phenomenon to make the plant tolerant to salt stress. As 
the level of sodium ion increases from a certain threshold level, all metabolic 
pathways and enzymatic mechanisms are disrupted, leading to toxicity. 
Calcium ions are responsible for stimulating salt overly sensitive pathway 
in the cytoplasm of root cell. SOS3 activates the basic calcium ion sensor 
and the attachment of the SOS3, and calcium ion is stimulation to activate 
the SOS2. But SCaBP8 is an activator of SOS2 in shoots. As SOS2 is acti-
vated, it resides in the cell membrane where it activates downstream SOS1, 
an antiporter of the sodium ion/hydrogen ion, and its activation results in 
sodium-ion extrusion. Various SOS1 mutants are very effective and sensitive 
to salinity (Ji et al., 2013). Highly reactive potassium transporter genes are 
also responsible for exclusion ions. With the help of sodium ion exclusion, 
HKT2 works efficiently to enhance salt tolerance in the plant (Roy et al., 
2014). In rice, the salt tolerance can be induced through sodium ion/hydrogen 
ion antiporters such as OsNHX2, OsNHX4, OsNHX1, and OsNHX3 by the 
sodium ion sequestration. Sodium ion/hydrogen ion antiporters activities are 
very high when salt is high. When the expression of OsNHX1 is high, it 
enhances tolerance owing to sodium ion accumulation in the vacuole of plant 
cells and makes transgenic rice plant tolerant. In rice, the most effective and 
efficient adaptation is gathering the sodium ion in old leaves of rice to tackle 
salt stress (Reddy et al., 2017). 

A high amount of salt promotes abscisic acid (ABA) synthesis, which 
is responsible for closing stomata in leaves and makes plants tackle serious 
osmotic stress during salinity. The expression of genes in rice plant such as 
OsDREB1F, OsDREB2A, and OsDREB1A makes it tolerant to salt stress. 
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In plants PDH45, and the OsCPK12 gene maintains ROS make the plant 
tolerant to salt stress (Reddy et al., 2017). 

6.2.2 DROUGHT 

Osmotic stress in plants is also due to the low water availability. In drought 
conditions, the late embryogenesis abundant (LEA) proteins are responsible 
for protecting plant against desiccation. Expressions of LEA class genes 
results to enhance tolerance against water stress. In transgenic Arabidopsis, 
the gene that codes galactinol synthase involved in synthesizing oligosac-
charides belongs to family raffinose to enhance tolerance against drought. 
During drought conditions, raffinose acts as an osmoprotectant and decreases 
cellular damages in plant (Shinozaki & Yamaguchi-Shinozaki, 2007). MsrB2 
gene produce tolerance against drought by minimizing oxidative injury of 
ROS. The rice drought-tolerant gene CaMsrB2 is taken from Capsicum 
annuum, making transgenic rice drought tolerant (Nahar et al., 2016). 

6.2.3 HIGH TEMPERATURE 

Cell membrane thermostability is a checkpoint of heat stress tolerance 
in plants. In many types of grass, the genetic cause of many heat shock 
proteins (HSPs) has been identified by co-segregation and QTL analyzes. 
In grasses, tolerance to heat stress is not regulated by a single gene (Maestri 
et al., 2002). Heat stress in plants leads to express genes related to HSPs. 
Therefore, heat shock factors get attached to Heat Shock Elements’ binding 
site in the promoters of heat shock genes, including the HSPs’ expression 
on high-temperature stress. HSPs play an important role as chaperones and 
are involved in saving the plant’s intracellular proteins by keeping intact the 
functioning and structural stability of plant cells. Based on molecular weight, 
HSPs are classified into various groups, viz., HSP20, HSP70, HSP100, 
HSP60, and HSP90. HSP with low molecular weight showed diversity 
among other HSPs (Hasanuzzaman et al., 2013). 

In Arabidopsis HSP101, and HSP70 proteins are responsible for gener-
ating tolerance in plant against heat stress. In the wheat plant following genes, 
HSP101 members, Tahsp101c, Tahsp101b, and Tahsp101a, have been intro-
duced to develop tolerance against high-temperature stress (Maestri et al., 
2002). H2O2-responsive ANP1/NPK1 gene in tobacco can develop heat stress 
in plants. APX1 gene in barley is responsible for heat tolerance compared to 
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barley without this gene (Hasanuzzaman et al., 2013). Arabidopsis HSFA1a 
and HSFA1b genes are tolerant to heat stress. In tomato HSFA1 gene is able 
to tolerate high temperature stress (Hasanuzzaman et al., 2013). 

6.2.4 LOW TEMPERATURE 

A lot of genes in the plant are responsible for inducing cold stress toler-
ance in plants. Fatty acids desaturation is essential for the performance of 
membrane in low-temperature stress. LOS4 and AtNUP160 genes of Arabi-
dopsis that send RNA to cytoplasm from nucleus are very important to tackle 
low-temperature stress in plants (Sanghera et al., 2011). 

6.3 GENETIC MECHANISM AGAINST BIOTIC STRESSES 

Various genes in plants are tolerant to biotic stress, especially by pathogens 
(Mamgain et al., 2013). ABA-independent dehydration-responsive DREB2A 
is directly involved in developing disease resistance in plants (Agarwal et 
al., 2006). OsDREB1B gene in Transgenic tobacco plants is responsible for 
tackling plants’ disease (Gutha & Reddy, 2008). OsEREBP1 gene is respon-
sible for the fungus Magnaporthe grisea. However, transcriptome analysis 
showed that it belongs to WRKY and NAC groups (Jisha et al., 2015). 
The SlAREB1 gene has increased the expression of PR proteins in plant 
(Orellana et al., 2010). ATAF1 gene increases tolerance against Blumeria 
graminis f. sp. Graminis but decreased tolerance against Botrytis cinerea, 
Pseudomonas syringae and Alternaria brassicicola (Puranik et al., 2012). 
OsNAC6 gene in rice plant is responsible for developing resistance against 
rice blast (Nakashima et al., 2007). 

6.3.1 INSECT PEST RESISTANCE 

In the okra plant, the target gene Cry1AC causes resistance against fruit borer 
and stem borer (Narendran et al., 2013). A sbtCry1AC gene in Planch is 
responsible for developing Oraesia excavate resistance (Zhang et al., 2015a, 
b, c). In Daisy, resistance against aphids is induced via CmWRKY48 gene 
introduction, which plays many functions in favor of plants to control aphids 
(Li et al., 2015). 
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6.3.2 DISEASE RESISTANCE 

In strawberry, resistance against crown gall disease is developed by intro-
ducing the β-1,3-glucanase gene, which made plant resistant to fungal 
disease (Mercado et al., 2015). The resistance against conidial growth in 
guava plants is developed by the Endochitinase gene taken from Tricho-
derma (Mishra et al., 2016). 

In tobacco, Tomato yellow leaf curl China virus resistance is induced by 
Zinc finger nuclease (Chen et al., 2014) and resistance against Tobacco curly 
shoot virus is introduced by Transcription activator-like effector nuclease 
(Cheng et al., 2015). In tobacco, plant tolerance against Tomato leaf curl 
Yunnan virus is developed via Transcription activator-like effector nuclease 
(Ali et al., 2015). In Arabidopsis thaliana and Nicotiana benthamiana the 
gene virus dsDNA (A7, B7, and C3 regions) resistant to beet severe curly top 
virus (Ji et al., 2015) and gene eIF(iso)4E is responsible for resistance against 
Turnip mosaic virus in Arabidopsis thaliana (Pyott et al., 2016). In rice resis-
tance against Blast is developed by gene OsERF922 (Wang et al., 2016a, b). 
In wheat resistance against Powdery mildew is developed by TaMLO-A1, 
TaMLO-B1, and TaMLOD1 (Wang et al., 2014). In the cucumber plant, 
eIF4E is responsible for creating resistance against Zucchini yellow mosaic 
virus, Cucumber vein yellowing virus, and Papaya ringspot mosaic virus 
type-W (Chandrasekaran et al., 2016). In cotton plants, CLCuD IR and Rep 
regions are resistant to cotton leaf curl disease (Iqbal et al., 2016). 

6.4 CONVENTIONAL PLANT BREEDING APPROACHES 

Plant breeding approaches play an essential role in developing biotic and 
abiotic stress tolerance in plants, making them tackle various stress in plants’ 
lives at different growth and developmental stages. Many methods are appli-
cable to develop resistance in plants against many diseases, low, and high 
temperature, and salt in plants. For instance, mungbean resistance against 
biotic stresses has been developed by breeding approaches like introduction, 
hybridization, and selection (Pratap et al., 2012). 

6.4.1 INTRASPECIFIC PLANT BREEDING APPROACHES 

Many studies showed that plants’ resistance against various stresses like 
biotic and abiotic stresses could be developed by intraspecific hybridization 
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in plants. In mungbean, many varieties against biotic (mostly powdery 
mildew and mungbean yellow mosaic disease) and abiotic stresses have 
been developed through intraspecific approaches in plant breeding (Pratap 
et al., 2014a, 2015; Singh et al., 2017). Hybridization is a powerful tool in 
varietal development against biotic and abiotic stresses. The development 
of stress-tolerant verities leads to boost agricultural production in less and 
reasonable amounts. For example, a cross between PS 16 X BM4 leads to 
develop mungbean variety PKV AKM which is highly resistant to stresses. 
Through IPM 99–125 and Pusa Bold 2, the most resistant variety of mung-
bean against diseases, especially mungbean yellow mosaic disease, has been 
developed, showing about 82.52% of preharvest spouting value (Lamich-
hane et al., 2017). KM 2328 is developed by the cross between KM 2241 
and HUM 16 in 2018, which is resistant to MYMD, WB, and anthracnose 
(Coordinated Research Project on MULLaRP, Project Coordinators Report, 
2018). IPM 205-7 is highly tolerant to high temperatures and matures earlier 
than others (Pratap et al., 2013). 

6.4.2 INTERSPECIFIC PLANT BREEDING APPROACHES 

Inter-specific plant breeding approaches are of great importance to develop 
resistance against biotic and abiotic stresses in plants. The exotic and wild 
cultivars of mungbean can create resistance against various stresses and 
improve yield quality and quantity (Pratap et al., 2015). Inter-specific 
crosses are the complex and complicated process of gene transmission to 
create resistant verities in the plant, such as mungbean (Pratap et al., 2018). 
Improved F7 RILS and subsequent advanced generation of mungbean is 
obtained by intercrossing between V2802 and NM94, which is resistant 
against bruchid damage in Taiwan (Schafleitner et al., 2016). Intercrossing 
between urdbean and mungbean results in variety resistant to MYMD (Gill 
et al., 1983; Lekhi, 2017). 

6.5 MOLECULAR PLANT BREEDING APPROACHES 

6.5.1 QTL MAPPING 

QTL mapping is another molecular approach used when more than one 
gene is responsible for a trait in a specific chromosome location. The basic 
principle of QTL mapping is the segregation of genes during meiosis. Using 
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the recombination frequency, the gap between different markers can be 
calculated; therefore, the position of different QTLs in a specific genome can 
also be calculated (Collard et al., 2005). In the wheat plant about 10 QTLs 
for yellow rust resistance have been identified by the help of QTLs mapping. 
Among these 10 QTLs, the 05 major QTLs are QYr.sgi-4A.1, Lr34/Yr18, 
QYr.sgi-2B.1a, QYr.sgi-4A.2, and QYr.sgi-2B.1 (Chu et al., 2009). 

6.5.2 MARKER-ASSISTED SELECTION 

In plants, breeding approaches DNA markers to play an essential role in 
identifying and selecting plants with the suitable trait (Roychowdhury, 2014; 
Roychowdhury et al., 2014). Owing to a large number, these DNA markers 
are used in a wide range to study and identify plants and these markers are 
neutral as they are present in the coding region. The DNA markers which are 
used in a wide range are simple sequence repeats (SSR), restriction fragment 
length polymorphisms (RFLP), amplified fragment length polymorphisms 
(AFLP), and random amplified polymorphic DNA (RAPD) (Collard et al., 
2005). The marker-assisted selection also plays an important role in the 
germplasm screening for resistant genes (Simon-Mateo & Garcia, 2011). In 
sorghum plants, genes responsible for smut resistance were identified by 
RAPD and RFLP markers (Oh et al., 1994). Marker-assisted recurrent selec-
tion increases the frequency of genes of interest (GOI) when many genes are 
involved in a specific trait expression. By using Marker-assisted recurrent 
selection in drought conditions, genetic gain for higher grain yield up to 51 
kg ha–1 year–1 of maize was produced in the region of sub-Saharan Africa 
(Beyene et al., 2016). 

6.5.3 DEVELOPMENT OF TRANSGENICS 

6.5.3.1 TRANSGENIC APPROACHES FOR BIOTIC STRESS 

Biotic stress like bacteria, viruses, insect pests, etc. Many techniques have 
been practiced, but not too many satisfactory results are shown, but these 
stresses are possible due to the transgenic approaches. In subsections, we 
have put in a nutshell the recent success story of the crop with biotic stress 
resistance and tolerance with the help of novel transgenic techniques. 
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6.5.3.1.1 Transgenic Approaches for Insect Pest Resistance 

The insects and pests are the most diverse form of biotic stress in yield 
destruction and increment in their number throughout their life cycle. 
They are the major factor of the yield reduction of the food crops and are 
leading to cause severe issues in the provision of food to the increasing 
world population day by day (Douglas, 2018). The major two groups of 
the damages in crops of insect pests are direct and indirect damages. Direct 
damages caused by insect pests are plant cell and tissues death owing to 
disgustingly dirty filled, accidental death of floral tissues and organ and the 
whole process lead to the flourishment of the plant pathogen reproduction 
as well as distribution. But the indirect damages are the fruits’ bruising 
which causes an increase in expenses of management and reduction in 
yield (Pappas et al., 2017). Recently reported that the yield loss of about 
20% of horticultural crops globally. Research show that about 0.5% of 
insect pest is responsible for major issue to human beings so that they 
are called pest and belong to the Lepidoptera class (Zaidi et al., 2017). 
Therefore, transgenic approaches are the best way to tackle the pest of 
class Lepidoptera. 

Transgenic approaches are the most appropriate and effective method to 
tackle the insect pest with a high degree of success and in hand sum cost 
(Majeed et al., 2018). In 1987 the 1st transgenic insect-resistant tomato plant 
was developed by utilizing the Cry gene from bacterium Bacillus thuringi-
ensis, which showed tolerance against Heliothis virescens and Spodoptera 
litura. Mostly vegetables crops such as Bringle and chili are affected by 
the class Lepidoptera (de Castro et al., 2017). Bt eggplant showing cry1Ab 
and cry1Ac has produced and shows tolerance to the members of class 
Lepidoptera (Biswas et al., 2018). Transgenic cabbage line DTC 507 trans-
formed having cry1Ab, and cry1B expressed tolerance to Plutella xylostella 
(Parmar et al., 2017). The okra cry1Ac gene is introduced, showing toler-
ance against the Earias vittella (fruit borer) (Jan et al., 2015). Transgenic 
strawberries show tolerance against vine weevil and aphids due to the 
cowpea trypsin inhibitor (CpTi) gene (Singh et al., 2018). Transgenic crop 
plants showing proteinase inhibitor genes are the most effective to tackle 
root-knot nematode (Meloidogyne incognita) by checking their metabolism 
(Zhang et al., 2015a, b, c). Effective resistance has been developed against 
root-knot nematode in many crop plants like tomato, eggplant, and potato 
(Seow-Neng et al., 2017). 
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6.5.3.1.2 Transgenic Approaches for Disease Resistance 

The next yield-limiting factor is a disease that causes the major loss of 
production of crops. The stress causes the destruction of crop plant from 
germination to maturity and plant is always in the state of dilemma to combat 
the disease-causing organisms. The best way to introduce disease resistance 
in the plant is through Transgenic approaches. The gene-like pathogenesis-
related (PR) genes, glucanase, and chitinase can effectively disintegrate the 
cell wall of disease-causing organisms against fungal and bacterial and viral 
diseases (Bill et al., 2016). 

Similarly, the disease resistance can be introduced with the help of 
systemic acquired resistance (SAR)-related genes responsible for expressing 
many downstream genes like pathogenesis-related genes (Chen et al., 
2017). Transgenic orange has been developed, which showed tolerance to 
Phytophthora citrophthora by introducing the tomato PR-5 gene (Takemoto 
& Mizuno, 2016). Transgenic tomato shows tolerance to Tomato mosaic 
virus (TMV), which has been developed by introduction of non-expression 
of pathogenesis-related (NPR-1) gene taken from Arabidopsis thaliana 
(Bubici et al., 2017). 

Transgenic tomato showed tolerance against bacterial wilt and fusarium 
wilt owing to the NPR1 gene expression. Transgenic apple overexpressing 
NPR1 gene is resistant to apple cedar rust due to the attack of Gymnospo-
rangium juniper-Virginiana and V. inaequalis, but blight disease of apple is 
owing to Erwinia amylovora (Thakur et al., 2018). Transgenic plant having 
Chitinase gene is tolerant against many fungal diseases such as tobacco ChiC 
gene in carrot (Su et al., 2015). Similarly, transgenic lines of potato have 
been developed by introducing the chitinase gene from P. vulgaris to tackle 
early blight in potatoes (Chen et al., 2018). 

Transgenic guava has been developed by introducing the endochitinase 
gene from Trichoderma, which is responsible for the resistance against 
Fusarium oxysporum (Kumar et al., 2016). Recently, CRISPR Cas9 and 
RNAi have been widely used to overcome the issues regarding biotic and 
abiotic stress (Rani et al., 2016). 

6.5.3.1.3 Transgenic Approaches for Virus Resistance 

Viruses are the biotic agent that badly affects crop yield and physiology, and 
traditional breeding methods cannot tackle viral diseases (Trebicki et al., 
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2015). Transgenic approaches improve crop genetic makeup by introducing 
resistant genes against stresses (Mishra et al., 2016). Transgenic strawberry 
is resistant to Strawberry mild yellow edge potexvirus (Silva et al., 2015). 
Similarly, the coat protein gene in transgenic chili has made chili resistant 
to many diseases caused by viruses (Praveen et al., 2017). The virus coat 
protein gene in Citrullus lanatus has made Zucchini yellow mosaic virus 
(Harth et al., 2017). p transgenic tomato developed by RNAi technique has 
made tomato resistant to tomato leaf curl virus. 

6.5.3.2 TRANSGENIC APPROACHES FOR ABIOTIC STRESS 

6.5.3.2.1 Transgenic Approaches for Drought Stress 

In plants, many regulatory genes, including transcription factors (TFs), can 
express a lot of downstream and many other genes for abiotic stress toler-
ance (Marco et al., 2015). For transgenic approaches, many transcription 
factors such as MYB, NAC, and MYC have been used for abiotic stress 
tolerance in crop plants (Marco et al., 2015). Transgenic tomato having gene 
from Arabidopsis C-repeat binding factor/dehydration-responsive element-
binding in the expression of 35s, and nos showed tolerance to drought stress 
in comparison to the non-transgenic tomato (Kidokoro et al., 2015). In the 
same way, transgenic apple plants have shown tolerance against drought 
stress due to the expression of the MYB TFs compared to the non-transgenic 
apple (Buti et al., 2018). Similarly, transgenic grapevines with the DREB1b 
gene have shown tolerance against drought stresses than the non-transgenic 
grapevine. 

WRKYTFs are the other set of the TFs which showed the positive regulated 
abiotic stress in crop plants, and these are exploited in a wide range against 
abiotic stress tolerance (Jiang et al., 2017). Many types of research showed 
that WRKY TFs are involved in creating drought stresses tolerant plants. For 
instance, transgenic Chrysanthemum morifolium plants are drought tolerant 
due to the ABA-mediated pathway, which activates many downstream genes 
like DREB1A, MYB2, and ABI2. In other research, transgenic bananas 
having the WRKY71 gene had made tolerant to much abiotic stress (Zhou 
et al., 2015). Similarly, NAC TFs having three TFs (no apical meristem (N)/ 
Arabidopsis transcription activator factor (A)/cup-shaped cotyledon (C)) are 
used to develop transgenic crop plants which are tolerant to a lot of abiotic 
stress (Hong et al., 2016). In many studies, the development of the transgenic 
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rice having introduced genes, i.e., OsNAC6 SNAC1, and SNAC2, is tolerant 
to rice plants’ drought stress compared to the non-transgenic rice (Todaka 
et al., 2015). Research showed that transgenic plants with the TaNAC67 
gene are tolerant to drought stress and update physiology and metabolism 
(Sharma et al., 2017). 

A set of hydrophilic proteins like LEA proteins are responsible for the 
multiple abiotic stress like salt, heat, drought, and cold stresses in crop plants 
(Banerjee & Roychoudhury, 2016). Therefore, transcription factors are the 
most vital element to induce abiotic stress in a crop plant by transgenic 
approaches. 

6.5.3.2.2 Transgenic Approaches for Heat Stress 

Heat stress is vital abiotic stress which affects the crop yield and physi-
ological traits of crop plants (Zhu, 2016). Heat stress decreases the rate of 
photosynthesis, damages the cell membranes, and decreases the activity of 
reactive oxygen species (Dwivedi et al., 2016). The level of reactive oxygen 
species exceeding a certain limit will cause protein denaturation and decrease 
protein homeostasis. Transgenic approaches have made plant efficient and 
effective reactive oxygen species scavenging ability as it is a part of the 
signaling pathways as their level exceed the limit. These are effectively 
scavenged via antioxidant enzymes like glutathione reductase (GR), catalase 
(CAT), superoxide dismutase (SOD), and peroxidase (POX) (Fancy et al., 
2017). ROS-scavenging enzymes in transgenic plants is a way to tackle 
high-temperature stress which causes oxidative disintegration in crop plants. 
Transgenic apple plants having cytosolic ascorbate peroxidase (cAPX) 
can minimize cell membrane damage and increase the photosynthesis rate 
(Zandalinas et al., 2018). Transgenic tomato plants comprising the cAPX 
gene can tolerate high-temperature stress up to 40°C in field conditions with 
minimum heat stress oxidative injury compared to the non-transgenic tomato 
plant (Sadiq & Akram, 2018). In many types of research, transgenic tomatoes 
having polyamine expressed tolerance against the heat stress; expression of 
the S-adenosyl-I-methionine decarboxylase from Saccharomyces cerevisiae 
led to the manufacturing of polyamines which made tomato plant tolerant 
to high-temperature stress (Parmar et al., 2017). Similarly, the Transgenic 
potato plant having Cu/Zn SOD taken from the okra plant can tackle high-
temperature stress by activating many reactive oxygen species – scavenging 
enzymes compared to the non-transgenic potato (Sadiq & Akram, 2018). 
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Transgenic plants with HSPs are tolerant to heat stress by minimizing 
the protein denaturation with the help of protein homeostasis (Jacob et al., 
2017). Many studies showed that the expression of the HSPs in Arabidopsis 
plant and tomato plant has made it resistant to high-temperature stress. In 
Glycine max, the expression of the heat shock factor made it tolerant through 
the stimulation of the many downstream genes’ expression involved in heat 
defense system (Zhang et al., 2015a, b, c). Likewise, the introduction of 
VpHSF1 gene in tobacco plants increased the capacity to tolerate high-
temperature stress as compared to nontransgenic tobacco plants (Hu et al., 
2016). The points mentioned above showed that the heat shock factor genes 
are the best player to confer heat stress. Therefore, abiotic stress tolerance 
can be induced efficiently by transgenic approaches. 

6.5.3.2.3 TRANSGENIC APPROACHES FOR SALT STRESS TOLERANCE 

Salt accumulation in agricultural land is serious issue crop plants face 
regarding disturbed physiology and retarded growth. Salt accumulation is 
very severe abiotic stress affecting crop yield globally (Bless et al., 2018). 
Recently reported that approx. 77 million hectare of agricultural land is not 
suitable for cultivation due to excessive salt accumulation (Bless et al., 2018). 

Generally, the soil with more than 4 dS m–1 electrical conductivity (EC) 
and 40 mM sodium chloride with 15% exchangeable sodium rate is called 
saline soil (Singh, 2015). The main agents involved in soil salinization are low 
precipitation, saline water irrigation, poor agronomic practices, and weathering 
of rocks. If not checked, more than 50% of agricultural land will be saline land 
up to 2050 (Singh, 2018). As other abiotic stresses have a very complicated 
regulatory setup, saline stress is complex in regulation and is controlled by 
many genes (Munns & Gilliham, 2015). Some studies showed that plants 
tolerant to abiotic stress could also manufacture many pathogenic proteins to 
mitigate the effect of stress (Negrao et al., 2017). Many pathogenesis-related 
proteins among these Osmotin proteins can generate innate immunity in plants 
against abiotic stresses (Wan et al., 2017). Osmotic genes taken from tobacco 
plants are introduced in strawberry plants showed tolerance against salt stress 
(Sripriya et al., 2017). Transgenic chili with the Osmotin genes is tolerant 
to salt stress up to 300 mM NaCl, leading to increased antioxidant enzymes 
activities and photosynthesis rate (Ullah et al., 2018). 

Transgenic cherry tomato having D-galacturonic acid reductase 
gene could bear salt stress up to 200 mM and improve the stress defense 
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mechanism’s performance in plants (Lim et al., 2016). The expression of 
sodium ion/hydrogen ion antiporter genes in transgenic chili and tomato 
plants has improved salt defense pathways via accumulation of proline and 
glycine betaine and increased water amount to tackle salinity in the plant 
(Buller et al., 2016) (Tables 6.1 and 6.2). 

TABLE 6.1 Different Gene Function Against Different Biotic and Abiotic Stresses 

Gene Organism Function References 
OsERF922 Oryza sativa Rice blast resistance Wang et al. (2014) 
PIMP1 Triticum aestivum Drought stress resistance Liu et al. (2011) 
NAC4 Triticum aestivum Salt stress resistance and Xia et al. (2010) 

biotic stress 
BIERF1-4 Oryza sativa Cold, drought stress tolerance Cao et al. (2006) 
AREB1 Lycopersicon Resistance against salt and Orellana et al. 

esculantum water scarcity (2010) 
Cystatin gene Potato M. incognita resistance Lilley et al. (2004) 
(OC-IDD86) 
MAPK1 B. napus Drought tolerance Weng et al. (2014) 
TTG2 B. napus Salt tolerance Li et al. (2015) 
ACC-deaminase B. napus Improve excessive salt Sergeeva et al. 

bearing capacity (2006) 
YHem1 Yeast Improve excessive salt Sun et al. (2015) 

bearing capacity 
TaMLO-A1 Triticum aestivum Powdery mildew resistance Wang et al. (2014) 
OsSWEET11 Oryza sativa Bacterial blight resistance Jiang et al. (2013) 
OsALS Oryza sativa Herbicide-resistant Li et al. (2016) 
Os SAPK2 Oryza sativa Drought tolerance Lou et al. (2017) 

TABLE 6.2 Transgene Against Biotic and Abiotic Stresses 

Gene 
AREB1 

Source Organism 
Lycopersicon 
esculantum 

Function 
Tolerant to salt and low water 
stress 

Reference 
Orellana et al. (2010) 

ERF3 Glycine max Tolerant to salt and low water 
stress 

Zhang et al. (2009) 

MYB4 Oryza sativa Tolerant to low temperature 
stress 

Vannini et al. (2004, 2007) 

PIMP1 Triticum aestivum Tolerant to salt and low water 
stress 

Liu et al. (2011) 
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6.6 CONCLUSION AND FUTURE PROSPECTS 

Biotic and abiotic stresses in crop plants are big challenges from a decade to 
overcome to feed humanity. Different conventional and molecular techniques 
were used to improve crop yield and enhance overall crop productivity to 
overcome this problem. The problem with breeding crops for biotic stresses 
is that insect and disease species, and even races, differ from region to region, 
making it impossible for a single cultivar to retain long-term resistance. 
Pathogen recombination is another issue linked with breeding for biotic 
stressors, as evidenced by the emergence of the Burewala CLCV strain in 
Pakistan and the Ug99 rust pathogen in Africa. In this context, one cultivar 
cannot control both pathogens, so the cultivar developed from breeding varies 
from area to area. While discussing about abiotic stresses, different biotic 
stresses affect plants in different ways. Some abiotic stresses are linked with 
each other. Likewise, heat stress and drought stress are linked. When plants 
suspect heat stress, there are maximum chances of drought stress to the plant. 
To overcome these biotic and abiotic stresses, many plant breeders should 
be encouraged to reintroduce methods like DH, broad hybridization, and 
mutagenesis into their breeding programs. On the other hand, molecular tech-
niques like QTL mapping and marker-assisted breeding can develop cultivars. 
It’s critical for the breeders with as many biotechnology tools as possible 
because each stress-crop situation is unique, requiring one or a combination 
of specialized biotechnological approaches to effectively address them. 

In general, obtaining more thorough basic information of plant-stress 
interactions will aid in a better understanding of how to alleviate abiotic and 
biotic stressors and maybe allow for improved forecasts of plant response. 
We predicted that in the near future, there would be a growing interest in 
studying the processes of plant stress tolerance. Overall, we should need 
well-elaborated, week-designed, and long-term field-related studies are 
needed to assess the abiotic and biotic stressors. 

KEYWORDS 

• amplified fragment length polymorphisms 
• cowpea trypsin inhibitor 
• pathogenesis 
• random amplified polymorphic 
• restriction fragment length polymorphisms 
• simple sequence repeats 



 

 

 

 

 

 

182 Biology and Biotechnology of Environmental Stress Tolerance in Plants, Volume 3 

REFERENCES 

Ali, Z., Abulfaraj, A., Idris, A., Ali, S., Tashkandi, M., & Mahfouz, M. M., (2015). CRISPR/ 
Cas9-mediated viral interference in plants. Genome Biol., 16, 238. 

Banerjee, A., & Roychoudhury, A., (2016). Group II late embryogenesis abundant (LEA) 
proteins: Structural and functional aspects in plant abiotic stress. Plant Growth Regul., 
79(1), 1–7. 

Bless, A. E., Colin, F., Crabit, A., Devaux, N., Philippon, O., & Follain, S., (2018). Landscape 
evolution and agricultural land salinization in coastal area: A conceptual model. Sci. Total 
Environ., 625, 647–656. 

Bulle, M., Yarra, R., & Abbagani, S., (2016). Enhanced salinity stress tolerance in transgenic 
chilli pepper (Capsicum annuum L.) plants overexpressing the wheat antiporter (TaNHX2) 
gene. Mol. Breed., 36, 36.

 Buti, M., Pasquariello, M., Ronga, D., Milc, J. A., Pecchioni, N., Pucciariello, C., Perata, P., 
& Francia, E., (2018). Transcriptome profiling of short-term response to chilling stress in 
tolerant and sensitive Oryza sativa ssp. japonica seedlings. Funct. Integr. Genomic, 18(6), 
627–644. 

Butler, N. M., Baltes, N. J., Voytas, D. F., & Douches, D. S., (2016). Geminivirus-mediated 
genome editing in potato (Solanum tuberosum L.) using sequence-specific nucleases. Front 
Plant Sci., 7, 1045. https://doi.org/10.3389/fpls.2016. 

Canter, L. W., (2018). Environmental Impact of Agricultural Production Activities. Broken 
Sound Parkway NW: CRC Press. doi: 10.1201/9781351071796. 

Cao, Y. F., Song, F. M., Goodman, R. M., & Zheng, Z., (2006). Molecular characterization of 
four rice genes encoding ethylene-responsive transcriptional factors and their expressions 
in response to biotic and abiotic stress. Journal of Plant Physiology, 163, 1167–1178. 

Chen, J., Piao, Y., Liu, Y., Li, X., & Piao, Z., (2018). Genome-wide identification and 
expression analysis of chitinase gene family in Brassica rapa reveals its role in clubroot 
resistance. Plant Sci., 270, 257–267. 

Chen, S., Li, X., Lavoie, M., Jin, Y., Xu, J., Fu, Z., & Qian, H., (2017). Diclofop-methyl 
affects microbial rhizosphere community and induces systemic acquired resistance in rice. 
J. Environ. Sci., 51, 352–360. 

Cheng, X., Li, F., Cai, J., Chen, W., Zhao, N., Sun, Y., et al., (2015). Artificial TALE as a 
convenient protein platform for engineering broad-spectrum resistance to begomoviruses. 
Viruses, 7, 4772–4782. 

Duan, X. G., Song, Y. J., Yang, A. F., & Zhang, J. R., (2009). The transgene pyramiding 
tobacco with betaine synthesis and heterologous expression of AtNHX1 is more tolerant to 
salt stress than either of the tobacco lines with betaine synthesis or AtNHX1. Physiologia 
Plantarum, 135, 281–295. 

Dwivedi, S. L., Ceccarelli, S., Blair, M. W., Upadhyaya, H. D., Are, A. K., & Ortiz, R., (2016). 
Landrace germplasm for improving yield and abiotic stress adaptation. Trends Plant Sci., 
21(1), 31–42. 

Fancy, N. N., Bahlmann, A. K., & Loake, G. J., (2017). Nitric oxide function in plant abiotic 
stress. Plant Cell Environ., 40(4), 462–472. 

Harth, J. E., Simmons, H. E., & Stephenson, A. G., (2017). Vertical infection of zucchini 
yellow mosaic virus via pollen transmission occurs at a lower frequency than ovule 
transmission. Eur. J. Plant Pathol., 147(3), 717–720. 

https://www.doi.org/10.3389/fpls.2016
http://www.doi.org/10.1201/9781351071796


 

 

 

 

 

 
 

 

183 Plant Breeding Approaches in Developing Stress Tolerance 

Hu, X. L., Liu, R. X., Li, Y. H., Wang, W., Tai, F. J., Xue, R. L., & Li, C. H., (2010). Heat shock 
protein 70 regulates the abscisic acid-induced antioxidant response of maize to combined 
drought and heat stress. Plant Growth Regulation, 60, 225–235. 

Hu, Y., Han, Y. T., Zhang, K., Zhao, F. L., Li, Y. J., Zheng, Y., Wang, Y. J., & Wen, Y. Q., 
(2016). Identification and expression analysis of heat shock transcription factors in the wild 
Chinese grapevine (Vitis pseudo reticulata). Plant Physiol. Biochem., 99, 1–10. 

Jacob, P., Hirt, H., & Bendahmane, A., (2017). The heat-shock protein/chaperone network and 
multiple stress resistance. Plant Biotechnol. J., 15(4), 405–414. 

Jiang, J., Ma, S., Ye, N., Jiang, M., Cao, J., & Zhang, J., (2017). WRKY transcription factors 
in plant responses to stresses. J. Integr. Plant Biol., 59(2), 86–101. 

Jiang, M., Jiang, J. J., He, C. M., & Guan, M., (2016). Broccoli plants over-expressing a 
cytosolic ascorbate peroxidase gene increase resistance to downy mildew and heat stress. 
J. Plant Pathol., 1, 413–420. 

Jiang, W. Z., Zhou, H. B., Bi, H. H., Fromm, M., Yang, B., & Weeks, D. P., (2013). Demonstration 
of CRISPR/Cas9/sgRNA-mediated targeted gene modification in Arabidopsis, tobacco, 
sorghum and rice. Nucleic Acids Res., 41, e188. doi: 10.1093/nar/gkt780. 

Kidokoro, S., Watanabe, K., Ohori, T., Moriwaki, T., Maruyama, K., Mizoi, J., et al., (2015). 
Soybean DREB 1/CBF-type transcription factors function in heat and drought as well as 
cold stress-responsive gene expression. Plant J., 81(3), 505–518.

 Kumar, S. A., Kumari, P. H., Jawahar, G., Prashanth, S., Suravajhala, P., Katam, R., Sivan, 
P., et al., (2016). Beyond just being foot soldiers–osmotin like protein (OLP) and chitinase 
(Chi11) genes act as sentinels to confront salt, drought, and fungal stress tolerance in 
tomato. Environ. Exp. Bot., 132, 53–65. 

Li, T., Liu, B., Spalding, M. H., Weeks, D. P., & Yang, B., (2012). High-efficiency TALEN-
based gene editing produces disease-resistant rice. Nat. Biotechnol., 30, 390–392. doi: 
10.1038/nbt. 

Lim, M. Y., Jeong, B. R., Jung, M., & Harn, C. H., (2016). Transgenic tomato plants 
expressing strawberry D-galacturonic acid reductase gene display enhanced tolerance to 
abiotic stresses. Plant Biotechnol. Rep., 10(2), 105–116. 

Lou, D., Wang, H., Liang, G., & Yu, D., (2017). OsSAPK2 confers abscisic acid sensitivity and 
tolerance to drought stress in rice. Front. Plant Sci., 8, 993. doi: 10.3389/fpls.2017.00993. 

Mantri, N., Patade, V., Penna, S., Ford, R., & Pang, E., (2012). Abiotic stress responses in 
plants: Present and future. In: Abiotic Stress Responses in Plants (New York: Springer) (pp. 
1–19). doi: 10.1007/978-1-4614-0634-1_1. 

Marco, F., Bitrián, M., Carrasco, P., Rajam, M. V., Alcázar, R., & Tiburcio, A. F., (2015). 
Genetic engineering strategies for abiotic stress tolerance in plants. In: Plant Biology and 
Biotechnology (pp. 579–609). Springer, New Delhi. 

Mercado, J. A., Barcelo, M., Pliego, C., Rey, M., Caballero, J. L., MunozBlanco, J., Ruano-
Rosa, D., et al., (2015). Expression of the b-1,3 glucanase gene bgn13,1 from Trichoderma 
harzianum in strawberry increases tolerance to crown rot diseases but interferes with plant 
growth. Transgenic Res., 24, 979–989. 

Mishra, J., Singh, R., & Arora, N. K., (2017). Alleviation of heavy metal stress in plants and 
remediation of soil by rhizosphere microorganisms. Front Microbiol., 8, 1706. 

Mishra, M., Jalil, S. U., Mishra, R. K., Kumari, S., & Pandey, B. K., (2016). In vitro screening 
of guava plantlets transformed with endochitinase gene against Fusarium oxysporum f. sp. 
psidii. Czech J. Genet Plant Breed., 52, 6–13. 

http://www.doi.org/10.1093/nar/gkt780
http://www.doi.org/10.1038/nbt
http://www.doi.org/10.3389/fpls.2017.00993
http://www.doi.org/10.1007/978-1-4614-0634-1_1


 184 Biology and Biotechnology of Environmental Stress Tolerance in Plants, Volume 3 

Munns, R., & Gilliham, M., (2015). Salinity tolerance of crops–what is the cost? New Phytol., 
3, 668–673. 

Narendran, M., Deole, S. G., Harkude, S., Shirale, D., Nanote, A., Bihani, P., Parimi, S., et 
al., (2013). Efficient genetic transformation of okra (Abelmoschus esculentus (L.) Moench) 
and generation of insect-resistant transgenic plants expressing the cry1Ac gene. Plant Cell 
Rep., 32, 1191–1198. 

Negrão, S., Schmöckel, S. M., & Tester, M., (2017). Evaluating physiological responses of 
plants to salinity stress. Ann. Bot., 119(1), 1–11. 

Orellana, S., Yanez, M., Espinoza, A., Verdugo, I., Gonzalez, E., Ruiz-Lara, S., & Casaretto, 
J. A., (2010). The transcription factor SlAREB1 confers drought, salt stress tolerance and 
regulates biotic and abiotic stress-related genes in tomato. Plant, Cell and Environment, 
33, 2191–2208. 

Parmar, N., Singh, K. H., Sharma, D., Singh, L., Kumar, P., Nanjundan, J., Khan, Y. J., 
Chauhan, D. K., & Thakur, A. K., (2017). Genetic engineering strategies for biotic and 
abiotic stress tolerance and quality enhancement in horticultural crops: A comprehensive 
review. 3Biotech, 7(4), 239. 

Rani, R., Yadav, P., Barbadikar, K. M., Baliyan, N., Malhotra, E. V., Singh, B. K., Kumar, A., 
& Singh, D., (2016). CRISPR/Cas9: A  promising way to exploit genetic  variation in plants. 
Biotechnol. Lett., 38(12), 1991–2006. 

Roychowdhury, R., & Tah, J., (2013). Mutagenesis – a potential approach for crop 
improvement. In: Hakeem, K. R., Ahmad, P., & Ozturk, M., (eds.), Crop Improvement – 
New Approaches and Modern Techniques (pp. 149–187). Springer, Boston. 

Roychowdhury, R., (2014). Crop Improvement in the Era of Climate Change (p. 496). IK 
International Publishing House, New Delhi. 

Roychowdhury, R., Karmakar, J., Karmakar, J., Adak, M. K., & Dey, N., (2013). Physio-
biochemical and microsatellite-based profiling of lowland rice (Oryza sativa L.) landraces 
for osmotic stress tolerance. Am. J. Plant Sci., 4(12), 52. 

Roychowdhury, R., Khan, M. H., & Choudhury, S., (2018). Arsenic in rice: An overview on 
stress implications, tolerance and mitigation strategies. In: Hasanuzzaman, M., Nahar, K., 
& Fujita,  M., (eds.), Plants Under Metal and Metalloid Stress (pp. 401–415). Springer, 
Singapore. 

 Roychowdhury, R., Khan, M. H., & Choudhury, S., (2019). Physiological and molecular 
responses for metalloid stress in rice - a comprehensive overview. In: Hasanuzzaman, M., 
Fujita, M., Nahar, K., & Biswas, J., (eds.), Advances in Rice Research for Abiotic Stress 
Tolerance (pp. 341–369). Woodhead Publishing/ Elsevier, London. 

 Roychowdhury, R., Taoutaou, A., Hakeem, K. R., Gawwad, M. R., & Tah, J., (2014). 
Molecular marker- assisted technologies for crop improvement. In: Roychowdhury, R., 
(ed.), Crop Improvement in the Era of Climate Change (pp. 241–258). IK International 
Publishing House, New Delhi. 

Sadiq, M., & Akram, N. A., (2018). Field performance of transgenic drought-tolerant crop 
plants. In: Biochemical, Physiological and Molecular Avenues for Combating Abiotic 
Stress Tolerance in Plants (pp. 83–102). 

Sharma, R., Sudan, R. S., Kumari, S., Salgotra, R. K., & Singh, R., (2017). Research article 
terminal heat stress-responsive genes analysis in heat susceptible HDR77 genotype of 
wheat (Triticum aestivum  L.) by using semi-quantitative RTPCR. Electron J. Plant Breed., 
8(4), 1124–1132. 



 

 

 

 

 

 

 

 

185 Plant Breeding Approaches in Developing Stress Tolerance 

Silva, K. J., Brunings, A., Peres, N. A., Mou, Z., & Folta, K. M., (2015). The Arabidopsis 
NPR1 gene confers broad-spectrum disease resistance in strawberry. Transgenic Res., 24(4), 
693–704 Singh, A., (2015). Soil salinization and waterlogging: A threat to environment and 
agricultural sustainability. Ecol. Indic., 57, 128–130. 

Singh, A., (2018). Salinization of agricultural lands due to poor drainage: A viewpoint. Ecol. 
Indic., 95, 127–130. 

Singh, S., Singh, A., Kumar, S., Mittal, P., & Singh, I. K., (2018). Protease inhibitors: Recent 
advancement in its usage as a potential biocontrol agent for insect pest management. Insect 
Sci. https://doi. org/10.1111/1744-7917.12641. 

Sripriya, R., Parameswari, C., & Veluthambi, K., (2017). Enhancement of sheath blight 
tolerance in transgenic rice by combined expression of tobacco osmotin (ap24) and rice 
chitinase (chi11) genes. Vitro Cell Dev Biol. Plant., 53(1), 12–21. 

Su, Y., Wang, Z., Liu, F., Li, Z., Peng, Q., Guo, J., Xu, L., & Que, Y., (2016). Isolation and 
characterization of ScGluD2, a new sugarcane beta-1, 3-glucanase D family gene induced 
by Sporisorium scitamineum, ABA, H2O2, NaCl, and CdCl2 stresses. Front Plant Sci., 7, 
1348. 

Su, Y., Xu, L., Wang, S., Wang, Z., Yang, Y., Chen, Y., & Que, Y., (2015). Identification, 
phylogeny, and transcript of chitinase family genes in sugarcane. Sci. Rep., 5, 10708. 

Takemoto, D., & Mizuno, Y., (2016). Belowground and aboveground strategies of plant 
resistance against Phytophthora species. In: Belowground Defense Strategies in Plants (pp. 
151–169). Springer, Cham. 

Thakur, A. K., Singh, K. H., Sharma, D., Singh, L., Parmar, N., Nanjundan, J., & Khan, Y. J., 
(2018). Transgenic development for biotic and abiotic stress management in horticultural 
crops. In: Genetic Engineering of Horticultural Crops (pp. 353–386). Academic Press, 
London. 

Tigchelaar, M., Battisti, D. S., Naylor, R. L., & Ray, D. K., (2018). Future warming increases 
the probability of globally synchronized maize production shocks. Proc. Natl. Acad. Sci., 
115, 6644–6649. doi: 10.1073/pnas.1718031115. 

Todaka, D., Shinozaki, K., & Yamaguchi-Shinozaki, K., (2015). Recent advances in the 
dissection of drought-stress regulatory networks and strategies for development of drought-
tolerant transgenic rice plants. Front Plant Sci., 6, 84. 

Trębicki, P., Nancarrow, N., Cole, E., Bosque-Pérez, N. A., Constable, F. E., Freeman, A. J., 
Rodoni, B., et al., (2015). Virus disease in wheat is predicted to increase with a changing 
climate. Glob. Chang. Biol., 21(9), 3511–3519. 

Ullah, A., Hussain, A., Shaban, M., Khan, A. H., Alariqi, M., Gul, S., Jun, Z., et al., (2018). 
Osmotin: A plant defense tool against biotic and abiotic stresses. Plant Physiol. Biochem., 
123, 149–159. 

Vannini, C., Campa, M., Iriti, M., Genga, A., Faoro, F., Carravieri, S., Rotino, G. L., et al., 
(2007). Evaluation of transgenic tomato plants ectopically expressing the rice Osmyb4 
gene. Plant Science, 173, 231–239. 

Vannini, C., Locatelli, F., Bracale, M., Magnani, E., Marsoni, M., Osnato, M., Mattana, M., 
et al., (2004). Overexpression of the rice Osmyb4 gene increases chilling and freezing 
tolerance of Arabidopsis thaliana plants. The Plant Journal, 37, 115–127. 

Vaughan, M. M., Block, A., Christensen, S. A., Allen, L. H., & Schmelz, E. A., (2018). The 
effects of climate change associated abiotic stresses on maize phytochemical defenses. 
Phytochem. Rev., 17, 37–49. doi: 10.1007/s11101-017-9508-2. 

https://www.doi.org/10.1111/1744-7917.12641
http://www.doi.org/10.1073/pnas.1718031115
http://www.doi.org/10.1007/s11101-017-9508-2


 

 

 
 

 

 

 

 

186 Biology and Biotechnology of Environmental Stress Tolerance in Plants, Volume 3 

Wan, Q., Hongbo, S., Zhaolong, X., Jia, L., Dayong, Z., & Yihong, H., (2017). Salinity 
tolerance mechanism of osmotin and osmotin-like proteins: A promising candidate for 
enhancing plant salt tolerance. Curr. Genomics, 18(6), 553–556. 

Wang, F. W., Wang, M. L., Guo, C., Wang, N., Li, X. W., Chen, H., Dong, Y. Y., et al., (2016a). 
Cloning and characterization of a noval betaine aldehyde dehydrogenase gene from Suaeda 
corniculata. Genet. Mol. Res., 15, 15027848. 

Wang, H., Wang, H., Shao, H., & Tang, X., (2016b). Recent advances in utilizing transcription 
factors to improve plant abiotic stress tolerance by transgenic technology. Front Plant Sci., 
7, 67. 

Wang, H., Zou, Z., Wang, S., & Gong, M., (2013). Global analysis of transcriptome responses 
and gene expression profiles to cold stress of Jatropha curcas L. PLoS One, 8, e82817. doi: 
10.1371/journal.pone.0082817. 

Wang, Y., Cheng, X., Shan, Q., Zhang, Y., Liu, J., & Gao, C., (2014). Simultaneous editing 
of three homoeoalleles in hexaploid bread wheat confers heritable resistance to powdery 
mildew. Nat. Biotechnol., 32, 947–951. doi: 10.1038/nbt. 2969. 

Wani, S. H., Sah, S. K., Hossain, M. A., Kumar, V., & Balachandran, S. M., (2016). Transgenic 
approaches for abiotic stress tolerance in crop plants. In: Advances in Plant Breeding 
Strategies: Agronomic, Abiotic and Biotic Stress Traits (pp. 345–396). Springer, Cham. 

Waqas, M. A., Khan, I., Akhter, M. J., Noor, M. A., & Ashraf, U., (2017). Exogenous application 
of plant growth regulators (PGRs) induces chilling tolerance in short-duration hybrid maize. 
Environ. Sci. Pollut. Res., 24, 11459–11471. doi: 10.1007/s11356-017-8768-0. 

Xia, N., Zhang, G., Liu, X. Y., Deng, L., Cai, G. L., Zhang, Y., Wang, X. J., Zhao, J., Huang, L. 
L., & Kang, Z. S., (2010). Characterization of a noval wheat NAC transcription factor gene 
involved in defense response against stripe rust pathogen infection and abiotic stresses. 
Molecular Biology Reports, 37, 3703–3712. 

Zafar, S. A., Noor, M. A., Waqas, M. A., Wang, X., Shaheen, T., & Raza, M., (2018). 
Temperature extremes in cotton production and mitigation strategies. In: Past, Present, 
and Future Trends in Cotton Breeding (London, UK: IntechOpen). doi: 10.5772/ 
intechopen.74648. 

Zandalinas, S. I., Mittler, R., Balfagón, D., Arbona, V., & Gómez-Cadenas, A., (2018). Plant 
adaptations to the combination of drought and high temperatures. Physiol. Plant., 162(1), 
2–12. 

Zhang, H. Y., Liu, H. M., & Liu, X. Z., (2015b). Production of transgenic kiwifruit plants 
harboring the SbtCry1Ac gene. Genet. Mol. Res., 14, 8483–8489. 

Zhang, L., Davies, L. J., & Elling, A. A., (2015a). A Meloidogyne incognita effector is 
imported into the nucleus and exhibits transcriptional activation activity in planta. Mol. 
Plant Pathol., 16(1), 48–60. 

Zhang, L., Zhao, H. K., Dong, Q. L., Zhang, Y. Y., Wang, Y. M., Li, H. Y., Xing, G. J., et al., 
(2015c). Genome-wide analysis and expression profiling under heat and drought treatments 
of HSP70 gene family in soybean (Glycine max L.). Front Plant Sci., 6, 773. 

Zhu, J. K., (2016). Abiotic stress signaling and responses in plants. Cell, 167(2), 313–324. 
Zörb, C., Geilfus, C. M., & Dietz, K. J., (2019). Salinity and crop yield. Plant Biol., 21, 

31–38. doi: 10.1111/plb.12884. 

http://www.doi.org/10.1371/journal.pone.0082817
http://www.doi.org/10.1038/nbt.2969
http://www.doi.org/10.1007/s11356-017-8768-0
http://www.doi.org/10.5772/intechopen.74648
http://www.doi.org/10.5772/intechopen.74648
http://www.doi.org/10.1111/plb.12884


Biology and Biotechnology of Environmental Stress Tolerance in Plants, Volume 3: Sustainable Approaches for 
Enhan Roychoudhury (Ed.)
© 202 ylor & Francis)with CRC Press (Ta

nmental Stress Tole
ss, Incca

cing Enviro
4 Apple A demic Pre

rance. Aryadeep 
. Co-published 

 

 
 

 

 
 

CHAPTER 7
 

Towards Engineering Smart 
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ABSTRACT 

Environmental stresses (both biotic and abiotic stresses) greatly affected plant 
productivity. Drought and associated stresses pose a major hindrance to plant 
growth and productivity around the globe because of the complex nature 
involving multigene, which further complicates the genetic engineering of 
crops. Ultimately, these genes either provide stress protection to plants or 
perform important regulatory functions. Because drought stress tolerance in 
plants is triggered by complex multicomponent signally pathways therefore, 
a basic concept of gene regulatory networks along with physiological and 
biochemical understanding is essential for plant engineering with high-stress 
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tolerance. As opposed to structural genes, TFs are complex proteins and 
control multiple steps in biochemical pathways leading to stress tolerance. 
Therefore, TFs have emerged as promising tools for the manipulation of 
complex stress-responsive regulatory pathways in plants. Recently, the func-
tions of a number of plant TFs have been investigated in drought and associ-
ated stresses, which may lead to devising powerful and workable strategies 
for engineering transgenic plants with enhanced tolerance. As a result of 
collection of huge data on the involvement of plant bZIP, HD-Zip, DREB/ 
CBF, WRKY, and MYB TFs in the regulation of stress responses including 
drought, discussion in this chapter move around these TFs. Prospects of 
commercial manipulation of rationally designed TFs and CRISPR-Cas9 
based TFs manipulations in agricultural biotechnology along with interac-
tions among TFs within stress responsive networks is discussed. The main 
objective of this chapter is to discuss approaches for engineering improved 
stress tolerance of crop plants using naturally existing as well as synthetic/ 
tailored variants of TFs for enhanced abiotic stress tolerance. 

7.1 INTRODUCTION 

Abiotic stresses are known causes of significant yield loss of crop plants 
around the globe, leading to an average yield loss of over 50% for most 
major crops (Hussain et al., 2011a; Hu & Xiong, 2014; Khoshmanzar et al., 
2019). Drought stress alone have the potential to reduce crop yield by more 
than 50% when it occurs at reproductive stage of crop plants (Valliyodan & 
Nguyen, 2006; Langridge et al., 2006; Hussain et al., 2012; Guttikonda et al., 
2014). Abiotic stresses such as drought and associated stresses have nega-
tive impact on several vital crop traits (Aroca et al., 2012; Calvo-Polanco 
et al., 2012; Theocharis et al., 2012; Shrivastava et al., 2015; Hoang et al., 
2017) including normal growth and development, photosynthetic capacity, 
biomass accumulation, and plant yield (Fleury et al., 2010; Kreuzweiser 
& Rennenberg, 2014; Asgari Lajayer et al., 2017), hence leading to global 
food insecurity. Plant breeders have made immense progress in generating 
and improving abiotic stress-tolerant crop plant, but still serious efforts are 
required because plant productivity and crop yield fail to meet global food 
demands in the face of harsh weather conditions, climate change scenarios 
and ever-increasing world population (Hu & Xiong, 2014; Baillo et al., 
2019). Considering that the yield of important cereal crops such as maize, 
rice, wheat, barley, and sorghum could not be increased in near future (Ray 
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et al., 2012), this will force plant researchers to think about integrated and 
sustainable functional approaches. Furthermore, narrow genetic base due 
to absence of natural variation in plant breeding stock has led to greater 
sensitivity to different abiotic stresses (Hussain et al., 2012; Lobell et al., 
2014; Khan et al., 2019). Moreover, multiple genes control the tolerance 
to various abiotic stresses, thereby further increasing the complexity for 
enhancing the stress tolerance of major commercial crop cultivars and seems 
more challenging (Li et al., 2018). As part of the evolutionary process, plants 
have developed various strategies to combat unfavorable abiotic stresses do 
not seem effective in crop plants (Langridge et al., 2006; Hrmova & Lopato, 
2014). 

Classical approaches for improvement in plant performance under various 
abiotic stresses were not very successful because genes/alleles contributing 
to stress tolerance are mostly disappeared during the lengthy conventional 
breeding process. This is simple to understand that these alleles are lost 
because possibly these do not have a direct contribution to the yield of crop 
plants (Bartels & Hussain, 2008; Zheng et al., 2008). On the other hand, 
researchers have struggled hard to develop crop plants with enhanced stress 
tolerance using both conventional and transgenic approaches, literally no or 
little success has been achieved in the field mainly due to following reasons: 
(i) fundamental molecular mechanisms of stress tolerance are not yet fully 
understood; (ii) complex multigene nature of stress tolerance; and (iii) lack 
of data on different stressors interaction (Hussain et al., 2011a, 2012). There-
fore, scientists around the globe are reluctant to employ classical approaches 
which are less efficient, and labor intensive and time consuming (Ashraf & 
Foolad, 2007; Hussain et al., 2012). 

Progress in understanding of gene expression, signal transduction and 
transcriptional regulation in plants responses to environmental constraints 
is exceptional. Similarly, gene discovery has been greatly facilitated by 
recent advances in molecular, genomic, and other high throughput tools 
(Yamaguchi et al., 2007; Kitsios & Doonan, 2011; Zwack & Rashotte, 2015). 
Understanding of plant responses at cellular, molecular, metabolic, physi-
ological, and genetic levels to abiotic stress conditions and development of 
approaches towards improving plant stress tolerance has facilitated gene 
revolution following green revolution (Hussain et al., 2011b; Cabello et al., 
2014). These discoveries made available different functional or regulatory 
genes for genetic engineering for improving stress tolerance of crop plants 
(Valliyodan & Nguyen, 2006; Bhatnagar-Mathur et al., 2007; Kathuria et 
al., 2007; Hussain et al., 2011a, b, 2012; Hrmova & Lopato, 2014; Baillo et 
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al., 2019; Khan et al., 2019; Ahmed et al., 2020; Hrmova & Hussain, 2021). 
However, these genetic engineering approaches are flexible because they can 
aid in conventional breeding efforts (Capell et al., 2004). 

In addition, development of novel high throughput techniques in molec-
ular biology in combination with bioinformatic science have contributed 
to the emergence of system based high throughput tools such as genome 
editing tools, thus ensuring a comprehensive source of biological resources 
which transformed conventional plant breeding to precision plant breeding 
(Deikman et al., 2011; Weber & Fussenegger, 2011; Tardieu, 2012; Cabello 
et al., 2014). Importance of cis-trans engineering using genome editing tools 
and manipulation of synthetic/artificial transcription factors (ATFs) would be 
highlighted and discussed with emphasis on the role of such TFs as genetic 
switches in stress tolerance. 

7.1.1 CONTRIBUTION OF CONVENTIONAL BREEDING FOR PLANT 
ABIOTIC STRESS TOLERANCE 

Development of high yielding and stress-tolerant genotypes is a long-standing 
goal of agricultural scientists, but conventional breeding has met with limited 
success in realization of this goal due to multigenic nature of tolerance traits 
(Richards, 1996; Hussain et al., 2012; Hrmova & Hussain, 2021). Another 
reason of this understanding is low heritability of the tolerance genes in crop 
plants (Fritsche-Neto & Borem, 2012). Generally, breeding schemes use 
different selection procedures which constitutes critical steps in the early 
selection of superior materials. For example, quantitative characters like 
environmental stress tolerance, selection strategy involve both stress and non-
stress scenarios for selection. Generally breeding methods for quantitative 
characters such as abiotic stress tolerance, yield, and other economic traits 
are the same. Although conventional breeding has significantly contributed 
to tolerant crop lines development, specific phenotype identification with 
abiotic stress tolerance traits is still a big challenge for using this approach 
in other commercial crop plants. Wild relatives of grasses could be the main 
source of stress-related genes because these usually demonstrated high toler-
ance to various stresses. Therefore, there is the possibility that these desired 
traits can be transferred from wild relatives to domesticated plants. As a 
matter of fact, 10–20% of such variations have already been introgressed 
into modern tetraploid/hexaploidy wheat varieties (Langridge et al., 2006). 
Despite challenges, conventional breeding efforts have contributed towards 
the development of drought and heat tolerant crops. For example, Haley et al. 
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(2007) reported the development of drought tolerant wheat variety, Ripper. 
This variety has the potential to perform well under drought conditions with 
high yield and other desirable characteristics. Considering both biotic and 
abiotic stresses in variety development has far-reaching consequences. Stress 
tolerant maize development programs reported a number of maize lines with 
high productivity under various biotic and abiotic (drought) stresses (Badu-
Apraku & Yallou, 2009). 

Generation and availability of molecular tools, especially phenotypic, 
physiological, biochemical, and genetic markers, and molecular markers 
(specific gene or QTL associated markers) have contributed immensely 
towards the improvement of crop plants under abiotic stresses (Vinocur & 
Altman, 2005). Similarly, molecular markers have the potential to identify 
candidate genes with superior allelic variations in the breeding populations 
(Tahmasebi et al., 2017). Merchuk-Ovnat et al. (2016) used QTLs introgres-
sion between wild emmer wheat and commercial wheat. This breeding-based 
scheme improved drought tolerance in commercial tetraploid and hexaploidy 
wheat. Similarly, recombinant inbred wheat population has been used for 
QTLs mapping for combined heat and drought stresses. This strategy has 
also demonstrated improved drought and heat individually or combination 
of both stresses (Tahmasebi et al., 2017). 

Emerging high throughput technologies offer an alternative to classical 
breeding to identify and study specific loci with significant role in plant 
tolerance (Lamaoui et al., 2018). Recently, genomic tools along with DNA 
sequencing techniques and bioinformatics programs have revolutionized 
plant biotechnological research. Similarly, genetic engineering tools can also 
use to modify a biological function in transgenic plants (Hussain et al., 2012; 
Zandalinas et al., 2017). Therefore, genetic engineering schemes could help 
to manipulate desirable tolerance traits into crop plants (Hussain et al., 2012; 
Zandalinas et al., 2017). Over the past decade, several studies used genetic 
engineering as a tool for developing plants with enhanced abiotic stress 
tolerance and successfully achieved significantly improved abiotic stress 
tolerance in crop plants (Hussain et al., 2011b, 2012; Alvarez-Gerding et al., 
2015; Nuccio et al., 2015; Corrales et al., 2017). 

7.1.2 GENETIC ENGINEERING FOR ENHANCED ABIOTIC STRESS 
TOLERANCE 

A plethora of research has contributed to our understanding of main steps of 
gene expression, transcriptional regulation, and signal transduction in plant 
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responses to various abiotic stresses (Shinozaki et al., 2003; Yamaguchi-
Shinozaki & Shinozaki, 2005). Similarly, high throughput genomic tech-
niques in combination with bioinformatics analyzes have greatly facilitated 
gene function and cloning (Seki et al., 2001, 2007; Abe et al., 2003; Tran et 
al., 2004). These developments enabled manipulation of functional or regu-
latory genes for stress tolerance to various abiotic stresses in plants (Trujillo 
et al., 2009). 

Transgenic approaches in developing tolerant plants to different abiotic 
stress have been significantly enhanced by one or multigene transfer to the 
target plant. Overexpression of target genes in model and crop plants allowed 
researchers to explore and validate the molecular mechanism of stress toler-
ance and their protective effects against various environmental stresses. After 
detailed research, it is concluded that two gene categories exist. Regulatory 
genes are either involved in signaling and/or regulatory pathways other 
genes encode enzymes resulting in the synthesis of functional and structural 
protectants (Bartels & Hussain, 2008; Hu et al., 2010; Hussain et al., 2012). 
Another development is that state of the art technologies allow to charac-
terize many genes simultaneously to explore their structure, function, and 
interaction under stress. Though labor intensive, generating transgenic plants 
seems a tricky but suitable option for generating tolerant plants, given the 
multigenic nature of abiotic stress tolerance, potential negative effects on 
plant growth and other scientific limitations. 

Metabolic engineering for higher compatible solutes/osmolyte (referred 
to as osmoprotectants) has shown remarkable success in different plants 
under various stresses (Garg et al., 2002; Wang et al., 2003; Park et al., 
2007). However, Serraj & Sinclair (2002) raised questions on the real advan-
tages of such plant engineering strategy. Several studies have successfully 
engineered crop plants and discussed the functions of the osmolytes in plants 
under stress (Hasegawa et al., 2000; Garg et al., 2002; Chaves & Oliveira, 
2004; Vinocur & Altman, 2005; Valliyodan & Nguyen, 2006; Kumar et al., 
2006; Molinari et al., 2007; Gubis et al., 2007; Park et al., 2007; Vendrus-
colo et al., 2007; Ahmad et al., 2008; Chen et al., 2009; Suarez et al., 2009; 
Alcazar et al., 2010; Thippeswamy et al., 2010). Plants use these osmolytes 
for maintaining turgor pressure, decreasing the osmotic potential in the 
cytoplasm, protects different cellular compartments from injury, and help 
to stabilize the structure and function of macromolecules (sensitive proteins 
and the vital membranes) under different environmental constraints (McNeil 
et al., 1999; Hasegawa et al., 2000; Park et al., 2007; Hussain et al., 2012). 
Several compatible solutes such as Glycine betaine (Naidu et al., 1991; 



 

 

 

193 Towards Engineering Smart Transcription Factors for Enhanced Abiotic Stress 

Wyn Jones, 1994; Papageorgiou & Murata, 1995; Nuccio et al., 1998, 1999; 
McNeil et al., 2000, 2001; Sakamoto & Murata, 2001), trehalose (Singer & 
Lindquist, 1998; Goddijn and van Dun, 1999; Yeo et al., 2000; Iturriaga et 
al., 2000; Karim et al., 2007; Paul et al., 2008), proline (Kishor et al., 1995; 
Yoshiba et al., 1997; Fujita et al., 1998; Kumar et al., 2003; Claussen, 2005; 
Chen et al., 2009), trigonelline (Nomura et al., 1995; McNeil et al., 1999, 
2000, 2001; Nuccio et al., 1998, 1999) and sugar alcohol/polyols (Thomas 
et al., 1995; Bohnert & Jensen, 1996; Smart & Flores, 1997; Sheveleva et 
al., 1998; Rajam et al., 1998) have been characterized in plants under stress. 

Based on the above discussion, it is easy to conclude that osmoprotec-
tants accumulate in plants under stress is generally taken as a protective 
approach leading to plant survival in changing climate (Hussain et al., 2012). 
However, it is also known that several important crop plants do not synthe-
size or accumulate these osmolytes in high quantity under stress. Therefore, 
the generation of transgenic plants overexpressing specific osmolytes genes 
is widely adopted strategy around the globe. Transgenic manipulation of 
these genes serves as a suitable tool to raise crop plants with enhanced toler-
ance to various stresses. Metabolic engineering of osmolyte/osmoprotectant 
genes has got momentum several successful examples can be coined where 
different genes encoding osmoprotectants have been overexpressed, like 
glycine betaine (Su et al., 2006; Park et al., 2007; Ahmad et al., 2008; Yang 
et al., 2008; Zhou et al., 2008; Yu et al., 2009; Goel et al., 2011; Luo et 
al., 2012), proline (Kumar et al., 2010; Thippeswamy et al., 2010; Jazii et 
al., 2011; Karthikeyan et al., 2011; Behelgardy et al., 2012; Li et al., 2013; 
Mehboobeh & Akbar, 2013; Guerzoni et al., 2014; Liu et al., 2014; Shrestha 
et al., 2014; Reddy et al., 2015; Zhang et al., 2015; Guan et al., 2018, 2019; 
Wang et al., 2019), trehalose and sugar alcohols (Almeida et al., 2007; Karim 
et al., 2007; Stiller et al., 2008; Suzuki et al., 2008; Suárez et al., 2009; 
Krasensky et al., 2014; Wang et al., 2020). Vast data have highlighted the 
importance of different osmolytes/compatible solutes/osmoprotectants in 
plant tolerance to various stresses and successfully demonstrated that genetic 
manipulation for accumulation of these compounds has potential applica-
tions in developing stress-tolerant plants (Alzahrani, 2021). 

Major stress-associated proteins include heat shock proteins (HSPs), 
late embryogenesis abundant (LEA)-type proteins, and cold shock-domain 
family proteins (CSPs) accumulate during various abiotic stresses such as 
drought, high salt, oxidative stress, and heat stress (Volkov et al., 2006; Sato 
& Yokoya, 2008; Jiang et al., 2009; Jyothsnakumari et al., 2009; Liu et al., 
2010). These proteins function as molecular chaperones, which are involved 
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in protection of the cellular machinery during different cellular processes 
(Vierling, 1991; Hendrick & Hartl, 1993; Boston et al., 1996; Hartl, 1996; 
Waters et al., 1996; Török et al., 2001). Similar to HSPs, LEA-type proteins 
have been identified and characterized in diverse plant species where these 
are responsible for conferring tolerance to various abiotic stresses in plants 
(Kasuga et al., 1999; Shih et al., 2004; Grelet et al., 2005; Jyothsnakumari et 
al., 2009). In 2010, a group of researchers floated the idea of multifunctional 
gene (Hu et al., 2010). A multifunctional gene is a specific gene that can 
simultaneously control several kinds of traits and effectively manifest several 
different types of functions. Based on the above concept, LEA, sHSPs, and 
other proteins perform multiple functions in plants under stress. Therefore, 
plant tolerance to stresses can be developed by transforming plants with 
multifunctional genes (Hussain et al., 2011b). 

Transcription factors (TFs) are one of the major genetic circuits in the gene 
regulatory pathways underlying plant responses to abiotic stresses (Baldoni 
et al., 2015; Hrmova & Hussain, 2021). TFs are responsible for regulation 
of transcriptional expressions of stress-related genes by binding specifically 
to cis-elements in the promoter regions of target genes, thereby regulating 
stress tolerance/resistance of plants under abiotic stresses (Baldoni et al., 
2015; Hoang et al., 2017; Hrmova & Hussain, 2021). Based of differences 
in DNA-binding domains, TFs have been divided into 64 families such as 
NAC, WRKY, MYB, HD-ZIP, bZIP, EREBP/AP2 (Hoang et al., 2017). A 
plethora of research has shown that these TFs families have a central role in 
defining plant tolerance to abiotic stresses via abscisic acid (ABA) depen-
dent and independent pathways (Yamaguchi-Shinozaki & Shinozaki, 2005, 
2006; Pandey & Somssich, 2009; Dubos et al., 2010; Chen et al., 2012; 
Nuruzzaman et al., 2013). Overexpression of TFs have resulted in abiotic 
stress tolerance in plants, thereby promising candidates for enhancing stress 
tolerance in crop plants via genetic engineering. 

7.2 TRANSCRIPTION FACTORS IN ABIOTIC STRESS 

Plants being sessile, have developed clever defense mechanisms to abiotic 
stresses such as interconnected genetic networks and circuits which are 
mainly managed by highly sensitive signal transduction cascades (Hrmova 
& Hussain, 2021). Several studied have highlighted the central role of TFs 
in gene regulation and expression which is known as transcriptional control 
(Kang et al., 2002; Bartels & Sunkar, 2005; Hussain et al., 2011a; Wang et 
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al., 2016; Khan et al., 2018). The importance of TFs is also evident from 
the fact that around 10% of completely sequenced plant genomes encode 
TFs (Baillo et al., 2019). Sequencing data have also reported the presence 
of 3,337, 1,611, 2,450, 1,922 TFs in maize, rice, sorghum, and Arabidopsis, 
respectively (Wang et al., 2011; Hoang et al., 2017; Baillo et al., 2019; 
Hrmova & Hussain, 2021). Therefore, specific TFs in functional states 
may be needed in different biological systems including abiotic stresses. 
Similarly, Inukai et al. (2017) provided a detailed description of systematic 
engagement of TFs and their interactions during gene regulation and expres-
sion. Besides multigenic in nature, stress tolerance is one of complex plant 
trait and TFs have the potential to regulate simultaneously several stress 
responsive downstream in plants (Mittler & Blumwald, 2010; Hussain et al., 
2011a; Atkinson & Urwin, 2012). 

Transcription factors are central regulatory proteins that underpins the 
regulation of plant gene by binding to the cis-element of a specific gene and 
control critical aspects of gene function such as stress tolerance, ensuring 
normal growth and development of plants under extreme stresses (Bartels & 
Sunkar, 2005; Hrmova & Lopato, 2014). Several TFs have been identified 
in plants and common TFs involved in stress mitigation in plants include the 
APETALA2/ethylene response factor proteins (Hinz et al., 2010; Quan et 
al., 2010; Liu et al., 2012; Schmidt et al., 2013; Vogel et al., 2014; Zhu et al., 
2014), NAC (De Clercq et al., 2013; Singh et al., 2013; Van Ha et al., 2014; 
Fang et al., 2015), basic region leucine zipper motifs (Kang et al., 2002; 
Fujita et al., 2005; Furihata et al., 2006; Hartmann et al., 2015), WRKY (Seo 
et al., 2012; Jiang et al., 2014; Huang et al., 2015; Diao et al., 2016; He et 
al., 2016), MYB (Meng et al., 2014, 2015; Sun et al., 2014; Cai et al., 2015), 
NAC (NAM, CUC2, ATAF1/2), and homeodomain-leucine zipper protein 
families (Xiang et al., 2008; Fujita et al., 2011; Huang et al., 2012; Puranik 
et al., 2012; Todaka et al., 2012; Ehong et al., 2016; Liu et al., 2018; Mao 
et al., 2019; Yu et al., 2021; Ma et al., 2021). Several crop and model plants 
overexpressing different TFs demonstrated enhanced tolerance to different 
abiotic stresses due to expression of many stress-responsive genes (Xiong 
et al., 2014; Alvarez-Gerding et al., 2015; Jisha et al., 2015; Zhang et al., 
2015; Zhu et al., 2015; Liu et al., 2016; Rahman et al., 2016; Yu et al., 2021). 
Taken together, these findings suggest that genetic engineering of plants 
using different TFs genes has the potential to stimulate general or specific 
pathways related to abiotic responses, leading to improved plant tolerance to 
various abiotic stresses (Table 7.1). 



 

 

 

 

 

TF Gene Transgenic Effect References 
Plant 

NAC PbeNAC1 Tobacco ↑ Cold/Drought tolerance Wang et al. (2016) 
JUB1 Arabidopsis ↑ Dehydration tolerance Ebrahimian-Motlagh 

et al. (2017) 
ANAC069 Arabidopsis ↑ Salt/osmotic tolerance He et al. (2016) 
GsNAC019 Arabidopsis ↑ Alkaline tolerance Cao et al. (2017) 
ONAC022 Rice ↑ Salt/drought tolerance Hong et al. (2016) 
TaRNAC1 Wheat ↑ Drought tolerance Chen et al. (2018) 
TaNAC47 Arabidopsis ↑ Salt/drought/freezing Zhang et al. (2016) 

tolerance 
MfNACsa Medicago ↑ Drought tolerance Duan et al. (2017) 
SlNAC4 Tomato ↑ Drought/salt tolerance Zhu et al. (2014) 
SlNAC35 Tobacco ↑ Drought/salt tolerance Wang et al. (2016) 
ZmNAC55 Arabidopsis ↑ Drought tolerance Mao et al. (2016) 
TaNAC2L Arabidopsis ↑ Heat tolerance Guo et al. (2015) 
SlNAM1 Tobacco ↑ Cold tolerance Li et al. (2016) 
NAC26 Arabidopsis ↑ Drought tolerance Fang et al. (2016) 
MbNAC25 Arabidopsis ↑ Salinity, cold tolerance Han et al. (2020) 
MdNAC1 Apple ↑ Drought tolerance Jia et al. (2019) 
MlNAC10 Arabidopsis ↑ Drought, salinity He et al. (2019) 

tolerance 
MbNAC25 Arabidopsis ↑ Cold, salinity tolerance Han et al. (2020) 
MlNAC12 Arabidopsis ↑ Salt, drought tolerance Yang et al. (2018) 
AemNAC2, Wheat ↑ Cadmium tolerance Du et al. (2020) 
AemNAC3 
AhNAC4 Tobacco ↑ Drought tolerance Tang et al. (2017) 
CarNAC6 Arabidopsis ↑ Dehydration tolerance Liu et al. (2017) 
GmNAC019 Arabidopsis ↑ Drought tolerance Hoang et al. (2019) 
GmNAC109 Arabidopsis ↑ Drought, salt Yang et al. (2019) 
GmSNAC49 Arabidopsis ↑ Drought tolerance So & Lee (2019) 
OsNAC14 Rice ↑ Drought tolerance Shim et al. (2018) 
OsNAC5, OsNAC6, Rice ↑ Drought tolerance Chung et al. (2018) 
OsNAC9, OsNAC10 
PgNAC21 Arabidopsis ↑ Salinity tolerance Shinde et al. (2019) 
TaRNAC1 Wheat ↑ Drought tolerance Chen et al. (2018) 
ONAC066 Rice ↑ Drought and oxidative Yuan et al. (2019) 

tolerance 
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TABLE 7.1 Transcription Factor Overexpression Lead to Enhanced Abiotic Stress Tolerance 
in Plants 



 

 

 

 

 

 

 

TF Gene Transgenic Effect References 
Plant 

BoNAC019 Arabidopsis ↓ Drought tolerance Wang et al. (2018) 
JUNGBRUNNEN 1 Tomato ↑ Drought tolerance Thirumalaikumar et 

al. (2018) 
bZIP GmTGA15 Soybean, ↑ Drought tolerance Chen et al. (2021) 

arabidopsis 
AtABF3 Alfalfa ↑ Salt/drought tolerance Wang et al. (2016) 
OsABF1 Rice ↑ Drought tolerance Zhang et al. (2016) 
OsbZIP46 Rice ↑ Drought/high Chang et al. (2017) 

temperature tolerance 
TaABL1 Arabidopsis ↑ Salt/drought/low Xu et al. (2014) 

temperature tolerance 
TabZIP6 Arabidopsis ↑ Freezing tolerance Cai et al. (2018) 
TabZIP60 Arabidopsis ↑ Salt/drought/low Zhang et al. (2015) 

temperature tolerance 
ABP9 Cotton ↑ Drought/salt tolerance Wang et al. (2017) 
SlbZIP38 Tomato ↑ Drought/salt tolerance Pan et al. (2017) 
EcbZIP60 Tobacco ↑ Drought tolerance Babitha et al. (2015) 
GmbZIP110 Arabidopsis ↑ Salinity tolerance Xu et al. (2016) 
GmFDL19 Soybean ↑ Drought/salt tolerance Li et al. (2017) 
SlbZIP1 Tomato ↑ Drought, salt tolerance Zhu et al. (2018) 
OsbZIP16 Arabidopsis, ↑ Drought tolerance Pandey et al. (2018) 

rice 
CaBZ1 Potato ↑ Drought tolerance Moon et al. (2015) 
GhABF2 Arabidopsis ↑ Drought tolerance Liang et al. (2016) 
BnbZIP2 Arabidopsis ↑ Salt/drought tolerance Huang et al. (2016) 
GhABF2 Arabidopsis ↑ Drought tolerance Liang et al. (2016) 
GhABF2 Cotton ↑ Drought tolerance Liang et al. (2016) 
IbABF4 Sweet potato ↑ Drought, salt, cold Wang et al. (2019) 

tolerance 
IbABF4 Arabidopsis ↑ Drought, salt, cold Wang et al. (2019) 

tolerance 
IbbZIP1 Arabidopsis ↑ Salt, drought tolerance Kang et al. (2019) 
OsbZIP6 Rice ↑ Drought, oxidative Yang et al. (2019) 

tolerance 
SlbZIP38 Tomato ↑ Drought tolerance Pan et al. (2017) 
AtTGA4 Arabidopsis ↑ Drought tolerance Zhong et al. (2015) 

MYB FtMYB9 Arabidopsis ↑ Salt/drought tolerance Gao et al. (2017) 
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TABLE 7.1 (Continued) 
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TABLE 7.1 (Continued) 
TF Gene Transgenic Effect References 

Plant 
IR-MYB Chickpea ↑ Drought tolerance Ramalingam et al. 

(2015) 
OsMYB6 Rice ↑ Drought tolerance Tang et al. (2019) 
TaMYBsm3 Arabidopsis ↑ Drought tolerance Li et al. (2019) 
TaMpc1-D4 Wheat ↑ Drought tolerance Li et al. (2020) 
HvMYB1 Barley ↑ Drought tolerance Alexander et al. 

(2019) 
PtrMYB94 Arabidopsis ↑ Drought tolerance Fang et al. (2020) 
MYB96 Arabidopsis ↑ Cold tolerance Lee & Seo (2015) 
GmMYB84 Soybean ↑ Drought tolerance Wang et al. (2017) 
GmMYB12B2 Arabidopsis ↑ Salt tolerance Li et al. (2016) 
OsMYb55 Maize ↑ Drought tolerance Casaretto et al. (2016) 
OsMYBc Rice ↑ Salt Wang et al. (2015) 
MID1 Rice ↑ Drought Guo et al. (2016) 
OsMYB91 Rice ↑ Salt Zhu et al. (2015) 
TaSIM Arabidopsis ↑ Salt Yu et al. (2017) 
MtMYBS1 Arabidopsis ↑ Salinity Zhang et al. (2016) 
ARS1 Tomato ↑ Salt Campos et al. (2016) 
GaMYB62L Arabidopsis ↑ Drought Butt et al. (2017a) 
GaMYB85 Arabidopsis ↑ Drought Butt et al. (2017b) 
MdMYB88/ Arabidopsis ↑ Cold Xie et al. (2018) 
MdMYB124 and apple 
PacMYBA Arabidopsis ↑ Salt Shen et al. (2017) 
AtMYB12 Arabidopsis ↑ Drought Wang et al. (2016) 
AtMYB94 Arabidopsis ↑ Dehydration/drought Lee et al. (2015) 
AtMYB94/AtMYB96 Arabidopsis ↑ Dehydration/drought Lee et al. (2016) 
AtMYB96 Arabidopsis ↑ Drought, freezing Guo et al. (2013) 
AtMYB37 Arabidopsis ↑Drought Yu et al. (2016) 
AtMYB49 Arabidopsis ↑ Salt Zhang et al. (2020) 
AtMYB20 Arabidopsis ↑ Salt Cui et al. (2013) 
AtMYB42 Arabidopsis ↑ Salt Sun et al. (2020) 
AtMYB30 Arabidopsis ↑ Salt Gong et al. (2020) 
AtMYB96 Arabidopsis ↑ Cold Lee et al. (2015) 
AtMYB30 Arabidopsis ↑ Heat, oxidative Liao et al. (2017) 
RmMYB108 Arabidopsis ↑ Cold Dong et al. (2021) 
BnMYB2 Arabidopsis ↑ Cadmium tolerance Zhu et al. (2020) 



 

 TABLE 7.1 (Continued) 

TF Gene Transgenic Effect References 
Plant 

WRKY ZmWRKY65 Arabidopsis ↑ Drought, salt Huo et al. (2021) 
OsWRKY47 Rice ↑ Drought Raineri et al. (2015) 
WRKY71 Arabidopsis ↑ Salt Yu et al. (2018) 
AtWRKY53 Arabidopsis ↑ Drought Sun & Yu (2015) 
ZmWRKY17 Arabidopsis ↑ Drought Cai et al. (2017) 
OsWRKY71 Rice ↑ Cold Kim et al. (2016) 
TaWRKY146 Arabidopsis ↑ Drought Ma et al. (2017) 
GmWRKY27 Soybean ↑ Salt/drought Wang et al. (2015) 
SlWRKY3 Tomato ↑ Salt Hichri et al. (2017) 
MtWRKY76 Medicago ↑ Drought/salt Liu et al. (2017) 
GhWRKY6-like Arabidopsis ↑ Salt Ullah et al. (2017) 
RtWRKY1 Arabidopsis ↑ Salt Du et al. (2017) 
GhWRKY33 Arabidopsis ↑ Drought Wang et al. (2019) 
AtWRKY53 Arabidopsis ↑ Drought, salt Zheng et al. (2020) 
AtWRKY57 Arabidopsis ↑ Drought Jiang et al. (2012) 
GhWRKY21 Cotton ↑ Drought Wang et al. (2020) 
GhWRKY25 Cotton ↑ Drought Liu et al. (2015) 
CaWRKY40 Pepper ↑ Heat Dang et al. (2013) 
BdWRKY36 Brachypodium ↑ Drought Sun et al. (2014) 

distachyon 
FcWRKY70 Fortunella ↑ Salt Gong et al. (2015) 

crassifolia 
OsWRKY74 Rice ↑ Pi starvation, cold Dai et al. (2016) 
OsWRKY76 Rice ↑ Cold Yokotani et al. (2013) 
GmWRKY17 Soybean ↑ Salt Yan et al. (2014) 
JrWRKY2/7 Juglans regia ↑ Drought, cold Yang et al. (2017) 
SbWRKY30 Sorghum ↑ Salt, drought Yang et al. (2020) 
IbWRKY47 Sweet potato ↑ Salt Qin et al. (2020) 
IbWRKY2 Sweet potato ↑ Salt, drought Zhu et al. (2020) 
MdWRKY30 Apple ↑ Salt, osmotic stress Dong et al. (2020) 
GbWRKY1 Gossypium ↑ Salt Luo et al. (2019) 

barbadense 
VbWRKY32 Verbena ↑ Cold Wang et al. (2020) 

bonariensis 
PgWRKY33/62 Pearl millet ↑ Salt, drought Chanwala et al. (2020) 
PagWRKY75 Poplar ↑ Drought Zhao et al. (2019) 
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TABLE 7.1 (Continued) 

TF Gene Transgenic Effect References 
Plant 

bHLH AtbHLH68 Arabidopsis ↑ Drought Le et al. (2017) 
PebHLH35 Arabidopsis ↑ Drought Dong et al. (2014) 
ZmPTF1 Maize ↑ Drought Li et al. (2019) 
AtbHLH112 Arabidopsis ↑ Drought/salt Liu et al. (2015) 
BcICE1 Canola ↑ Cold Zhang et al. (2018) 
OsbHLH068 Arabidopsis ↑ Salt Chen et al. (2017) 
TabHLH39 Arabidopsis ↑ Salt/drought/cold Zhai et al. (2016) 
FtbHLH2 Arabidopsis ↑ Cold Yao et al. (2018) 
FtbHLH2 Arabidopsis ↑ Cold Yao et al. (2018) 
FtbHLH3 Arabidopsis ↑ Drought/oxidative Yao et al. (2017) 
AH Tomato ↑ Low temperature Qiu et al. (2016) 
DIICE1 Arabidopsis ↑ Cold Yang et al. (2019) 
PubHLH1 Tobacco ↑ Cold Jin et al. (2016) 
ThbHLH1 Arabidopsis ↑ Osmotic stress Ji et al. (2016) 
ZmPTF3 Maize ↑ Drought Gao et al. (2018) 
GmbHLH57 Soybean ↑ Fe deficiency Li et al. (2018) 
TabHLH1 Tobacco ↑ Pi/N starvation Yang et al. (2016) 
OsbHLH035 Rice ↑ Salt Chen et al. (2018) 
PtFIT Populus ↑ Iron Huang & Daim (2015) 
ILR3 Arabidopsis ↑ Iron Samira et al. (2018) 
TabHLH49 Wheat ↑ Drought Liu et al. (2020) 
AtbHLH68 Arabidopsis ↑ Drought Le et al. (2017) 
AtbHLH18 Arabidopsis ↑ Fe deficiency Cui et al. (2018) 

Transcription factors constitute an integral part of the genetic circuits 
which dynamically regulate gene networks to enhance plant stress tolerance. 
DNA-binding domains (DBD) of plant TFs can be replaced with engineered 
zinc fingers or TAL effectors to meet specific needs (Beerli & Barbas, 2002; 
Townsend et al., 2009). Consequently, engineering DBD strategy of the TFs 
facilitate binding of TFs to any target genomic sequence in plants (Gitzinger 
et al., 2009; Lu et al., 2009). Synthetic/Artificial TFs (ATFs) are promising 
alternative to naturally occurring TFs and composed of a translational fusion 
of DBD and effector domains (ED: repressor or activator). ATFs have DNA 
binding specificity and potential to act on particular promoter to carryout acti-
vation or repression of a specific gene. Previously genome editing tools (ZF 
domains and TALEs) have been extensively used to design DBDs for ATFs. 
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However, development of novel high throughput tools such as CRISPR/ 
Cas9 has provided vast possibilities to simultaneously manipulate several 
regulatory genes in a genome to introduce the tailored genetic switches in the 
plants for stress tolerance (Bagdanove & Voytas, 2011; Bortesi & Fischer, 
2015). 

7.2.1 TRANSCRIPTION FACTORS INVOLVED IN SIGNALING 
NETWORKS UNDER ABIOTIC STRESSES 

Signaling pathway in plants composed of three main steps viz Signal 
perception and transduction, and expression of several stress-responsive 
downstream genes, which in turn activate physiological, biochemical, and 
molecular adaptive responses (Huang et al., 2012; Hrmova & Lopato, 2014). 
Environmental stimuli-caused signals are recognized by different transcel-
lular membranes which are present in cell wall or membrane including Ca2+ 

channels and Ca2+ binding proteins, histidine kinases, and G-protein coupled 
receptors (Misra et al., 2007; Schaller et al., 2008; Thapa et al., 2011; Boud-
socq & Sheen, 2013; Hrmova & Lopato, 2014). Signal transductions occur 
through conversion of extracellular signals into intracellular ones through 
de novo synthesis of specific second messengers such as ROS, inositol 
phosphate, diacylglycerols, hexaphosphate. Stress signals are transduced 
to subsequent components in the signaling pathway towards the nucleus 
(Baxter et al., 2014; Zhu, 2016). Signaling molecules such as protein kinases, 
phosphatases, and others play central role in signal transduction under 
abiotic stresses in plants. These signaling molecules (activated kinases and 
phosphatases) initiate phosphorylation/dephosphorylation of TFs proteins 
(Danquah et al., 2014; Kudla et al., 2018; Noman et al., 2021). As a result of 
phosphorylation/dephosphorylation cascade, TFs lead to the expression of 
several stress-responsive downstream genes (Danquah et al., 2014; Noman et 
al., 2021). However, differential expression of stress-responsive genes under 
specific stress led to different transcription pattern compared to non-stressed 
control (Kulda et al., 2018). Meanwhile, accumulation of various stress-
related proteins and molecules occur in vegetative tissues because of expres-
sion of various structural genes which lead to stress tolerance (Bhargava & 
Sawant, 2013; Schulz et al., 2013; Hrmova & Lopato, 2014; Ho et al., 2015). 
Complete pathway consists of complex regulatory circuits to manipulate the 
several stress-responsive downstream genes resulting in plant acclimation, 
survival under unfavorable environmental conditions (Ishihama & Yoshioka, 
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2012; Baillo et al., 2019; Hrmova & Hussain, 2021). In conclusion, engi-
neering suitable TFs could potentially alleviate stress responses because they 
regulate the expression of several stress-responsive downstream genes by 
driving the specific regulatory elements in their promoter region (Hoang et 
al., 2017; Baillo et al., 2019). 

Similarly, phytohormones also have significant contribution in normal 
growth and development of plants. ABA is one such hormone which play 
significant role in plant growth and development especially under various 
biotic and abiotic stresses (Fujita et al., 2013, 2014; Hrmova & Lopato, 
2014; Hoang et al., 2019; Hrmova & Hussain, 2021). Generally, ABA is 
a stress-responsive because it is involved in conferring adaptive responses 
under environmental stresses (Bauer et al., 2013; Suzuki et al., 2013). 
Research data have reported various Interactions between ABA and different 
plant TFs under stress (Shang et al., 2010; Shan et al., 2012). Over 200 
TFs of 20 gene families have been simultaneously characterized at a single 
developmental stage regulated by ABA in a study (Nemhauser et al., 2006). 
Based on reports, several drought-responsive genes show response to ABA 
and many genes are non-responsive to ABA. Therefore, plant stress toler-
ance is governed by either ABA-dependent or ABA-independent pathways 
(Yan et al., 2013; Wishwakarma et al., 2017; Baillo et al., 2019; Khan et al., 
2019; Hrmova & Hussain, 2021). However, it is indicated that potentially 
huge gap exists in our understanding of stress-regulated (ABA-dependent 
and ABA-independent) signaling pathways under different abiotic stresses. 
However, TFs involved in ABA-dependent pathways could potentially be 
the natural target for genetic engineering to enhance abiotic stress tolerance 
of crop plants (He et al., 2016; Bi et al., 2016, 2017; Landi et al., 2017). 

7.3 APPROACHES TO MANIPULATE GENE PATHWAYS USING 
TRANSCRIPTION FACTORS FOR ENHANCED ABIOTIC STRESS 
TOLERANCE 

Generation of transgenic plants represents a complementary approach to 
plant breeding for developing stress-tolerant crop plants, particularly drought 
stress. Many studies have reported that genetically engineered plants exhib-
ited high tolerance to drought and associated stresses (Denby et al., 2005; 
Vinocur & Altman, 2005; Valliyodan & Nguyen, 2006; Yang et al., 2010; 
Funganti-Pagliarini et al., 2017; Wani et al., 2017). However, models’ plants 
like Arabidopsis were used in most of these published results and researchers 
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later included some important crop plants such as rice, maize, soybean, 
barley (Seo et al., 2012). Because of the multigenetic nature of the stress 
tolerance in plants, a comprehensive understanding of stress tolerance at the 
molecular level is essential (Peleg & Blumwald, 2011; Zwack & Rashotte, 
2015). Mittler & Blumwald (2010) defined central dogma of abiotic research 
as, “deciphering how plants sense and acclimatize to an abiotic stress and 
using this knowledge to develop crops with enhanced tolerance to abiotic 
stresses.” It is important to note that genetically modified (GM) crops avail-
able for commercial exploitation are based on single gene traits such as 
insect resistance or herbicide resistance. 

TFs hold master switches status, actively control, and regulate several 
cellular and molecular processes in plant (Century et al., 2008; Hussain et 
al., 2011a). Genetic engineering efforts using TFs provides a systematic 
approach for improvement of crop plant to various abiotic stresses because 
TFs act as central regulators of several downstream stress related genes 
(Bihani et al., 2011; Datta et al., 2012; Guo et al., 2016; Hu et al., 2016; Zhu et 
al., 2018; Agarwal et al., 2019; Yang et al., 2019). Therefore, comprehensive 
knowledge on mechanistic regulation of TFs is important for future research 
(Seki et al., 2002; Yamaguchi-Shinozaki & Shinozaki, 2006). Moreover, 
genetic engineering of transcriptional networks seems to be a more precisely 
predictable and practical strategy compared to single structural gene engi-
neering because of the multigenic nature of stress tolerance. Therefore, 
vast research data conclusively declared genetic engineering of TFs as an 
excellent approach for handling complex traits such as stress tolerance in 
crop plants (Century et al., 2008; Bhatnagar-Mathur et al., 2014; Hong et 
al., 2017). Several studies have shown promising results in improving crop 
tolerance to different stresses under controlled and field conditions (Hsieh et 
al., 2013; Liang et al., 2016). Seki et al. (2002) using Arabidopsis plant and 
high throughput microarray tool studied expression profile of several thou-
sand genes (over 7,000 genes) and found that genes showing upregulation 
under various stresses belong to important families of TFs such as AP2/ERF, 
WRKY, MYB, NAC, HD-Zip, and bZIP (Ying et al., 2012; Zhu et al., 2018). 
Several members of TFs families, such as NAC, AP2/ERF, bZIP, and WRKY 
have been studies in transgenic model and crop plants demonstrated their 
involvement in adaptive responses to different abiotic stresses (Singh et al., 
2002; Rushton et al., 2010). In this context, huge progress has been achieved 
by overexpressing different TFs genes in plants and exposed to multiple 
stresses (Saad et al., 2013; Xiong et al., 2014; Fang et al., 2015; Huang et 
al., 2015; Casaretto et al., 2016; He et al., 2016; Rahman et al., 2016; Zhang 
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et al., 2016; Yoon et al., 2017; Chung et al., 2018; Gao et al., 2018; Shim 
et al., 2018; Wang et al., 2018; El-Esawi et al., 2019a, b; Esmaeili et al., 
2019; Tang et al., 2019; Waqas et al., 2019). Recently, few published articles 
comprehensively reviewed TFs engineering in crop plants for abiotic stress 
tolerance (Baillo et al., 2019; Khan et al., 2019; Kimotho et al., 2019; Waqas 
et al., 2019; Javed et al., 2020; Ahmed et al., 2020; Hrmova & Hussain, 
2021; Manna et al., 2021). 

7.3.1 TRANSGENIC PLANTS OVEREXPRESSING TRANSCRIPTION 
FACTORS 

Comprehensive genome-wide analysis of several plant species has yielded a 
plethora of TFs belonging to various families (Cominelli et al., 2010; Yadav 
et al., 2011; Seo et al., 2012; Gao et al., 2017). Consequently, functional 
analysis of these TFs via knockout/knockdown analysis and overexpression 
of TFs in both model and crop plants have reported their roles in plants. 
Overexpression of TFs activates the expression of several downstream genes 
which control the multigenic traits such as tolerance to abiotic stresses (Seki 
et al., 2007; Hussain et al., 2011a). DREB gene family is the best studies 
TFs using overexpression approach in different plants such as rice, barley 
tobacco, soybean, wheat, tomato, potato, peanut, oilseed rape for abiotic 
stress tolerance (Kasuga et al., 1999, 2004; Pellegrineschi et al., 2004; Oh 
et al., 2005, 2007; Bhatnagar-Mathur et al., 2004, 2006, 2009; Behnam et 
al., 2006; Ito et al., 2006; Chen et al., 2007, 2008; Zhao et al., 2007; Cong 
et al., 2008; Wang et al., 2008). Similarly, several other TFs such as, MYB, 
WRKY, NAC, bZIP, AREB, ERF, and CBF have been utilized for developing 
stress-tolerant crop plants (Tran et al., 2004; Villalobos et al., 2004; Fujita 
et al., 2005; Furihata et al., 2006; Zhang et al., 2005, 2007; Dai et al., 2007; 
Liao et al., 2008; Trujillo et al., 2008; Zhou et al., 2008; Qiu & Yu, 2009; 
Yanez et al., 2009; Abdeen et al., 2010; Morran et al., 2010). 

As mentioned above, DREB and other TFs are playing significant role 
in the regulation of abiotic stress tolerance in plants. For example, it is 
reported that overexpression of SNAC1 in rice showed higher seed setting 
(22–34%) in field conditions compared to control plants under drought 
stress. Transgenic rice plants provided high yield because plants demon-
strated good control on closing of stomata leading to less water loss and 
good photosynthetic performance under stress. Similarly, Overexpression of 
OsNAC6/SNAC2 and ONAC045 conferred broad abiotic stress tolerance 
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(cold, salinity, and drought) in transgenic rice (Nakashima et al., 2007; Hu 
et al., 2008; Zheng et al., 2009). Studies have shown that Overexpression 
of three DREB1s/CBFs (DREB1A/CBF3, DREB1B/CBF1, and DREB1C/ 
CBF2) significantly could improve tolerance to freezing, drought, and high 
salinity in transgenic Arabidopsis (Gilmour et al., 2004; Novillo et al., 2004). 
Overexpression of MYB15 in Arabidopsis plants improved salt and drought 
tolerance of transgenic plants by high expression of various stress-related 
proteins and stomatal closure under water shortage (Ding et al., 2009). High 
cuticular wax accumulation and enhanced drought tolerance was observed 
in transgenic plants overexpressing WXP1 and SHINE1-3 TFs which show 
that these TFs are involved in induction of wax related genes (Zhang et 
al., 2005, 2007). Yang et al. (2012a) reported that transgenic plants over-
expressing OsMYB2 TF exhibited enhanced tolerance to various stresses 
(Drought, Salt, freezing) by altering expression levels of many downstream 
stress-responsive genes. Overexpression of two transcription factors from 
soybean, GmMYB76 or GmMYB177 in Arabidopsis led to salt and freezing 
tolerance (Liao et al., 2008). Qiu & Yu (2009) reported the Overexpres-
sion of OsWRKY45 in Arabidopsis conferred drought tolerance mainly 
due to stomatal closure and induction of downstream stress-related genes 
under drought stress. Similarly, rice and Arabidopsis plants overexpressing 
OsWRKY11 and VvWRKY exhibited significantly high heat, drought, and 
osmotic stress tolerance (Wu et al., 2009). Similarly, Arabidopsis transgenic 
plants overexpressing two soybean GmWRKY21, GmWRKY54 genes 
showed improved tolerance to cold, drought, and salt stresses (Zhou et al., 
2008). In another attempt, Xiang et al. (2008) studied the overexpression of 
OsbZIP23 in rice. Expression analysis of transgenic plants showed changes 
in the expression of over 1,000 genes and many of these have significant 
roles in drought and salinity tolerance (Xiang et al., 2008). As a matter of 
fact, the above discussion highlighted the significant roles of transcription 
factors in gene regulation under different stresses which make these genes 
ideal candidates for engineering multiple abiotic stress tolerance in crop 
plants (Hussain et al., 2011a). 

7.3.2 STRATEGIES FOR MANIPULATING TRANSCRIPTION FACTOR 
ACTIVITY IN TRANSGENIC PLANTS 

Constitutive overexpression of key regulatory proteins like TFs might 
show some undesirable negative effects such as stunted growth, unwanted 
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phenotype, yield penalty on normal plant development and growth 
(Liu et al., 1998; Kasuga et al., 1999, 2004; Ito et al., 2006; Nakashima 
et al., 2006; Gao et al., 2011; Conant et al., 2014; Reis et al., 2014). For 
example, researchers have noticed growth retardation in transgenic plants 
overexpressing DREB1A/CBF TF (Ito et al., 2006). These undesirable and 
other pleiotropic effects of TF overexpression have been attributed to the 
sensitivity of certain cell types to the overexpression. On the other hand, 
studies have shown that overexpression of TFs regulates the expression of 
several downstream genes, may lead to different phenotypic effects resulting 
in undesirable effects. Several studies have reported pleiotropic effects under 
circumstances when constitutively overexpressed TF resulted in altered 
expression of downstream target genes/stress-related genes which led to an 
undesirable altered phenotype of transgenic plants. Similarly, stunted growth 
is the most common undesirable effect in transgenic plants overexpressing 
TFs (Kasuga et al., 2004; Ito et al., 2006; Wu et al., 2009). However, pleio-
tropic effects are not always present in transgenic plants overexpressing TFs. 
For example, transgenic rice plants overexpressing DREB1A/CBF3 and 
OsDREB1F showed no stunted growth or any visible phenotypic alterations 
(Oh et al., 2005; Wang et al., 2008). Similarly, Oh et al. (2005) reported 
no pleiotropic effects in transgenic rice overexpressing basic leucine zipper 
(bZIP) transcription factor (ABF3). 

Similarly, no pleiotropic effects were also observed for the bZIP tran-
scription factor ABF3 when ectopically expressed in rice (Oh et al., 2005). 
Liu et al. (1998) reported an interesting observation that overexpression of 
certain TFs such as DREB2 was unable to induce stress tolerance (drought) in 
transgenic plants. DREB2 protein contains repressor domain which prevent 
the activation of downstream stress related genes. Sakuma et al. (2006) 
addressed this problem and showed that deletion of this repressor domain 
(deletion of a region between residues 136 and 165) stores the active form of 
AtDREB2A. Furthermore, overexpression of the active form of AtDREB2A 
in transgenic plants resulted up-regulation of several drought inducible 
downstream genes, which led to improved drought stress tolerance of trans-
genic Arabidopsis. Yoshida et al. (2008) demonstrated that overexpression 
of modified DREB2A (Sakuma et al., 2006) rendered transgenic plants 
tolerant to drought and salt stress but also led to enhanced heat tolerance of 
transgenic plants. This indicates the existence of crosstalk between drought 
and heat and that DREB2A controls the expression of HsfA3 (heat stress TF) 
(Schramm et al., 2008). Similarly, pleiotropic problems can be easily over-
come by making a smart choice of either stress-inducible promoter (RD29A) 
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or tissue/cell-specific promoter (root-specific RCc3 promoter) (Nakashima 
et al., 2007). Thus, it may be particularly important to restrict TF activity 
with the judicial choice of promoters to minimize undesirable deleterious 
effects in plant engineering experiment. For example, overexpression of 
ZmDREB2A under either constitutive or stress-inducible promoter led to 
enhanced drought tolerance in transgenic maize plants (Qin et al., 2007). 

It is now easy to make judicial choice of promoters because a plethora of 
different types of natural and purpose-built synthetic promoters are available 
for deriving gene expression depending on the objectives of the experiments. 
For example, transgenic wheat and barley plants overexpressing wheat 
DREB2 and DREB3 under both constitutive and drought inducible promoter 
were generated (Morran et al., 2010). The objective of the experiment was 
to study promoter which may help to increase the plant survival under stress 
without deleterious effect on plant growth. Gene expression driven by stress-
inducible promoter showed no undesirable effect on plant growth whereas, 
constitutive expression of the gene under drought stress exhibited multiple 
unwanted phenotypic effects such as delayed flowering which led to low 
yield, stunted growth, and smaller spikes (Morran et al., 2010). Reichmann 
et al. (2000) reported systematic analysis of Arabidopsis TFs and identified 
putative candidate genes with potential active role in stress tolerance in 
plants. Nelson et al. (2007) pointed out that research results from Arabidopsis 
can be directly applied to crop plant improvement. Similarly, many studies 
have utilized the use of transcriptional repressor/activator which have the 
potential to become important genomic tools (Hiratsu et al., 2003; Fujita et 
al., 2005). In conclusion, modified TF based tools can be a potential resource 
in transgenic research, attributing novel traits to the transgenic plants, espe-
cially under environmental stresses. 

7.3.3 CIS-TRANS ENGINEERING LEADING TO ARTIFICIAL 
TRANSCRIPTION FACTOR FOR ABIOTIC STRESS TOLERANCE 

Knowledge-based modifications in DNA binding domains (DBDs) 
for engineering TFs to meet particular needs require the use of current 
advances in molecular biology and other allied sciences. Currently, TF 
engineering (Trans engineering) strategy depends on introducing specific 
modifications in the TF sequence to enhance its binding interaction 
with designated target sequence (Gitzinger et al., 2009; Lu et al., 2009). 
The classical reprogrammable synthetic TFs depends on the creation of 
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specific Zinc Finger (ZF) domains (Beerli & Barbas, 2002; Lindhout et 
al., 2006). Researchers have extensively used this approach to fine-tune 
gene expression in different systems including plants (Maeder et al., 2008; 
Foley et al., 2009; Townsend et al., 2009; Mitsuda et al., 2011; vanTol et 
al., 2017). However, several major problems have been identified in the 
ZF domains functions. For example, designing and construction of ZF 
domains is labor intensive and extremely time-consuming and lack the 
desired target specificity. Machens et al. (2017) pointed out these inherent 
problems with ZF domains and further questioned the precise functioning 
of these domains for any endogenous promoter. Thus, desirable efficiency 
for regulation of any specific transcription module is not fully achieved 
(Machens et al., 2017). 

On the other hand, Transcription activator-like effectors (TALEs) 
is another promising alternative approach to ZF domains. Studies have 
demonstrated this approach comparative target-oriented and more precise 
in TF engineering (Boch, 2011; Bogdanove & Voytas, 2011). Bagdanove 
& Voytas (2011) showed that TALEs have a relatively higher degree of 
specificity compared to ZF domains. The reason for high specificity is that 
TALEs are specifically designed using 18 out of 34 amino acids repeats that 
specify contiguous DNA nucleotides (Bogdanove & Voytas, 2011). TALEs 
have demonstrated advantages over ZF domains. However, constructing a 
new target specific protein for designing specific DBDs in TALEs is cumber-
some. This limits the engineering of efficient ATFs for generating quick 
knockouts/mutations. However, many attempts have introduced several 
new characters in TALE design to increase its efficiency (Zhang et al., 2014; 
Lowder et al., 2017; Schwartz et al., 2017). Another problem is that TALEs 
have been shown to be sensitive to cytosine methylation and unsuitable 
for targets with CpG sites (Bogdanove & Voytas, 2011). CRISPR-Cas9 
(clustered regularly interspaced short palindromic repeat-associated protein 
9) technology represents another landmark discovery in tailoring the 
precise regulation of gene expression. This technology has circumvented 
ZF and TALEs related problems using a catalytically inactive/dead CRISPR 
associated protein 9 (dCas9) domain to engineer ATFs (Cheng et al., 2013; 
Lowder et al., 2015; Wyvekens et al., 2015). It is experimentally proved 
that dCas9 protein provide effective control of gene expression in a variety 
of prokaryotes and eukaryotes (Jinek et al., 2012; Wiedenheft et al., 2012; 
Cho et al., 2013; Cong et al., 2013; DiCarlo et al., 2013; Friedland et al., 
2013; Hwang et al., 2013; Jiang et al., 2013a, b; Mali et al., 2013) including 
plant systems (Feng et al., 2013, 2014; Li et al., 2013a; Miao et al., 2013; 
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Nekrasov et al., 2013; Shan et al., 2013). However, innovations in the 
application of dCas9-mediated multiplexing have supported researchers to 
introduce desired transcriptional manipulations at a relatively faster pace 
compared to other methods. 

7.4 CONCLUSION AND OUTLOOK 

Plants being sessile are exposed to different abiotic stresses simultane-
ously under natural environments. Plant survival in such environments 
depends on coordinated activation of multiple genes, signaling, and stress 
response pathways which lead to either synergistic or antagonistic effect 
on each other. Current progress on exploring the role of various plant TFs 
highlighted the importance in conferring abiotic stress tolerance. However, 
detailed knowledge of signaling networks, regulatory pathways and compre-
hensive functional performance of TFs is extremely important. In addition, 
concerted efforts should be focused on the genome-wide identification and 
functional characterization of multifunctional TFs genes to raise multiple 
stress-resistant crop plants. 

Genome-wide identification and analysis has yielded a plethora of 
TFs involved in environmental stress tolerance, However, owing to the 
complexity of regulating networks among different TFs at different levels 
including functional validity, crosstalk, and interactions during abiotic stress 
require further targeted research. Deep understanding of functional perspec-
tives about specific TFs, especially their downstream stress-responsive 
target genes. This information can potentially provide a better opportunity 
for exploration of regulatory networks involved in abiotic stress tolerance in 
plants. Taking together, detailed studies will support identifying potential TF 
genes and designing strategies for developing stress-tolerant crops. On the 
other hand, the availability of high throughput tools has allowed researcher 
to generate modified versions of TFs with improved DNA-binding prop-
erties. Furthermore, synthetically tailored TFs could be independent of 
upstream regulatory circuits. Generation of new knowledge will also help 
us to choose suitable TFs for bioengineering plants with high abiotic stress 
tolerance. 
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ABSTRACT 

Abiotic stresses reduce crop yield by about 50% worldwide. Analysis of 
plants under abiotic stresses can identify the hub genes, which can help to 
coordinate the plant’s response to these stresses and help to detect signaling 
events to determine plant stress tolerance in the natural environment. The 
difference in the response of plants to stress is related to regulatory genes. 
Regulatory genes are genes whose products have a great effect, such as 
hormones, enzymes, TFs, etc. In the microbial technique, thousands of genes 
can be expressed simultaneously in the shortest possible time and the stressed 
plant can be compared to the control plant. In recent years, this technique has 
produced a large amount of gene expression data. Identifying genes that can 
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have multiple responses to environmental stresses is very important for the 
resilience of crops to environmental distresses. 

8.1 INTRODUCTION 

Environmental stress are some of the factors limiting the growth and yield of 
crops and plays an important role in the ecological distribution of plants. The 
most important environmental stresses are heat, cold, salinity, and drought. To 
deal with these stresses, plants regulate the expression of various genes in the 
nucleus, cytoplasm, chloroplasts, and other organelles (Zhang et al., 2020). 

In plant adaptation to stress, several mechanisms are activated at the 
molecular, biochemical, and physiological levels that contribute to yield 
stability. The ability to respond to environmental stresses in different types 
of plants, and even different plant species is different and needs further 
investigation. Studies have shown that several systems of regulation of gene 
expression are involved in the response to stress (Shinozaki & Yamaguchi-
Shinozaki, 1997). Accurate knowledge of tolerance mechanisms and genes 
involved in stress response can improve tolerance to various stresses in crops 
by methods such as genetic engineering. Therefore, identifying and under-
standing different pathways of response to stresses has a very important role 
in improving plant performance (Lee et al., 2005). 

Transcriptomics refers to RNA copies of a particular type of cell or tissue 
under specific developmental, physiological, and environmental conditions 
and includes rRNA, tRNA, mRNA, and non-coding RNA. The transcriptome 
of each cell is the expression pattern of actively expressed genes at a particular 
time; mRNA degradation also affects the transcriptome. Transcriptomics 
focuses on the expression of genes by examining RNAlevels (Taft et al., 2010). 

Microarray technology is one of the first tools for transcriptome analysis 
in the last two decades, which can study the expression levels of thousands 
of genes simultaneously and provides a profile of the gene expression 
under stress. In addition, DNA microarray today provides the basis for next 
generation sequencing (NGS) (Wöhrle et al., 2020) and the models in how 
the research, techniques, and knowledge in life sciences and biotechnology 
(including genomics, proteomics, and bioinformatics) would be conducted, 
presented, and used (Fajriyah, 2021). Identification and selection of respon-
sive genes that increase resistance to environmental stresses in plants is very 
important. Using techniques such as DNA microarrays, hub genes can be 
introduced and then used to improve plant resistance to stress. The different 
aspects of using the microarray technique are explained in this chapter. 
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8.2 ENVIRONMENTAL STRESSES AND METHODS FOR STUDYING 
THE GENES THAT RESPOND TO THEM 

Environmental stresses are the most important factors that reduce the perfor-
mance of agricultural products worldwide. Environmental stresses include 
temperature, drought, salinity, flooding, quantity, and quality of light, atmo-
spheric CO2 concentration, soil nutrients, and heavy metal content (Chen 
& Soltis, 2020). Resistance to environmental stresses is a quantitative trait 
that controls many genes. To understand this trait, the gene network, which 
includes various genes that are involved in controlling the desired traits 
must be examined. The genes in a gene network definitely have common 
cis-elements (CRM) and can have different cis-elements. Different datasets 
are used to draw the gene network and high throughput methods are used to 
evaluate the gene network. 

There are different methods of determining the quantity and quality of 
transcripts, which fall into three general categories: 

•  Hybridization-based approaches: 
¾ Northern blot; 
¾ Microarray (Table 8.1). 

•  PCR-based approaches: 
¾ Quantitative PCR (qPCR); 
¾ Real-time PCR. 

•  Sequencing-based approaches: 
¾ Sanger; 
¾ SAGE; 
¾ MPSS; 
¾ RNA-Seq. 

High throughput methods for studying gene expression in plants are 
SAGE, DD PCR (differential display PCR), microarray and RNA-Seq. In 
these methods, transcripts of many genes are examined simultaneously. 

TABLE 8.1 Some of the Purposes of Performing Microarray 

Types of Chips Target Confirmation by 
cDNA chip Investigation of gene expression Northern blot and real time PCR 
DNA chip Find SNP in DNA sequence Southern blot 
Protein chip Testing a large number of proteins Western blot 
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Microarray technology has been used successfully to simultaneously 
study the expression of thousands of genes in a wide range of genomics, 
such as resistance gene identification, drug discovery, and clinical diagnoses 
(Beltrame et al., 2007). Gene expression level data contain valuable infor-
mation about biological networks, cell states, and understanding of gene 
function. One purpose of analyzing gene expression data is to determine 
how the expression of each individual gene affects the expression of other 
genes in the same genetic network. Another goal is to determine how genes 
are expressed in the control and in the treatment groups. 

8.3 MICROARRAY TECHNOLOGY TO STUDY ENVIRONMENTAL 
STRESSES 

To study environmental stresses microarray technology can be divided into 
three parts (Figure 8.1): 

•	 Part I: Chip Design and Preparation: First, the required informa-
tion is collected for the genes to be studied, then the nucleotides are 
put together (by software), and the oligonucleotides are made 17 to 
25 bp in length. These probes are placed on a glass slide (Kierzek et 
al., 2008). 

FIGURE 8.1 Microarray technology. 
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•	 Part II: Reaction Preparation: RNA is first extracted from the 
target cells or tissues (under normal and stress conditions), and then 
cDNA is synthesized. Labeling is performed during cDNA synthesis 
using cy3 and cy5, which are fluorescents of different colors. The 
cDNAs are then mixed and placed on a microarray chip to hybridize 
with the oligonucleotide sequence placed on the chip (Southern, 
1975). 

•	 Part III: Analysis of Data: After hybridization, elution is performed 
to wash labeled cDNAs that have not hybridized to a 25-nucleo-
tide sequence. Then bioinformatics scans and examinations are 
performed (Southern, 1975). 

8.4 LIMITATIONS OF MICROARRAY TECHNOLOGY 

Controlling variability: DNA microarray is only for testing known genes. For 
genes with low expression levels, the results of microarrays are significantly 
different. To ensure that the obtained results are reproducible, and to reduce 
the number of false positive results, it is always better to repeat. Sometimes 
the total RNA is low and insufficient, and the amplification step needs to be 
performed, which may cause bias (Chua et al., 2003). 

In DNA microarray, variation hybridization occurs, meaning that a piece 
of the well is hybridized elsewhere. It is difficult to normalize the results in 
microarray technology; for example, the image quality obtained from wells 
may be inadequate and the colors produced may be difficult (Varallyay et 
al., 2008). Data retrieval from databases is difficult and its analysis requires 
expertise. 

8.5 EXAMPLES OF IDENTIFYING GENES IN RESPONSE TO ABIOTIC 
STRESSES USING MICROARRAYS 

A study has been conducted to investigate the effects of different combina-
tions of environmental stresses on the transcript level of the Arabidopsis 
genome using microarray databases. Plants often respond to water deficiency 
at the molecular and cellular levels, and a set of genes with different patterns 
are induced or silenced (Shinozaki & Yamaguchi-Shinozaki, 2007). 

Research has shown that the processes that lead to increased stress 
tolerance and ultimately plant adaptation are regulated by signaling path-
ways. The result of activating these pathways is regulating the expression 
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of stress-related genes, which can include activating or deactivating them. 
Reconstruction of the involved gene network and identification of key genes 
involved in drought stress in barley were performed using microarray data 
analysis. Finally, genes involved in response to drought stress were identified 
based on analysis of related microarray experimental data, protein interac-
tion networks were reconstructed, and Hub genes were identified, including 
transcription factors and HYH and HY5, DREB2A, DREB1A, ABF3, ARF1, 
ABI1, and PP2CA phosphatase proteins (Javadi et al., 2017). 

Drought stress tolerance, as a complex trait, includes a set of changes 
including physiological, morphological, and biochemical changes at the 
plant level (Zhang, 2007). Extensive studies have been performed on all plant 
species to identify drought stress response genes (Tran et al., 2010). In rice, 
drought-responsive genes were identified using expression profiles such as 
microarrays, Expression Sequence Tags (ESTs), RNA gel blot, and qRT-PCR 
(Degenkolbe et al., 2009). However, a collection of genes responding to 
drought stress, especially those genes that have significant expression 
changes compared to normal conditions, is essential to the performance of 
the set of these genes in drought tolerance (Hruz et al., 2008). 

In drought stress, ABA reduces the concentration of potassium in the 
protective cells of the stomata, leading to the closure of the stomata, which 
reduces water loss from the guard cells. The expression of many genes 
induced by drought stress has been identified through microarray whose 
products increase stress tolerance and regulate the expression of other 
genes through signaling pathways. Most of these genes are associated with 
increased levels of ABA in plants (Raghavendra et al., 2010). The ABI3/VP1 
protein family has been reported to help ABA to increase grain filling and 
stress resistance (Kermode, 2005). Application and analysis of microarray 
results in Arabidopsis mutants showed that 73% of genes were affected by 
VP1 and ABA, indicating a close relationship between ABA signaling and 
VP1 function (Suzuki et al., 2003). 

Under non-stress conditions, Reactive oxygen species (ROS) are present 
in small and controlled amounts in plant cells (Dumont & Rivoal, 2019). 
Stress increases the production of ROS, which are toxic and cause severe 
damage to cellular components. In order to inhibit and collect oxygen free 
radicals, plants produce various enzymatic and non-enzymatic antioxidants 
in their cells (Sharm et al., 2012). Antioxidant enzymes include superoxide 
dismutase (SOD), catalase (CAT), glutathione peroxidase (GPX), ascorbate 
peroxidase (APX), monodehydroascorbate reductase (MDHAR) and dehy-
droascorbate reductase (DHAR) (Alscher et al., 2002). Using microarray 
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data, in salinity, cold, heat, and light stresses, the regulation of six antioxidant 
enzymes in 10 natural Arabidopsis ecotypes was evaluated. The expression 
profiles of 36 genes encoding six enzymatic antioxidants including CSD1-3, 
FSD1-3, MSD1-2, CAT1-3, APX1-6, APXT, APXS, GPX1-8, MDAR1-5, 
and DHAR1-4 were evaluated. In particular, the FSD1, FSD2, CSD1, and 
CSD2 genes encode SOD. CAT2 and CAT3 for CAT; APX3-6, APXT, and 
APXS for APX, GPX1, GPX2, GPX5, GPX6, and GPX7 for GPX. In low 
light and cold stresses, it further up-regulates the expression of genes (Filiz 
et al., 2019). 

Salinity is one of the most important environmental stresses that reduces 
growth and yield in plants (Hill et al., 2016). The expression pattern of 1,728 
genes in response to salinity stress in rice was investigated by microarray 
method (Kamaluldeen et al., 2014). Also, a study examined the expression 
pattern of 32,000 genes in response to salinity stress in wheat, a total of 3,416 
genes increased in salinity and 2,580 genes showed decreased expression 
(Kawaura et al., 2008). As previously mentioned, low throughput methods 
are used to confirm the results of microarrays, for example, in a study by 
Salami et al. (2017), the expression analysis of Hv TIP2;3 and Hv TIP4;1 in 
barley genotypes under salinity stress was performed by real-time method. 
Identification of new genes and determination of their expression pattern is 
done with the aim of adapting plants to different types of stresses, and in this 
regard, effective solutions should be created in plant modification to improve 
stress tolerance. 

8.6 CONCLUSION 

Plants are subject to various environmental stresses during their growth and 
development. The response to these stresses involves changes at the cellular 
and molecular levels. Microarray provides a new opportunity for biological 
search, including the explanation of genes in specific processes such as cell 
cycle, growth, and development, the evaluation of the effects of chemical 
and genetic disorders, and the identification of genes. Identification of toler-
ance mechanisms and genes involved in stress response with the help of 
powerful microarray technology can help to take measures to improve toler-
ance to various stresses in crops and improve their performance by methods 
such as genetic engineering. Microarray is based on gene network. Different 
methods can be proposed to reconstruct gene regulatory networks, such as 
protein interaction networks and gene expression networks to identify hub 
genes. 
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ABSTRACT 

Salinity is a severe threat to plants which can affect almost all developmental 
processes of the plant. Salinity is often considered a complex constraint 
that induces the regulation of many genes with a significant function in the 
mechanism of salt resistance. Researchers and scientists are working hard to 
uncover the molecular processes behind salt tolerance in both halophytic and 
non-halophytic plants. In many studies, it was found that a special category 
of RNA, often called non-coding small RNA or simply small RNAs (sRNAs) 
can execute different biological processes in plants against salt-induced 
stresses. sRNAs are usually 20–30 nucleotides long and directly participated 
in the regulation of almost 30% or more of the genes in a cell and are broadly 
categorized into two broad groups microRNA (miRNA) and short interfering 
RNAs (siRNAs). Gradual scientific efforts have reported the significance of 
different subcategories of sRNAs including microRNAs (miRNAs), short 
interfering RNAs (siRNAs), natural antisense transcript derived siRNAs 
(nat-siRNA), trans-acting siRNA (ta-siRNA), etc., in salinity stress response 
in the plant. To date, many halophytic and non-halophytic plants have been 
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studied to determine the contribution of various sRNAs in salt tolerance, as 
well as the molecular basis of salt stress regulation in plants. Advancement of 
computational Biology and innovation of various tools of Bioinformatics also 
accelerates the genome-wide identification of these sRNAs, as well as their 
targets. Various researchers are trying to use the sRNAs mediated RNA inter-
ference approach for the development of resistant varieties of various crops 
for combating soil salinity as well as other abiotic stresses. In this chapter, the 
authors have presented the fundamental and applied aspects of small RNA 
and RNA interference technology in developing salt-resistant plants. 

9.1 INTRODUCTION 

Organisms have evolved with a gamut of diverse and sophisticated mecha-
nisms for survival and growth during stressful situations caused by several 
biotic and abiotic environmental factors. Plants are primarily sessile organ-
isms, and so they set up multiple layers of protective measures to respond 
and resist the surrounding adverse environment (Zhang & Hong, 2019). The 
stress response of plants to abiotic and biotic variables has been addressed 
in recent decades by employing certain traditional as well as contemporary 
breeding methods, which has resulted in crop improvement to some extent. 
Extensive understanding of adaptive reactions in the plant to stressful situa-
tions will expedite the development of novel approaches for improving plant 
tolerance against stresses (Kumar, 2014). It is well accepted that most of the 
plants activate reprogramming of gene expression through regulation at the 
transcriptional level or translational level to stimulate defensive mechanisms 
for survival under abiotic stress conditions. Among these abiotic variables, 
soil salinity is regarded as one of the most detrimental due to its proclivity 
to impose constraints on the majority of plants. Accumulation of salt in 
the soil has resulted from some natural and anthropogenic activities that 
limit the global productivity of crops, as it has been projected that 20% of 
global cultivable land is highly affected by salts (Younis et al., 2010). Soil 
salinity has a negative influence on growth and development, which can 
lead to abnormalities or even early death. There is no doubt that the salt 
tolerating cultivars of crop plants have high demand in international markets, 
as the majority of the arable land worldwide is gradually getting saline and 
dry. To overcome such conditions different research activities are being 
carried out on various crop plants by using biotechnological approaches for 
pointing out and characterization of different genes under salt stress as well 
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as salt-induced drought stress responses. Technological advancement has 
also enlightened the influence of salinity stress on structural conformations, 
function features and networks of the transcription factors and it is crucial 
to identify the particular role of each transcription factor or gene prior to 
gene modification during the creation of salt-resistant cultivar. Most of 
the eukaryotic organisms adopted some small RNA-based mechanisms to 
withstand unfavorable conditions (Agrawal et al., 2003). Creditable research 
on various plants has identified the function of some small RNAs (sRNAs), 
which significantly regulate salt tolerance responses. To date, an enormous 
number of sRNAs together with their biogenesis and mechanism of action 
have been recognized in many crop plants. Endogenous sRNAs, which are 
linked with the genetic control of many morphological and physiological 
traits in plants, are increasingly regarded as essential factors in the regulation 
of salt tolerance in plants. Gene regulation is generally executed through the 
condensation and transcriptional repression of chromatin, i.e., formation of 
heterochromatin and it is essential for controlling gene expression in every 
event of growth and development including silencing parasitic gene elements, 
genome stability and inheritance (Johnson & Straight, 2017). Significant 
research has established that RNA interference (RNAi) and heterochromatin 
production are linked, but they were previously considered to be regulated 
by entirely distinct, even unrelated processes (Martienssen & Moazed, 
2015). RNA interference (RNAi) is now specifically used to refer the gene 
silencing, which is executed by exogenous double-stranded RNA (dsRNA), 
but in a broader sense, it refers the all the gene silencing, which is triggered 
by sRNAs in combination with a representative of the Argonaute protein 
family (Fire et al., 1998; Martienssen & Moazed, 2015). Comprehensive 
knowledge about sRNA mediated molecular mechanisms of stress responses 
would provide a thorough understanding of the initiation and progression of 
stress tolerance and is essential to develop stress-resistant plants. Adequate 
understanding over the last couple of decades has indicated that sRNAs are 
more common than previously assumed. Ongoing and forthcoming inves-
tigations will optimistically provide more needful and detailed to combat 
effectively salt-induced stress as well as other kinds of abiotic stresses. 

9.2 SALINITY 

Salinity is regarded as a decisive abiotic stress factor that is deleterious for 
most crop plants. Globally, it causes enormous losses to crop production, and 
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since few decades it has gained the focus of extensive research to unlock the 
complicated mechanisms entailed in salt tolerance in plants. In comparison 
to other abiotic stresses, salinity is quite complex as it exerts both osmotic 
and ionic action that accelerates its toxicity greatly (Parmar et al., 2020). 
Plants also develop various adaptive measures to exclude excess salt from 
the cell and also develop some modifications to tolerate salt within their cells 
for survival under salinity (Munns & Tester, 2008). Different plant species 
show different adaptive features under salinity and their responses also vary 
to salinity. In most cases, salt-sensitive plants experience osmotic stress, 
ionic toxicity, and oxidative stress and in severe cases, salinity causes the 
death of the plant; on the contrary, to cope with salinity, salt-tolerant plants 
employ a variety of morphological, physiological, and molecular processes 
(Bartels & Sunkar, 2005; Munns & Tester, 2005; Zhang & Shi, 2013). Excess 
salinity inhibits water uptake by the root system and reduces turgor pressure 
water efflux from the vacuole, thereby causing insufficient osmotic imbal-
ance (Devkar et al., 2020). Any salt-sensitive plant growing under salinity 
suffers from triple-fold impacts, viz. osmotic stress, ionic stress, and oxida-
tive stress and thus become incapable to grow further (Khare et al., 2015; 
Surekha et al., 2015; Wani & Gosal, 2010). There is a real need for some 
effective strategies for developing salt-tolerant cultivars and salt remedia-
tion. Most of the crop plants that are salt sensitive are called glycophytes. To 
defend and survive during salt-induced stress conditions glycophytic plants 
have developed elaborate and systematic sensory and adaptive responses 
including gene transcription network and activation of signaling cascade 
(Joshi et al., 2016; Kinoshita & Seki, 2014; Wani et al., 2013). Plant stress 
tolerance usually associated with morphological, physio-chemical, and 
molecular mechanisms, which are ultimately regulated by genes. Based on 
the model plant Arabidopsis researchers have identified many genes which 
are required for salt tolerance and a few of them are successfully used to 
increase salt tolerance levels in some agriculturally important crop cultivars 
through genetic engineering and biotechnological approaches (Zhao et al., 
2020). Plant breeders of every corner of the world seek to develop and 
identify cultivars that are more tolerant towards salinity. Many genes are 
critically involved in several kinds of plant responses against salt-induced 
stress. Some of the genes are associated with the activation of ion chan-
nels, whereas others are count in signal transduction and modification of 
growth-regulating factors for plant architecture, chiefly root morphology 
(Mirlohi & He, 2016). Every response of plants to salt stress is the result of 
a complex and dynamic mechanism governed by many gene loci and carried 
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out by transcriptional machinery in collaboration with a complex system 
of transcription factors (Agarwal et al., 2013). Alarming data have shown 
salt stress potentially regulates numerous plant genes both at transcriptional 
and post-transcriptional levels in different species, underscoring the role of 
usual transcriptional regulators during stress (Deinlein et al., 2014; Golldack 
et al., 2011). Manipulation of such transcription factors and transcription 
system plants showed many adaptive features such as overexpression of 
the stress-responsive gene, activity of several transporters, biogenesis of 
various protective metabolic substances such as osmolytes, polyamines, 
antioxidative enzymes, etc. (Hasegawa, 2013; Yadav et al., 2012). Different 
kinds of post-transcriptional and post-translational modifications such as 
sumoylation, ubiquitination, etc., also perform a very important role in the 
control of gene expression during stressful situations and collectively such 
strategies help plants to achieve adaptive modification as well as capability 
of survival under salinity (Chen & Aravin, 2015). 

9.3 SMALL RNA AND ITS TYPIFICATION 

Over a long period, RNA was thought to be a transitional component that 
serves as a bridge between gene loci in DNA and polypeptides (mRNAs) 
or to be a molecule which is serving effective roles during gene splicing 
(snRNA) or to be the components of protein-synthesizing machinery 
(t-RNA and rRNA). The subsequent invention of many non-coding small 
RNA molecules with distinct regulatory roles has modified the overall 
concept regarding gene regulations and gene expressions. sRNAs are 18–30 
nucleotides in length and have a large effect on several metabolic regulations 
including plant defense responses. Categorization of small RNAs is quite 
difficult because of their biogenesis, polarity, and extraordinary differences 
in transcript length and based on these criteria sRNA is generally sub-
categorized into two distinct groups: miRNA or microRNA and siRNA or 
short interfering RNAs; however, they are often subcategorized into several 
other forms. Biochemical and functional properties of both subcategories are 
nearly identical, and both of these are 19–20 nt long with 5’-phosphate and 
3’-hydroxyl end and in both cases mode of action to silent gene expression 
is involved RNA-induced silencing complex (RISC) (Ambros et al., 2003; 
Kim, 2005a). After the discovery of plant small RNA (sRNA) in Arabidopsis 
in 2002, molecular biologists of various corners of the globe engaged to 
invent small RNAs from the various organism and their cumulative effort 
explored not only the numerous sRNAs but also determined their mode of 
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regulation on several biological processes including cellular metabolisms, 
seed germination, growth, and development events, adaptive responses 
against abiotic  stresses (Chen et al., 2018; Llave et al., 2002). The majority 
of plant sRNA  comes from one of these three pathways: miRNA  biogen-
esis, secondary siRNA biogenesis, or heterochromatic siRNA (hc-siRNA) 
biogenesis (Borges & Martienssen, 2015). sRNA  biogenesis may be regarded 
as a mechanism  that enables plants to reorganize gene expression pathways 
needed for adjustment and survival under stressful conditions (Phillips et al., 
2007). Major characteristics of small RNAs (s-RNAs) are: 

1. 		 sRNAs are riboregulators that have pivotal roles in the majority of 
the biological processes of eukaryotic organisms. They control gene 
expression in several ways. In some cases, sRNAs act on DNA and 
execute sequence elimination and chromatin remodeling, whereas 
in some other cases, sRNAs act on RNA molecules and execute 
cleavage and translation repression. 

2. 		 Usually, sRNAs are made from dsRNA  few recent investigations 
enlightened some new RNA-silencing pathways wherein sRNAs are 
generated from long-stranded RNA (ssRNA) precursors (Martienssen 
& Moazed, 2015). 

3. 		 In the context of plant science, sRNAs have an unusual convolu-
tion, and they are classified according to their biogenesis and the 
conformation of genome loci from which these are generated. To 
date, sRNAs are classified into two broad categories microRNAs 
(miRNAs) and interfering RNAs (siRNAs). As per the knowledge 
of the latest literature in this field, siRNAs are further classified 
into three subgroups, namely natural antisense siRNA (natsiRNA), 
trans-acting siRNA  (ta-siRNA) and hc-siRNA. As a result of the 
steady analysis of large-scale siRNA  sequencing efforts, the number 
of siRNA  subgroups may expand in the near future (Phillips et al., 
2007). 

4. 		 Until now sRNAs in plants have been found to be between 20 nt and 
24 nt long (Hackenberg et al., 2015). 

5. 		 All variants of characterized sRNA  in plants associate with a special 
class of endonucleases, known as – ARGONAUTE (AGO) family 
proteins and collectively these two form a specialized ribonucleopro-
tein complex-RNA induced silencing complexes (RISCs). sRNAs 
guide the complex to bind with DNA through base pairing or with 
target RNA (Peters & Meister, 2007; Vaucheret, 2008). 
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6. 		 For all categories of sRNA, biogenesis takes place through four basic 
steps.: (i) Transcription of sRNA  is brought about by dsRNA  and an 
RNA  polymerase (RNAP) act as a driving agent of the transcription 
of the corresponding gene; (ii) then the dsRNA  has become 18–25 
nucleotide long sRNA; (iii) next to this 3’ end of sRNA  become meth-
ylated; and (iv) ultimately the sRNA  binds with effector complex, 
i.e., RISC, which allow it to detect and interact with its target site 
(Voinnet, 2009; Budak & Akpinar, 2015). 

7. 	 Generally, RNase III type ribonuclease Dicer-like (DCL) protein 
control the processing of sRNA  and after incorporation into Argo-
naute (AGO) proteins, it silences genes at the transcriptional level 
by modifying DNA  or histones, and at the post-transcriptional level 
either by cleavage and destruction of mRNA  or protein repression 
(Baulcombe, 2004; Chapman & Carrington, 2007). 

8. 		 sRNAs play important roles in a wide range of biological processes, 
along with morphological development, genomic stability, 
physiological balance, and various biotic and abiotic responses 
(Vaucheret, 2006). During stress conditions, miRNAs and siRNAs 
can be upregulated or downregulated, and due to such modifications, 
the post-transcriptional activity of respective target genes is altered, 
which in turn results in adaptive responses in plants (Leung & Sharp, 
2010). 

9. 		 sRNA  is a mobile element and can move from a gene locus to another 
or even from one cell to others and play a significant role in non-
cell-autonomous gene silencing, which may be local or systematic in 
nature (Baldrich et al., 2019). 

10.  Several researchers confirmed that sRNA  can move from plant cells 
to pathogens and such transferred sRNA  permits plants to control the 
expression of genes in the invading pathogens or parasites through a 
process called host-induced gene silencing (HIGS) (Baldrich et al., 
2019). 

11.  Although a large number of studies have proven mobile RNAs in the 
plant, it is still  not possible to determine the mechanism by which 
these RNAs move (Baldrich et al., 2019). 

12.  Both in the cytoplasmic level and nuclear level sRNA regulate gene 
expression through versatile and complex mechanisms and it is fact 
that slight alteration of sRNA  mediated regulatory mechanisms may 
influence normal cellular functions (Catalanotto et al., 2016). 
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9.3.1 MICRORNA (miRNA) 

microRNAs (miRNAs) are single-stranded RNA molecules that are short 
in length and non-coding. They can bind with the non-coding region in 
the poly-A tail of mRNA to inhibit the activity or promote the degradation 
of mRNA (Bartel, 2004). These are abundantly present in the genomes of 
plants, animals, and viruses, and the vast majority of them have distinct 
genetic loci and exhibit conservation among species belonging to the 
same biological kingdom (Lagos-Quintana et al., 2001). The length of 
miRNAs for animals ranges from 20–22 nucleotides, whereas it is 20–24 
nucleotides for plants (Bartel, 2004; Reinhart et al., 2002). miRNAs are 
reported to regulate gene expression in plants that are involved in a variety 
of activities, including the development of root, stem, leaf, and flower, 
shifting of vegetative phase to reproductive phase and stress responses 
(Zhang et al., 2006). During the biogenesis of miRNAs, the template 
genes are catalyzed by RNA polymerase II and resulted in a primary 
transcript that adopts a feedback structure (Yaish et al., 2015). With the 
assistance of some nuclear proteins, such fold back structure is ultimately 
converted into a specialized RNA duplex structure often called miR-3P/ 
miR-5P duplex (Kurihara et al., 2006). The complex is then divided to 
produce mature miRNA. After the formation, mature miRNAs bind with 
the functional endonuclease protein, i.e., Argonaute (AGO) to form the 
RISC, which in turn accomplish gene regulation through the splitting 
of mRNA or cleavage of mRNA or inhibition of translational activities 
(Naqvi et al., 2012). Both pleiotropically and prevalently, a single miRNA 
is mostly able to recognize more or less hundreds of distinct mRNA 
transcripts (Li et al., 2018). To recognize target mRNA such miRNA, use 
sequence complementarity which is the prerequisite to regulating the level 
of target protein (Bartel, 2004; Llave et al., 2002; Shukla et al., 2011). The 
microRNA can recognize multiple mRNAs and can bind with them and 
in this way mRNA and microRNA jointly consist of a precise regulation 
system (Zhang & Xie, 2017). Along with normal developmental events 
and stress response miRNAs are found to be a key player in cell differen-
tiation, proliferation, tumorigenesis, apoptosis, etc., in plants as well as 
other eukaryotes (Cai et al., 2009). Few miRNAs have been revealed that 
are highly conserved across distantly related taxa, ranging from mosses to 
higher flowering eudicots in the plant kingdom and worms to mammals 
in the animal kingdom (Axtell et al., 2007; Zhang et al., 2006; Bartel, 
2004). The binding of miRNA and their target mRNA maybe with perfect 
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complementary or nearly perfect complementary but in both cases gene 
regulation is perfectly executed through cleavage, repressed translation or 
often de-adenylation and in both cases miRNA downregulates the levels 
of mRNA produced from the target gene and thus, the proteins encoded by 
the target gene are also reduced (Parmer & Shaw, 2018). 

In plants, some miRNAs are highly conserved, whereas some are lineage 
and species-specific immature miRNA (Sun, 2012). Some of them exist as a 
single copy and some are as multiple copies or gene clusters in the genome 
(Si et al., 2014). In the majority of cases, plant miRNA targets transcriptional 
factors that are involved in all developmental processes, from seed germina-
tion to seed production via the formation of a mature plant (Jones-Rhoades et 
al., 2006). However, miRNAs indirectly regulate such processes by forming 
RISCs that act on mRNAs produced from target genes, and also control 
expression through adenylation, translational inhibition, or degradation of 
target mRNA (Lu et al., 2008; Phillips et al., 2007). Various studies have 
indicated that stress responses of a miRNA may differ with the variation of 
the genus or species, while in the case of some miRNAs patterns of stress 
responses are more or less similar in all plants (Zhang, 2015). 

Previously, it was assumed that miRNAs were conserved throughout a 
wide variety of plant species, including flowering plants and non-flowering 
plants such as bryophytes and pteridophytes, but later it was proved that few 
miRNAs are always restricted to some specific genera (Floyd & Bowman, 
2004). In plants biding of miRNAs with their target mRNA are based on 
extensive sequence complementarity, however, there are few exceptions 
where five or more mismatches have been found between the target mRNA 
and miRNA (Axtell, 2013). Some researchers have pointed out a few 
examples to confirm about restricted miRNAs, such as few miRNAs of 
Arabidopsis are not reported in the rice genome, and similarly, miRNAs 
reported from poplar are absent in Arabidopsis (Lu et al., 2005). Allen 
et al. (2004) conceptualized a model to explain the evolutionary aspect 
of miRNA genes in plants and this model miRNAs were distinguished 
into “old miRNA” and “young miRNA” and opined that the former type 
evolved prior to the origin and evolution of many plant taxa and that is 
why are conserved, while the latter type originated after the emergence of 
taxons of the present era and hence are not conserved. This model satisfied 
the fact that miRNAs present in one plant are not present in other plants 
(Lu et al., 2005; Sunkar & Zhu, 2004). However, numerous miRNAs have 
been identified, and their targets are conserved across various plant species 
(Montes et al., 2014). 
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9.3.2 SHORT INTERFERING RNA 

Short interfering RNAs (siRNA) are the small RNAs having a key role in 
gene silencing (Thakur, 2003). Three kinds of siRNAs with lengths of 21, 22, 
and 24 nucleotides have been shown to play critical roles in developmental 
processes and immunity generation in plants (Wu et al., 2020). Initially, the 
majority of siRNAs are generated as short 3’ duplexes by the enzymatic 
activity of endonucleases from the Dicer family, acting upon long dsRNA 
(Baulcombe, 2005). Then, through sequence complementarity with target 
transcripts, one strand of the duplex is loaded into the Argonaute proteins, 
which collectively regulate the gene expression of the target gene (He et 
al., 2019). siRNAs assign many proteins which modify DNA and histones, 
namely cytosine methyltransferase, chromomethylase-3 (Ossowski et al., 
2008) and they vigorously modify transcriptionally active chromatin into 
transcriptionally inactive chromatin state (Kamthan et al., 2015). Endog-
enous siRNAs are further categorized into several groups such as natural 
antisense siRNAs (natsiRNAs), miRNA-induced trans-acting siRNAs 
(tasiRNAs), cis-acting siRNAs (casiRNAs), and hc-siRNAs based on the 
specific mode of biogenesis and mode of action (Axtell, 2013; Choudhuri, 
2009). natsiRNAs are generated by the processing of dsRNAs that were 
produced from endogenous RNAs having complementary sequences and 
DCL4 or DCL2 protein acts on the precursors to produce 21- or 22-nucleo-
tide long nat-siRNAs, respectively (Medina et al., 2018). Pha-siRNAs are 21 
nt long RNAs that are converted form dsRNA with the help of RDRC and 
processed with the help of DCL4 (Medina et al., 2008; Vazquez et al., 2004). 
Another siRNA especially 24 nt long, that are associated with the triggering 
and modification of de novo methylation of desired loci by RNA-directed 
DNA Methylation (RdDM) method, are called “heterochromatic siRNAs” 
(hc-siRNA) (Chan et al., 2006; Dalakouras & Wassenegger et al., 1994). 
In the case of both hc-siRNA and pha-siRNA, Dicer-like proteins (DCL) 
recognize the precursor RNAs and cleave them into products of defined 
length (Baldrich et al., 2019). All types of siRNAs are remarkably impor-
tant for plant gene regulation. siRNAs that have length 21 nt and 24 nt are 
usually involved in the cleavage of messenger RNAs and DNA methylation 
(Bologna & Voinnet, 2014; Borges & Martienssen, 2015). Wu et al. (2020) 
showed that 22 nt long siRNAs that are quite different from 21 nt siRNAs 
and 24 nt siRNAs, effectively repress translation, triggers transitive RNA 
interference and amplification of gene silencing but are less effective in 
target cleavage. Further study concluded that induction and upregulation 
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of 22 nt siRNAs lead translational slowdown and growth inhibition under 
certain stress conditions. However, the mechanism of 22 nt siRNAs in the 
execution of translational repression and transitive RNA interference are 
still under research that mediate translational repression and transitive RNA 
interference are still under research. 

9.4 OTHER TYPES OF SMALL RNA 

In addition to these sRNAs, several classes of small RNAs have been 
discovered. Some of them are well studied and found to have significant 
involvement in diverse cellular processes of animals and fungi. Such sRNAs 
are functionally diverse with scanty information. To date, there is no report 
about the occurrence of such small RNAs in plant species, but they have 
pivotal roles in the gene regulation of a few biological phenomena in some 
members of the animal kingdom (Jones-Rhoades et al., 2006). From a 
botanical perspective, miRNAs and siRNAs make up an entire portion of the 
sRNA population. 

9.4.1 SMALL TEMPORAL RNA (ST-RNA) 

In C. elegans, a specialized group of 22 nt long RNAs have been reported 
that are known as Small Temporal RNA (st-RNA) and are involved in 
temporal regulation of the developmental process of the organism (Thakur, 
2003). Further studies revealed that initially, these are generated from ~ 
70-nt ssRNA having a stem-loop structure and after processing, this st-RNA 
is thought to prevent their target mRNA by binding with the target comple-
mentary 3’ untranslated regions (Thakur, 2003). 

9.4.2 PIWI-INTERACTING RNA (PI-RNA) 

Piwi-interacting RNAs (piRNAs) are another type of small RNA that 
is frequently regarded as a distinct class of miRNAs with a length range 
between 24 and 32 nucleotides and are mostly expressed in germline cells 
of some animals (Aravin et al., 2007). These pi-RNAs act as a vital genetic 
and epigenetic regulatory factor and effectively regulate the stability of germ 
cells, genome integrity, stability of mRNA, methylation of DNA and control 
of retrotransposons (Zuo et al., 2016). 
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9.5 BIOGENESIS OF SMALL RNA 

The biogenesis of various sRNAs in plants, such as miRNAs and siRNAs, 
is quite similar. Both of these sRNAs are made from larger RNA precursors 
by enzymes termed DICER-LIKE, which are ribonuclease-III-like nucleases 
(DCL). In the context of sRNA biogenesis in animals, the nuclease is known 
as Dicer. However, there are some basic differences in their processing. 
Usually, miRNA is produced from the genetic loci called MIR genes (Figure 
9.1). Just like other protein-coding genes MIR genes are also first transcribed 
into a primary transcript (pri-miRNA), which then forms an incomplete 
“fold-back” stem-loop or hairpin structure due to the existence of intra-
molecular sequence complementarity (Guo et al., 2016). The transcription 
is generally mediated by RNA polymerase II (RNA Pol-II) to yield primary 
miRNA (pri-miRNA) which is subsequently subjected to 5’ capping and 3’ 
polyadenylation (Koroban et al., 2016). In the nucleus, from this pri-miRNA 
structure, DCL1 produces a pre-miRNA molecule with a specific “stem-
loop” structure in collaboration with the dsRNA-binding protein DRB1 or 
HYPONASTIC LEAVES 1 (HYL1) (Eamens et al., 2009; Kurihara et al., 
2006; Kurihara & Watanabe, 2004). According to Voinnet (2009) DCL1, 
HYL1 and SERRATE proteins have collaboratively executed the processing 
of pre-miRNAfrom the primary transcript (pri-miRNA) in plants. The further 
process of pre-miRNA is mediated by DCL1 within the nucleus, generating 
a 21 nucleotide long imperfect RNA duplex that is comprised of mature 
miRNA (guide strand) and newly synthesized miRNA (miRNA rider stand). 
The RNA methylase HUA ENHANCER1 (HEN1) then methylates the 3’ 
terminal nucleotides of the RNA duplex at the 2’-O-hydroxyl group, which 
facilitate to shield of the miRNA: miRNA duplex from degradation (Li et 
al., 2005). After that, an exportin protein HASTY (HST1) release the duplex 
into the cytoplasm. Inside the cytoplasm, the strand of miRNA duplex which 
is integrated into the AGO protein regulates enzymatic activity of RISC and 
directs RISC to connect with related target transcripts through sequence 
complementarity (Achkar et al., 2016; Kim et al., 2009; Lee et al., 2004). 

The siRNA molecules are generated from dsRNAs which may be endog-
enous or exogenous in origin. Plants generate various kinds of siRNAs viz., 
trans-acting siRNAs, phased secondary siRNA, natural antisense siRNA, 
and hc-siRNA. Endogenous sources of siRNAs include dsRNA generated 
through natural cis-antisense, dsRNA produced from heterochromatin, gene 
paired encoded mRNAs and also as an outcome of miRNA induced cleavage 
of ssRNAs (Chinnusamy et al., 2007). Among the exogenous origins of 
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FIGURE 9.1 Biogenesis and mode of action of miRNA in plants. 
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siRNA, the most commonly documented two are retroelements and RNA 
virus replication (Khraiwesh et al., 2012). Though siRNAs are categorized 
into many subclasses all are produced by the action of a specific RDL-DCL 
protein complex (Kumar et al., 2018). In plants precursors of almost all 
siRNAs are long and double-stranded (Bartel & Bartel, 2003; Kim, 2005b) 
but the initiation of biogenesis is specific for each type of siRNA. To date, 
various researchers identified few types of siRNA precursors in plants. For 
example, ta-si RNAs are originated from non-coding regions, ra-siRNA 
originated from the heterochromatic locus. Guleria et al. (2011) found that 
single-stranded RNA (ssRNA) is utilized for particular siRNA via miRNA-
mediated cleavage or RNA pol IV activity, and dsRNA is subsequently 
transcribed from single-stranded RNA precursors by RNA Dependent RNA 
polymerases (RDRs). The synthesized dsRNA is then split into two siRNAs 
by the action of the DCL protein, one of which is 21 nt long and the other 
is 24 nt long. The length of the synthesized siRNAs is determined by the 
specific enzymatic activity of the DCL proteins involved. A dsRNA molecule 
is often cleaved by several DCL proteins, that is why siRNAs of varying 
sizes are produced. After formation, siRNAs bind with AGO proteins to form 
RISCs, just like miRNAs, and similarly regulate target genes at the transcrip-
tional and post-transcriptional levels via RNA-directed DNA methylation 
(RdDM). Several studies have proven the particular function of several DCL 
proteins in the production of siRNAs. In the case of ra-siRNAs dsRNAs are 
cleaved by DCL3 proteins whereas DCL 4 proteins catalyze the production 
of transacting siRNA. 21 nt long for ra-siRNA and 24 nt long siRNAs are 
produced by DCL3, whereas DCL4 helps in the biogenesis of 21 nt long 
ta-siRNA from the TAS RNA precursors (Figure 9.2), in association with 
the involvement of some other proteins namely RDR6, SGS3 and DRB 4 (ds 
RNA Binding Protein 4), etc. (Chowdhury, 2018). Biogenesis of siRNA and 
miRNA distinguished from each other in respect of dsRNA precursors and 
except this both the small RNA molecules are derived by the similar mecha-
nisms, i.e., cleavage of dsRNA by the enzymatic action of Dicer-mediated 
cleavage (Khare et al., 2018). 

9.5.1 MAJOR ROLES OF SMALL RNA AND SMALL RNA BASED 
TACTICS IN PLANTS 

Small RNAs are now widely known biomolecules that act as the riboregulator 
and control different gene regulation systems. In the context of plant science 
sRNAs are widely studied as they have a remarkable role in the generation 
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FIGURE 9.2 Biogenesis and mode of action of siRNA in plants. 

of stress responses. In addition to stress responses, some sRNAs are also 
identified to have significant roles in the regulation of normal biological 
function. Plants can alter their gene expression based on the situation of their 
habitat. Any stressful situation to plant, can dramatically alter the level of 
gene expression and also the pattern of gene regulation and such alteration 
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induces stress responses (Hirayama & Shinozaki, 2010; Muchate et al., 2016). 
To cope with the stressful situation, many plants have evolved some compli-
cated morphological, molecular, and physiological regulatory systems. For 
a few decades, many researchers have utilized sRNA-based strategies to 
evaluate the stress resistance capacity of crop plants. Researchers have also 
screened and identified a large number of sRNAs encoded by plant genomes 
which impart significant contribution in protecting plants from various biotic 
and abiotic factors. To survive in adverse circumstances, plants employ 
diverse genetic, transcriptomic, and proteomic strategies.  The majority of 
such studies have focused on Arabidopsis thaliana, Glycine max, Gossypium 
raimondii, Hordeum vulgare, Medicago truncatula, Oryza sativa,  Populus  
sp., Saccharum sp., Triticum turgidum, Vigna unguiculata, and Zea mays  
(Noman & Aqeel, 2017). Though much exhaustive research has screened 
a huge number of sRNAs only a few of them have been recognized with 
detailed knowledge of their biological function: 

1. 		 In most eukaryotes, sRNAs are widely known for their gene regula-
tory action. By regulating gene expression, they can regulate many 
morphological and physiological events. Some of them regulate the 
gene expression downwardly and others are associated with upregu-
lation of gene expression. Most of them execute such regulation by 
directing DNA  to guide sequence elimination and remodeling of 
chromatin, whereas some of them act on RNA  to guide cleavage and 
translational repression (Vaucheret, 2006). 

2. 		 Some of the sRNA  molecules are also known for their capacity 
to silent a gene expression. Such short nucleotide sequences bind 
with specialized proteins to form Protein-RNA  complexes which 
ultimately induce gene silencing. sRNA mediated gene silencing is 
executed through one of these three processes: (i) by decreasing the 
rate of transcription; (ii) by destabilization of primary transcript or 
active mRNA  in the cell; or (iii) by decreasing the rate of translation 
(Mirlohi & He, 2016). 

3. 		 A  large number of sRNAs have been identified in plants which play 
vital roles in the modulation of origin and growth of several vegeta-
tive and reproductive organs, including seeds (Singh et al., 2017). 

4. 		 Because of their mobility, these compounds are ideal riboregulators 
for non-cellular silencing. Non-cellular silencing can take place on a 
local or systemic level. Plants get benefit from these silencing strate-
gies because these regulators can effectively reduce the harmful 



 

 

 

 

  

 
 

 
 

 

 

 

265 Small RNAs – The Big Players in Developing Salt-Resistant Plants 

effects of abiotic and biotic  stressors and increase the beneficial 
effects of plant-microbe interactions. 

5.  In many studies sRNAs have been exhibited to regulate the level of 
secondary metabolites, proteins, and therapeutic substances in plants 
(de Fougerolles et al., 2007; Mello & Conte, 2004). 

9.5.2 SMALL RNA-MEDIATED RNA SILENCING 

The discovery of RNA silencing (RNAi) was a surprising and accidental 
observation. Jorgensen and his team in 1990 introduced an exogenous 
transgene in Petunia and attempted to increase the expression of a gene that 
codes for the enzyme Chalcone Synthase (catalyze the biogenesis of specific 
pigment compound) under the control of 35S promoter (Ali et al., 2010; 
Napoli et al., 1990). The experiment showed that the plants were unable 
to produce the usual deep purple flower and in spite of this often-produced 
variegated flowers with complete loss of color. Some workers considered it 
as co-suppression and explained that in Petunia both introduced transgene 
and added DNA interfere with the expression of endogenous loci (Pradhan 
et al., 2015). In the late 1990 Fire and colleagues conducted an experi-
ment in Caenorhabditis elegans and showed that dsRNA can effectively 
execute silencing of endogenous genes through a sequence-specific mode of 
silencing (Fire et al., 1998). Later the process was coined as RNA interfer-
ence or RNA silencing. Technically RNAi refers to the phenomenon that 
involves dsRNA mediated sequence-specific gene regulation and resulting 
in inhibition of either translation or transcription (Kamthan et al., 2015). The 
discovery of RNA interference has accelerated an enormous research effort 
in most of the fields of plant science and other relevant fields of science. In 
1998, Andrew Fire and Craig Mello discovered that injecting dsRNA with 
both sense and antisense strands is more effective for silencing than injecting 
dsRNA with only one strand. Subsequent studies also confirmed the finding, 
which proved to be a defining moment in RNAi technology (Ali et al., 2010; 
Tabara et al., 1998). However, in the earlier mentioned discoveries are actu-
ally deals with the reporting of basic molecular mechanism related to gene 
silencing. In broad-spectrum RNA silencing is a non-cellular autonomous 
event as the silencing is initiated in one or few cells and progressively 
transmits RNA mediated sequence-specific suppression of homologous 
sequences in neighboring cell (Jorgensen et al., 1998; Voinnet & Baulcombe, 
1997). Kalantidis et al. (2008) concluded that RNA silencing is transmitted 
from one plant cell to another via plasmodesmata, which is caused due to 
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cell-to-cell migration of a short-range silencing signal. According to several 
supporting investigations RNAi is also mechanistically related to various 
conserved RNA silencing pathways that are associated with cellular regula-
tion of gene expression, protection of genome from mobile repetitive DNA 
sequences, retroelements, and transposons (Aravin et al., 2007; Baulcombe, 
2002). The phenomenon of RNAi involves all types of non-coding sRNAs 
resulted from the cleavage product of dsRNA (Kamthan et al., 2015). In the 
case of local RNA silencing, the silencing signals can gradually spread from 
a cell to the group of its adjacent cells (Dunoyer et al., 2013; Marin-Gonzalez 
& Suarez-Lopez, 2012). On the contrary systematic silencing takes place 
over a certain distance and the silencing signal can spread from a cell to the 
distantly located cells. With the up-gradation of next-generation sequence 
technology a huge number of novel and conserved miRNAs and siRNAs 
have been identified in various plant species (Jover-Gil et al., 2004; Sun, 
2012; Sunkar et al., 2012). Some of them were recognized through sequence 
analysis of constructed sRNA libraries, contrary others were predicted 
through in silico methods by utilizing recently accumulating sequence data. 
The gene silencing process needs some catalytic molecule that triggers the 
silencing of many homologous transcripts (Hinas et al., 2012; Hunter et al., 
2006). 

9.6 MODE OF ACTIONS OF SMALL RNAS IN PLANTS GROWN 
UNDER SALT STRESS CONDITION 

In most parts of the world, salinity appears to be a regular and recurrent 
crucial abiotic stress factor, which plays a vital role in restricting food 
production and is regarded as one of the major threats to biodiversity. 
Stress has simply referred to any kind of impairment in the growth and 
development of living organisms. Factors that generate stressful conditions 
are called stressors. In the context of plant science, the stressful situation 
causes delayed seed germination, insufficient growth, and decreased yield. 
Plant stress responses are fully reliant on accurate gene expression and 
correct gene regulation at several levels, including transcriptional, post-
transcriptional, and post-translational (Mirlohi & He, 2016). Among the 
gene regulation, post-transcriptional regulation has been discovered to have 
a role in maintaining cellular homeostasis under stress conditions, as well as 
assisting cells in recovering from the detrimental effects of stress (Sunkar et 
al., 2012). Among the abiotic stresses, the most damaging one is salt-induced 
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stress. In a salt-sensitive plant slight increase of salt concentration from the 
critical value may lead to harmful effects on the structural integration and 
functioning of the plant. Disorganization of the cell membrane, formation 
of poisonous metabolites, development of reactive oxygen species, and 
suppression of photosynthetic processes are some of the most obvious and 
prevalent effects of salt on plant cells (Hasegawa et al., 2000). Alteration of 
cell membrane fluidity results in disruption of protein homeostasis, which in 
turn results in improper functioning of cellular processes in plants. Salinity 
can disturb the plant from seed germination to its maturation. In salt medi-
ated stress conditions plants reprogramed their genetic organization at the 
transcription level in such a way that protective genes are up-regulated while 
the genes influence negatively are down-regulated. Modification of such a 
transcriptional system is one of the essential steps to trigger the adaptation 
processes under salinity (Gehan et al., 2015; Nakashima et al., 2014; Priest et 
al., 2014). The expression of numerous genes is modified in plants growing 
under salt-induced stressful conditions, and gene regulatory sRNAs should 
play a key role in the regulation of genes or gene-coded metabolites. Gradual 
research on sRNA mediated gene regulation has confirmed that under 
salinity the expressions of various miRNAs and siRNAs are altered while 
such modified sRNAs then alters the timing, location, and level of proteins 
expression of their target genes under salinity. The genetic model plant, i.e., 
Arabidopsis thaliana is readily amenable to molecular modification, thereby 
providing plant biology researchers with an excellent experimental system 
to validate the expression of abiotic stress tolerance phenotypes introduced 
through small RNA regulation and molecular modifications (Pegler et al., 
2019). Many experimental evidence points to the fact that many miRNAs 
are closely linked to the salt response. According to the study of Liu et al. 
(2018), 12 miRNAs in Arabidopsis, miR156, miR158, miR159, miR165, 
miR167, miR168, miR169, miR171, miR319, miR393, miR394, and miR396 
are elevated in reply to high salinity. In another plant Populus euphratica 
Olivier, 211 miRNAs have been identified and 162 of them were screened 
for salt response (Li et al., 2013). Different species of Saccharum also exhib-
ited upregulation of different miRNAs (miR156, miR159, miR166, miR167, 
miR168, miR169, miR396, miR397, miR398, and miR528) under salinity 
(Bottino et al., 2013; Gentile et al., 2015; Kumar et al., 2018). In a study on 
Vigna unguiculata, 18 conserved miRNAs were reported from 16 miRNA 
families by using a comparative genomic approach, which is expressed in 
various ways under salinity (Paul et al., 2011). By analyzing sequencing 
data through various sophisticated bioinformatics tools, a huge number of 
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sRNAs of interest were identified and their targets were also identified. 
A correct prediction and effective validation of small RNAs target gene 
is highly beneficial to researchers in investigating how these sRNAs may 
be used to regulate various plant biological activities. Any sort of stress-
sensitive genes, including salt-tolerance genes are intensively regulated by a 
complex system of transcription factors and SRNAs (Devi et al., 2013; Li et 
al., 2010, 2012). These miRNAs regulate several essential salt reactive genes 
and transcription factors (Table 9.1), and regulators were proven critical to 
plant salt tolerance (Fang et al., 2014; Mondal et al., 2018; Woodrow et al., 
2012). Under any stressful condition all the developmental, metabolic, and 
adaptive processes in the plant, rely on the proper regulation of gene expres-
sion system, which may be achieved by either transcriptional regulation or 
post-transcriptional regulation. 

9.6.1 TRANSCRIPTIONAL GENE SILENCING (TGS) 

The process of shutting down gene expression at the transcription level is 
referred to as transcriptional gene silencing (TGS). Usually, such transcrip-
tional repressions are caused by chromatin modification or methylation of 
DNA. TGS in the plant is usually related to sRNA-directed DNA methyla-
tion (Sunkar & Zhu, 2004). Such silence needs the homology of sequences 
between the promoter and sRNA, which is thus also called homology-related 
gene silence (HDGS) (Kooter et al., 1999). To date, many miRNAs are 
reported to act on salt responsive genes and induce DNA methylation (Table 
9.1). In some plants, many subsets of hc-siRNAs have been recognized that 
are intricately related to DNA methylation and in turn, considered to influ-
ence salt tolerance. In a study, it was found that the capability of salt toler-
ance in Arabidopsis was decreased when the DNA methylation at cytosine 
was blocked by the treatment of any agent such as 5-azacytidine (Boyko et 
al., 2010). 

9.6.2 POST-TRANSCRIPTIONAL GENE SILENCING (PTGS) 

Post-transcriptional gene silencing (PTGS) is a process in which transcription 
remain unaffected, but the expression of the gene is lost as mRNA molecule 
become unstable. sRNAs generally function as sequence determinants for 
such gene silencing in plants. Distinct components have interacted during 
PTGS and components may differ for miRNA mediated PTGS and siRNA 
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Plants Small RNA Status Under Salinity Target Protein References 
Agrostis 
stolonifera 

Arabidopsis 
thaliana 

miR319 

miR396 

miR394 
miR156 

miR158 
miR159 

miR160 

miR161 
miR164 
miR165 
miR166 
miR167 

miR168 
miR169 

miR171 
miR173 
miR319 

Overexpressed 

Overexpressed 

Overexpressed
 

Overexpressed
 

Overexpressed
 

Overexpressed
 

Overexpressed 

Overexpressed 
Overexpressed 
Overexpressed 
Overexpressed 
Overexpressed 

Overexpressed 
Overexpressed 

Overexpressed 
Overexpressed 
Overexpressed 

TCP transcription factors; NAC 

Growth-regulating factors (GRFs) 

F-box 
Squamosa promoter-binding protein-like 11 

Pentatricopeptide repeat-containing protein (PPR) 
MYB and TCP transcription factor 

Auxin response factor 

ARGONAUTE1 
NAC family gene 
Class III HD-ZIP transcription factor 
Squamosa promoter-binding protein-like 11 
Auxin response factor 

ARGONAUTE 1 (AGO1) 
CCAT-binding transcription factor (CBF-B/NF-YA) 
family protein 
Scarecrow-like transcription factor 
ARGONAUTE 1 
TCP transcription factors 

Zhou et al. (2013); Zhou & Luo 
(2014) 
Gao et al. (2010); Mecchia et al. 
(2013) 
Song et al. (2013) 
Liu et al. (2008) 

Chen et al. (2012); Liu et al. 
(2008) 
Gutierrez et al. (2009); Sunkar et 
al. (2012) 
Dolata et al. (2016) 
Amor et al. (2009) 
Liu et al. (2008) 
Amor et al. (2009) 
Liu et al. (2008); Sunkar et al. 
(2012) 
Liu et al. (2008) 

Dolata et al. (2016) 
Liu et al. (2008) 
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TABLE 9.1 List of mi-RNAs and Their Responses under Salt Stress 
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TABLE 9.1 (Continued) 

Plants Small RNA Status Under Salinity Target Protein References 
miR393 Overexpressed F-Box protein; basic helix-loop-helix (bHLH) Gao et al. (2011); Liu et al. 

transcription factor (2008); Sunkar et al. (2012) 
miR394 Overexpressed F-Box family protein Liu et al. (2008) 
miR396 Overexpressed Growth regulator factor 2; transcription factor; 

rhodanese like protein 
miR397 Overexpressed Laccase 2 
miR398 Repressed Inter Pro domain protein of unknown factor 
miR408 Overexpressed Laccase; plastocyanin Liu et al. (2008); Ma et al. (2015); 

Sunkar & Zhu (2004) 
Cucumis miR169 Overexpressed CBF HAP2-like factor Li et al. (2011) 
sativus miR395 Overexpressed ATP sulfurylase Li et al. (2016) 

miR398 Repressed Cu/Zn superoxide dismutase 
miR399 Overexpressed Protein PHR1-LIKE 1-like 

Glycine max miR166 Overexpressed SBP-like transcription factor Li et al. (2011) 
miR169 Overexpressed CBF HAP2-like factor 
miR394 Repressed F-box protein 
miR1507 Overexpressed NBS-LRR resistance protein 

Gossypium miRNVL5 Repressed Zinc-finger domain-containing transcription factor Gao et al. (2016) 
hirsutum 
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TABLE 9.1 (Continued) 

Plants Small RNA Status Under Salinity Target Protein References 
Gossypium 
raimondii 

Hordeum 
vulgare 

Lycopersicon 
esculentum 
Medicago 
sativa 

Medicago 
truncatula 

miR156 
miR157 
miR160 
miR166 
miR167 
miR172 
miR394 
miR396 
miR156 
miR168 

miR171 
miR444 

miR6213 
miR5048 

miR169 

miR166 
miR393 
miR390 

Overexpressed 
Repressed 
Repressed 
Repressed 
Repressed 
Repressed 
Overexpressed 
Repressed 
Overexpressed 
Repressed 

Overexpressed 
Repressed 

Overexpressed 
Repressed 

Overexpressed 

Repressed 
Repressed 
Downregulated 

Unindicated 
Unindicated 
Auxin response factor 
Unindicated 
Unindicated 
AP2-like ethylene-responsive transcription factor 
Unindicated 
Unindicated 
Squamosa promoter-binding protein-like 11 
ARGONAUTE1 protein 

Protein FAN 
F-box family protein 

Unindicated 
Unindicated 

Nuclear factor Y subunit 

Class III homeodomain leucine zipper protein 
F-box protein 
Leucine-rich repeat receptor-like protein kinase 

Xie et al. (2015) 

Deng et al. (2015); Lv et al. 
(2012) 

Deng et al. (2015) 
Deng et al. (2015); Lv et al. 
(2012); Zeng et al. (2019) 
Deng et al. (2015); Lv et al. 
(2012) 

Zhang et al. (2011) 

Long et al. (2015) 

Lelandais-Brière et al. (2009) 
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TABLE 9.1 (Continued) 

Plants Small RNA Status Under Salinity Target Protein References 
Nicotiana 
tabbacum 

Oryza sativa 

miR159 
miR167 
miR396 
miR159 
miR160 
miR164 
miR169 

miR393 
miR394 
miR396 

miR398 

miR408 

miR528 
miR809 

miR820 

miR2871 

Repressed 
Downregulated 
Overexpressed 
Repressed 
Repressed 
Downregulated 
Overexpressed 

Overexpressed 
Down-regulated 
Repressed 

Overexpressed 

Repressed 

Repressed 
Repressed 

Repressed 

Overexpressed 

MYB transcription factor Frazier et al. (2011)
	
ARF transcription factor
	
GRL transcription factors
	

MYB transcription factor Barrera-Figueroa et al. (2012)
 
Auxin response factor (ARF)
	
Unindicated Macovei & Tuteja (2012)
	
Nuclear transcription factor Y subunit Archak & Nagaraju (2007); Li et 


al. (2010); Zhao et al. (2009) CCAAT-binding transcription factor
	
TIR1, AFB2, AFB3, F-box domain, MYB family TF Liu et al. (2008); Xia et al. (2012)
	
F-box protein Macovei & Tuteja (2012)
	
Growth regulating factor Gao et al. (2011); Yuan et al. 


(2019) 
Copper/zinc superoxide dismutase 1, copper/zinc Li et al. (2010); Lu et al. (2011) 
superoxide dismutase 2, and copper chaperone for 
SOD 
Blue copper protein precursor; peptide chain release Li et al. (2010); Macovei & 
factor Tuteja (2012); Mutum et al. 

(2013) 
L-ascorbate oxidase Yuan et al. (2015) 
Glutaredoxin 2, putative; Glutaredoxin subgroup II; Barrera-Figueroa et al. (2012); Li 
PPR repeat-containing protein et al. (2010) 
NAC domain-containing protein; domains Nosaka et al. (2012); Sahu et al. 
rearranged methyltransferase 2; Plasma membrane (2013); Sharma et al. (2015) 
intrinsic protein 1–5 
Glycosyltransferase family protein Barrera-Figueroa et al. (2012) 
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Plants Small RNA Status Under Salinity Target Protein References 
Panicum 
virgatum 

Phaseolus 
vulgaris 
Populus 
euphratica 

Populus 
trichocarpa 

miR156 
miR157 
miR159 
miR162 
miR395 
miR396 
miR397 
miR399 
miR2118 

miR1446 
miR1447 
miR1448 
miR156 
miR164 
miR172 
miR474 
miR482 
miR530 
miR1444 
miR1445 
miR1711 

Upregulated 
Upregulated 
Upregulated 
Upregulated 
Repressed 
Overexpressed 
Repressed 
Repressed 
Overexpressed 

Repressed 
Overexpressed 
Repressed 
Repressed 
Overexpressed 
Overexpressed 
Repressed 
Overexpressed 
Repressed 
Repressed 
Repressed 
Repressed 

Squamosa promoter-binding protein-like 
Squamosa promoter-binding protein-like 
MYB transcription factor 
DICER-LIKE 1 (DCL1) 
ATP sulfurylase 
GRL transcription factors 
cDNA l-ascorbate oxidase precursor 
ATP-dependent RNA helicase 
APS-reductase 

Gibberellin response modulator-like protein 
ATP-binding cassette transport protein 
Unindicated 
POPTR_0007s01030 
POPTR_0007s08420 
POPTR_0008s04490 
PPR; protein kinase; kinesin; leucine-rich repeat 
TIR-NBS-LRR resistance protein 
F-box domain-containing protein 
POPTR_0001s39950 
Unindicated 
Unindicated 

Sun et al. (2012) 

Arenas-Huertero et al. (2009) 

Qiu et al. (2011) 

Li et al. (2013) 

Zhou et al. (2012) 
Lu et al. (2008) 
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TABLE 9.1 (Continued) 

Plants Small RNA Status Under Salinity Target Protein References 
Raphanus 
sativus 

Saccharum 
sp. 

Setaria 
italica 

miR156 
miR160 
miR164 
miR169 
miR172 
miR396 
miR156 
miR159 
miR166 
miR167 
miR168 
miR169 
miR396 
miR397 
miR398 
miR528 
miR160 
miR171 
miR162 

Overexpressed 
Repressed 
Overexpressed 
Overexpressed 
Overexpressed 
Overexpressed 
Overexpressed 
Overexpressed 
Overexpressed 
Overexpressed 
Overexpressed 
Overexpressed 
Overexpressed 
Overexpressed 
Overexpressed 
Overexpressed 
Repressed 
Downregulated 
Overexpressed 

Squamosa promoter-binding protein like 
Auxin response factor 
NAC domain-containing protein 
Nuclear transcription factor Y 
AP2-like ethylene-responsive transcription factor 
Transcription factor bHLH74 
Squamosa binding protein-domain protein 
GAMyb protein 
Class III HD-zip protein 4 
Auxin response factor 
Argonaute 1 
HAP12-CCAAT-box transcription factor complex 
Growth-regulating factor 1 
Laccase-10 precursor 
Selenium binding protein 
Putative laccase 
Auxin response factor 
Gibberellic acid insensitive (GAI) 
Dicer-like 1 (DCL1) 

Sun et al. (2015) 

Bottino et al. (2013) 

Khan et al. (2014)
 

Sun et al. (2012)
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TABLE 9.1 (Continued) 

Plants Small RNA Status Under Salinity Target Protein References 
Solanum 
linnaeanum 

Triticum 
aestivum 

Vigna 
unguiculata 

miR156 
miR162 
miR164 
miR167 
miR319 
miR397 
miR399 
miR5300 
miR156 
miR164 
miR167 
miR171 
miR396 
miR160 
miR165 
miR399 
miR408 
miR1029 
miR156 

miR157 

miR160 

Repressed 
Repressed 
Overexpressed 
Repressed 
Repressed 
Overexpressed 
Repressed 
Repressed 
Repressed 
Repressed 
Repressed 
Repressed 
Repressed 
Overexpressed 
Repressed 
Overexpressed 
Overexpressed 
Repressed 
Overexpressed 

Overexpressed 

Overexpressed 

Squamosa promoter-binding protein 
Ribonuclease 3-like protein 3 
Lipase-related 
Annexin 1 
TCP transcription factor 
Laccase 
Unindicated 
Nucleotide-binding site-leucine-rich repeat 
Squamosa promoter-binding protein 
NAC transcription factor 
Putative auxin response transcription factor (ARF) 
Scarecrow-like transcription factor 
Growth-regulating factor 
Auxin response factor 
Unindicated 
ATP-dependent RNA helicase 
Peptide chain release factor; plantacyanin 
Unindicated 
Squamosa promoter-binding protein 
Rho-related protein racG 
Squamosa promoter-binding protein 

Auxin response factor (ARF) 

Zhuang et al. (2014) 

Akdogan et al. (2016); Pandey et 
al. (2014); Xin et al. (2010) 

Lu et al. (2011) 
Wang et al. (2014) 
Lu et al. (2011) 

Gupta et al. (2014) 
Lu & Yang (2010); Paul et al. 
(2011) 
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TABLE 9.1 (Continued) 

Plants Small RNA Status Under Salinity Target Protein References 
miR162 Overexpressed RNAseIII CAF protein Paul et al. (2011) 

miR169 Overexpressed CCAAT-binding transcription factor (CBF) 
miR408 Overexpressed Basic blue copper protein/Plantacyanin 

Zea mays miR156 Repressed SBP-domain protein 6 Ding et al. (2009); Sun et al. 
miR395 Overexpressed ATP sulfurylase (2015) 

miR396 Repressed Cytochrome oxidase subunit-I 
miR162 Overexpressed Endoribonuclease dicer 

miR159 Overexpressed MADS-box interactor Ding et al. (2009) 
miR160 Overexpressed Two-component response regulator APR11 
miR164 Repressed NAC domain protein NAC I Li et al. (2012); Sun et al. (2015) 
miR166 Overexpressed Homeodomain leucine zipper protein (HD-ZIP) Sun et al. (2015) 
miR167 Repressed Auxin Response Factor 
miR168 Co-regulated like a ARGONAUTE 1 (AGO1) Kong et al. (2010); Sun et al. 

feedback loop (2015); Vaucheret (2008) 
miR169 Repressed Nuclear transcription factor Y sub-unit Luan et al. (2014) 
miR171 Overexpressed or Spry-2 Ding et al. (2009); Kong et al. 

repressed (2010) 

Biology and Biotechnology of Environm
ental Stress Tolerance in Plants, Volum

e 3 



 

 

 

 

 

 

 

277 Small RNAs – The Big Players in Developing Salt-Resistant Plants 

mediated PTGS. miRNA precursors are processed by dicer like 1 (DCL1) 
into mature miRNAs, whereas siRNAs from transgenes, viruses, and endog-
enous transcripts are generated by other DCLs (Fei et al., 2013; Fukudome 
et al., 2011; Kurihara & Watanabe, 2004). Several investigations concluded 
that target genes of miRNAs in plants are linked with many developmental 
processes, as a result, any change in miRNAs might cause anomalies in plant 
growth and development. In Arabidopsis, it was demonstrated that the split-
ting of miRNAs from dsRNA is directed by some other stress-responsive 
miRNAs and further studies with high-throughput sequencing has screened 
such stress-responsive miRNAs as well as the cleavage sites of these miRNAs 
(Jagadeeswaran et al., 2009; Llave et al., 2002). For example, it was reported 
that the expression level of miR398 was decreased under salt-induced stress 
(Bouche, 2010). It has been concluded that PTGS is quite essential to check 
the total “transcript dynamics” under stress conditions (Joshi et al., 2017). In 
general salt resistance in plants is achieved by multiple genes, and the genes 
are also regulated at multiple levels due to salinity. Under salinity, plants 
activate all the stress-responsive genes as well as stress-responsive sRNAs 
to combat stressful situations and try to maintain structural, biochemical, 
and physiological activities properly (Covarrubias & Reyes, 2010). Several 
salt stress-responsive novels and identified miRNAs have been identified 
from many plants. In most situations, miRNAs suppress the expression of 
endogenous genes by directing the cleavage of their target mRNAs (Mallory 
& Vaucheret, 2006). Expression of miRNAs has been found to alter in a 
dose-dependent manner by salinity. Frazier et al. (2011) showed that salinity 
stress can change the level of expression of miRNA from 6.86-fold down-
regulation to 616.57-fold upregulation in Nicotiana. Extensive investigations 
on miRNA and post-transcriptional gene regulation in plants have explored 
the fact that none of the target genes/proteins of conserved miRNAs is 
directly associated with salt tolerance; however, they have control over the 
expression of genes that are associated with salt tolerance (Sunkar et al., 
2012). The impact of miRNAs on the salt responsive gene depends on their 
affinity, location, and abundance. Manavella et al. (2019) opined that whole 
machinery associated with the biogenesis of miRNA can be turned down 
through the feedback regulatory mechanism. Many siRNAs have recently 
come into the limelight as important players in plant stress responses; these 
are more diverse than miRNA. Among the identified siRNAs most widely 
studied subsets are ta-siRNAs, nat-siRNAs, and hc-siRNAs (Ku et al., 
2015). The mode of actions of different siRNA is quite different. Plants have 
two major endogenous siRNA-mediated regulations, hc-siRNAs mediated 
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regulation and ta-siRNAs mediated regulation. These can be introduced 
exogenously into the plants to regulate stress responses or sustain growth 
and development under stressful situations (Guleria et al., 2011). The 
ta-siRNAs bound to the AGO1 complex joins to specific sites in the target 
mRNA and executes gene silencing either through mRNA degradation or 
DNA methylation, or inhibition of synthesis of specific functional proteins 
at the post-transcriptional levels (Dutta et al., 2020). To date almost 80% of 
identified siRNAs are hc-siRNAs and more than thousands of them were 
reported to present in Arabidopsis (Sanan-Mishra et al., 2021). Such siRNAs 
are reported to participate both in the modification of histone proteins and 
suppression of gene expression at the transcription level (Dutta et al., 2020). 
Besides this, some siRNAs have also been found in several plants and are 
effective in stress resistance. In spite of the recognition of the multiple 
importance of siRNAs in stress response in plants as well as in growth 
and development, a lot of things still remain undiscovered and unraveled, 
especially the information regarding their biogenesis, functions, and mode of 
action. Under stressful conditions, nat-siRNAs in the majority of plants have 
been reported to generate nat-siRNA for the regulation of stress-responsive 
genes. By conducting gradual experiments on Arabidopsis growing under 
salinity, researchers found that nat-siRNAs, are generated from a specialized 
cis-NAT gene duo, made up of SRO5 and P5CDH genes and further research 
has shown that nat-siRNAs are important in protecting plants from osmotic 
and oxidative stress (Borsani et al., 2005). Further findings concluded that 
the pyrroline-5-carboxylate dehydrogenase (P5CDH) gene encodes an 
enzyme that catalyzes proline degradation, while the salt stress-inducible 
gene (SRO5) is involved in managing ROS production. Introduction of 
the SRO5 gene generates dsRNA sequences in SRO5-P5CDH overlapping 
juncture (Deuschle et al., 2004; Dutta et al., 2020). The hc-siRNAs also play 
a key role in gene regulation when these are methylated by HEN1 and in all 
cases, they act as a component of a complex structure similar to RISC, named 
as RNA-induced transcriptional silencing complex (RITS) (Sanan-Mishra 
et al., 2021). In Triticum, the pool of stress-related siRNAs was reported; 
among them siRNA002061_0636_3054.1, siRNA005047_0654_1904.1 
and siRNA007927_0100_2975.1 are regulated in a descending manner by 
salt-induced stress (Yao et al., 2010). Another endogenous siRNA has been 
reported in Craterostigma plantagineum which is induced during dehydra-
tion and similar stress conditions and can regulate desiccation tolerance 
(Furini et al., 1997). The discovery of siRNAs and RNAi has opened a new 
era that might introduce a novel tool for crop improvement, especially in the 
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development of stress-resistant crops. The design and engineering of siRNA 
carriers in plants have gained significant momentum in the recent era, as a 
result of the accumulation of predictable and promising molecular targets. 
Due to the continuous efforts of researchers, a large number of siRNAs have 
been discovered and many more will be identified in the near future by using 
stress treated plant samples. Arabidopsis thaliana the genetic model plant is 
readily responsive to molecular modification, thereby provide plant biology 
researchers with an outstanding experimental system to corroborate which 
introduced molecular modifications mediate the expression of abiotic stress 
tolerance phenotypes (Pegler et al., 2019). Intracellular RNA silencing tech-
nique also provide some evidence of sRNA mediated transfer of silencing 
state between plant cells (Voinnet & Baulcombe, 1997; Voinnet et al., 1998). 
The signals of gene silencing in plants can move from one cell to the adjacent 
cells through plasmodesmata whereas the signal moves through the vascular 
system for a greater distance (Hamilton et al., 2002). 

9.7 COMPUTATIONAL TOOLS, TECHNIQUES, AND DATABASE 
AVAILABLE FOR SRNA AND ITS TARGET PREDICTION 

In this age, computational techniques have integrated with all fields of biolog-
ical sciences and are commonly known as Computational Biology. By using 
DNAs, RNAs, and Proteins, many cellular, biochemical, and physiological 
phenomenon is clearly explained. The research field of Molecular Biology 
has experienced a noticeable shift in its philosophy in recent times mostly 
because of the growing evidence of gene regulation by sRNA molecules 
in both plants and animals. Researchers of different corners of the earth 
working on plants and animals have greatly benefitted from the strategy of 
high-throughput sequencing technology and the progressive advancement 
of this strategy provide an unprecedented level of sRNA profiling which 
seems to have arrived at a plateau from which researchers are capable to 
characterize these molecules mechanistically and/or functionally (Park & 
Shin, 2014). Due to such an advantage, a huge number of sRNAs, especially 
miRNAs have been identified in many plants and many of them are unique 
and non-conserved (Cuperus et al., 2011; Fahlgren et al., 2007). With this 
study, some of the researchers have set their attention to highly conserved 
miRNAs, which are associated with fundamental cellular events and plant 
evolution (Willmann & Poethig, 2007). Extensive research by using this 
technology researchers have uncovered the fact that conserved miRNAs 
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are involved in the regulation of targets of those miRNAs which are not 
widely conserved (Debernardi et al., 2012; Zhao et al., 2016). Accelerated 
bioinformatics and computational biology enable the opportunity to study 
molecular mechanisms related to various stress responses in plants. For a 
proper understanding of the molecular mechanism of plant stress responses 
under salinity, miRNA-based, and si-RNA based computational strategies 
are widely used. Direct cloning, forward genetics, and bioinformatics are 
the most common methods for identifying and screening miRNAs, and 
these methods have resulted in the discovery of a vast number of miRNAs. 
There are several tools and techniques that are available to analyze other 
kinds of sRNAs and also to study the gene regulations control by them. 
However, still, the identification of sRNA molecules remains quite a diffi-
cult task. The first step for identifying small RNAs is to obtain a collection 
of sequences that might contain small RNA transcripts and the genome 
sequences (if available), transcriptome data, and expressed sequence tags 
(ESTs) can all be used for discovering small RNA genes (Li et al., 2012). 
To date, in terms of reliability and sensitivity, the best choice for obtaining 
a sequence of small RNAs is the sRNA library. By comparative analysis 
of newly found sequences to those in databases and detecting overlap in 
genomic location between the new data and databases, miRNAs can be 
classified into several categories. The unannotated sequences are utilized 
by the self-developed program Mireap to predict new miRNAs (Fu et 
al., 2017). An in-depth study of the miRNA-mRNA regulatory network 
provides knowledge about post-transcriptional fine adjustment of gene 
expression. However, in silico predictions about the interaction between 
miRNA and mRNA do not address the specific transcriptomic situation of 
a particular biological system and are often influenced by false positive 
(Meyer et al., 2014). Genome sequences can also be exploited to find small 
RNA genes, and they offer the possibility of finding all small RNA genes, 
but a high rate of false positives needs to be considered (Li et al., 2012). In 
addition to the NCBI genome database, a few data centers are also helpful to 
find small RNA genes or small RNA sequences. The plant microRNA data-
base (PMRD, http://bioinformatics.cau.edu.cn/PMRD) now contains over 
10,000 miRNAs from 121 plant species (Zhang et al., 2010). Bioinformatics 
techniques like EST, GSS (genome survey sequences), and many others are 
used to discover miRNAs, including probable miRNA precursors capable 
of forming a hairpin-like secondary structure (Sunkar & Jagadeeswaran, 
2008; Zhang et al., 2005) (Tables 9.2–9.4). 

http://www.bioinformatics.cau.edu.cn
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TABLE 9.2 Useful Tools for microRNA Prediction in Plants 

Program Website References 
miRAlign http://bioinfo.au.tsinghua.edu.cn/miralign/ Wang et al. (2005) 
miRFinder http://sundarlab.ucdavis.edu/mirna/ Huang et al. (2007) 
Mireval http://tagc.univ-mrs.fr/mireval/ Ritchie et al. (2008) 
miRNEST http://lemur.amu.edu.pl/share/php/mirnest/ Szcześniak et al. (2012) 

home.php 
mirExplorer http://biocenter.sysu.edu.cn/mir/ Guan et al. (2011) 
MiRPara http://www.whiov.ac.cn/bioinformatics/ Wu et al. (2011) 

mirpara 
findMiRNA http://www.bioinformatics.org/mirfinder/ Adai et al. (2005) 
Micro-harvester http://ab.inf.uni-tuebingen.de/brisbane/tb/ Dezulian et al. (2006) 

index.php 
MicroPC http://www.biotec.or.th/isl/micropc Mhuantong & Wichada-

kul (2009) 
SplamiR http://www.uni-jena.de/SplamiR.html Thieme et al. (2011) 
miRTour http://bio2server.bioinfo.uni-plovdiv.bg/ Milev et al. (2011) 

miRTour/ 

TABLE 9.3 Useful Tools for microRNA Target Prediction in Plants 

Program Website References 
MicroInspector http://mirna.imbb.forth.gr/microinspector/ Rusinov et al. (2005) 
miRBase http://www.mirbase.org/ Griffiths-Jones et al. (2006) 
miTarget http://cbit.snu.ac.kr/~miTarget/ Kim et al. (2006) 
TarBase http://www.diana.pcbi.upenn.edu/tarbase Sethupathy et al. (2006) 
miRU http://bioinfo3.noble.org/miRU.htm Zhang (2005) 
findmiRNA http://sundarlab.ucdavis.edu/mirna/ Adai et al. (2005) 
MicrPC http://www.biotec.or.th/isl/micropc Mhuantong & Wichadakul 

(2009) 
TAPIR http://bioinformatics.psb.ugent.be/ Bonnet et al. (2010) 

webtools/tapir/ 
Target-align http://www.leonxie.com/targetAlign.php Xie & Zhang (2010) 
miRTour http://bio2server.bioinfo.uni-plovdiv.bg/ Milev et al. (2011) 

miRTour/ 
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http://www.bioinformatics.org
http://www.ab.inf.uni-tuebingen.de
http://www.biotec.or.th
http://www.uni-jena.de
http://www.bio2server.bioinfo.uni-plovdiv.bg
http://www.mirna.imbb.forth.gr
http://www.mirbase.org
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TABLE 9.4 Useful Tools for siRNA in Plants 

Programs Links References 
ASRP http://asrp.cgrb.oregonstate.edu/ Gustason et al. (2005) 
sIR http://biotools.swmed.edu/siRNA Shah et al. (2007) 
Specificity- http://informatics-eskitis.griffith.edu.au/ Chalk & Sonnhammer 
Server SpecificityServer (2008) 
AsiDesigner http://sysbio.kribb.re.kr/AsiDesigner/ Park et al. (2008) 
siDirect 2.0 http://siDirect2.RNAi.jp Naito et al. (2009) 
DEQOR http://bioinformatics.age.mpg.de/bioinformat- Henschel et al. (2004) 

ics/DEQOR.html 
DSIR http://biodev.cea.fr/DSIR/DSIR.html Vert et al. (2006) 
NEXT-RNAi http://b110-wiki.dkfz.de/signaling/wiki/display/ Horn et al. (2010) 

nextrnai/NEXT-RNAi 
Oligo Walk http://rna.urmc.rochester.edu/cgi-bin/serverexe/ Lu & Mathews (2008) 

oligowalk/oligowalk form.cgi 
OptiRNA http://optirna.unl.edu/ Ladunga (2007) 
OptiRNAi 2.0 http://rnai.nci.nih.gov/ Cui et al. (2004) 
MPSS http://mpss.udel.edu Nakano et al. (2006) 
Sfold2.2(Srna) http://sfold.wadsworth.org/cgi-bin/sirna.pl Ding et al. (2004) 
siDRM http://siRecords.umn.edu/siDRM/ Gong et al. (2008) 
siRNA selector http://sirna.wi.mit.edu/ Yuan et al. (2004) 

The profile of DNA methylation and small RNA profiling will reveal 
genes or regions that are influenced by miRNA/siRNA-mediated DNA 
methylation and such profiling could help to explain how stress effects are 
epigenetically passed down through the generations (Khraiwesh et al., 2012). 

9.8 APPLICATION AND ACHIEVEMENTS OF SMALL RNA-BASED 
STRATEGIES FOR THE BETTERMENT OF AGRICULTURE AND 
PLANT SCIENCE 

Manipulation of small RNA-guided gene regulation in stress-sensitive plants 
to increase stress tolerance is a unique and viable approach. Improving salt 
tolerance in plants necessitates a thorough knowledge of gene transcrip-
tional and post-transcriptional regulation by sRNAs under salt-induced 
stress conditions. Small RNA based gene silencing or RNAi technology has 
effectively been employed in the identification and functional assessment of 
several genes within a genome (Younis et al., 2014). RNAi is used by several 
groups of plants, including crop plants to reduce the expression of exog-
enous or endogenous mRNA by RISCs (Fire et al., 1998). RISCs regulate 

http://www.asrp.cgrb.oregonstate.edu
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gene expression in the cytoplasm by either degrading mRNAs or inhibiting 
their translation (Huntzinger & Izaurralde, 2011; Zhang et al., 2019). Now a 
days small RNA molecules, more specifically miRNAs are used as weapons 
of superpower to combat abiotic stresses. Plant breeders and plant genetic 
engineers develop a huge number of stress-resistant cultivars by using the 
concept of RNAi technology. The yield of any plants growing under stress 
conditions such as salinity conjointly depends on the survival of the plant 
as well as the phenological and developmental plasticity of the plant. Such 
miRNAs do not directly control the growth and development of plant, 
but by influencing through a miRNA-target gene network, they indirectly 
regulate the same. Emerging evidence also confirms the impact of miRNAs 
on the cellular and physiological events of many plants, and as a result, it 
is considered one of the valuable entities for crop improvement by plant 
genetic engineers. Appropriate modulation of target genes/proteins can help 
overcome PTGS, resulting in increased expression in treated plants. 

Proper characterization of the functional feature of sRNAs together 
with a whole-genome sequence of plant species of agriculture relevance is 
also beneficial for transgenesis practice (Kumar et al., 2018). In addition, 
such studies on sRNA mediated regulatory networks will also provide a 
genetic basis for future research, including the research related to salt stress 
responses (Xu et al., 2019). Since few sRNA-based strategies are widely 
used in the study of seed germination in a normal and stressed conditions. By 
applying the RNAi approach seed germination process has improved in many 
plants through the down-regulation of lysine catabolism specifically when 
an elevated level of lysine negatively influences the events of germination 
(Zhu & Galili, 2004). In addition to gathering knowledge regulation of genes 
related to the development of organ and cellular metabolism sRNA-based 
strategy has also been implicated to enrich the understanding of constitutive 
silencing of gene-poor, repetitive sections of eukaryotic genomes, which are 
typically clustered at centromeres and telomeres (Johnson & Straight, 2017). 
In plants and some animals, miRNAs and many types of siRNAs execute 
post-transcriptional RNA interference (RNAi) as an adaptive response 
(Xie et al., 2004). RNAi technology has now become a powerful tool for 
crop improvement as it: (i) provides high throughput genotype-phenotype 
mapping in the plant; (ii) can also be implemented for rapid identification of 
biochemical pathways related to biogenesis phytoconstituents; and (iii) can 
also enable as an eco-friendly green alternative to conventional chemical 
pesticides by imparting resistance against bacteria, fungi, insects, and diverse 
plant viruses (Zhang et al., 2020). 
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9.9 FUTURE PERSPECTIVE 

The wide acceptance of sRNA mediated strategy and progressive develop-
ment of allied technology enable researchers to explore many underlying 
mechanisms of gene expression. The construction of different kinds of 
sRNAs and the up gradation of bioinformatics has allowed a new perspec-
tive of biological science. Such research enables us to develop advanced 
cultivars of crops and other beneficial plants (Kamthan et al., 2015). Recent 
findings showed that plant miRNA and phased siRNA are expressed 
spatially and temporally and thus manipulation of these sRNA molecules 
in a specific tissue and at a particular stage of development, can precisely 
target the trait(s) for improvement (Zhang et al., 2019). Another study has 
confirmed that sRNA mediated gene silencing efficiently initiates and drive 
the repression of both class 1 transposable elements (RNA) and class 2 trans-
posable elements (RNA) (Wang et al., 2020). Application of CRISP/Cas 9 
technology-based approach for cloning of miRNA genes and use of artificial 
miRNA in the study of genomics provide a promising advantage in the field 
of stress biology (Budak & Zhang, 2017; Zhou & Luo, 2013). 

However, some drawbacks and negative feedback have emerged out due 
to various apparent discrepancies where target mRNAs were abundantly 
remained unaffected by miRNA overexpression, but target proteins were 
remarkably down-regulated (Aukerman & Sakai, 2003; Bari et al., 2006; 
Gandikota et al., 2007). Another vital issue is that sRNA-based technology still 
has not achieved the goal because of lack of high-performance testing and also 
due to certain features of such sRNAs like their tiny size, presence of sRNAs 
within genomic samples just like background noise or junk DNA (Budak & 
Zhang, 2017; Grobhans & Filipowicz, 2008; Kawaji & Hayashizaki, 2008). 
In addition, cell-specific and Spatio-temporal regulation of sRNA is also an 
obstacle for proper understanding of small RNA biology (Park & Shin, 2014). 
Progressive studies of the drawbacks and enhanced knowledge of sRNA 
functioning will be helpful to improve various structural and agronomic traits 
along with resistance against salinity and similar stressors. 

9.10 CONCLUSION 

Plants are frequently exposed to many environmental cues like biotic and 
abiotic stressors. To alleviate the negative influence of such stressors a 
strict transcriptomic reprogramming is very necessary for the survival of 
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stress-sensitive plants. It is well accepted among interdisciplinary researchers 
that there is an urgent need to address the negative impacts of unfavorable 
environmental constraints. Unfavorable environmental factors like high 
salinity are extremely decisive to the ecosystem and its components as these 
factors have a multitudinous negative impact on plants. For a few decades, 
scientists have discovered many strategies and tactics to protect the plants 
from salt-induced stress. Among the strategies to protect plants from salt 
stress, Small RNA-based technologies are much appreciated by many plant 
scientists. Since their initial identification in Arabidopsis, sRNAs have been, 
repeatedly demonstrated to be a key regulator of gene expression across all 
phases of plant development in mediating a defense response against several 
environmental stresses including soil salinity (Liu et al., 2008; Sunkar & 
Zhu, 2004). Plant miRNAs and siRNA generally execute their biological 
function via negative regulation of specific targets, and there is no space for 
doubt that they are the vital player in the regulation of stress tolerance and 
to achieve stress-resistant cultivars they are the striker. The fact is further 
supported by numerous findings related to plant responses under salinity 
and involvement of sRNA to influence stress response, which was published 
since the invention of RNA interference in the late 1990s. However, the 
field of sRNA biology is a big ocean of knowledge, and only a few drops 
have been achieved by the advanced technology of the present era and the 
complete dedication of researchers. Betterment of technology more involve-
ment of researchers will surely uncover many underlying phenomena of 
plant metabolism and stress response in the near future. 
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ABSTRACT 

The increasing global demand for food and the betterment of agriculture is 
a necessary need that is to be resolved. Due to the extreme climate changes 
and environmental stress, plant growth and productivity suffers a lot. To find 
solution to these problems, there is an obvious need to develop methods and 
techniques to identify the genetic variations among any crop plant’s genomic 
structure that are resilient to environmental changes. So, that breeding of 
new crop varieties becomes easier. The newly developed techniques like 
genome-wide association study (GWAS) are prominently accepted as to 
recognize genotypes to their respective phenotypes. GWAS is based on the 
different statistical methods to determine the genetic variations associated 
with phenotypes in any population. On the other hand, Next generation 
sequencing (NGS) is also helping side by side in providing all the required 
information of novel genes and their expression in response to environ-
mental stresses. The identified QTLs and SNPs associated with the genes 
help in future enhancement of plant biology and agriculture. The combined 
efforts made by researchers and the new techniques are helping in boosting 
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of breeding strategies. This chapter covers the importance of GWAS and 
NGS in crop improvement against various biotic and abiotic stresses. 

10.1 INTRODUCTION 

The pace of conversion of arable land to wasteland is increasing due to the 
rising global population, urbanization, and industrialization. One of the main 
issues that agriculturalists and the plant scientists are currently facing is the 
supplying food to an ever-increasing population. This predicament is made 
considerably worse by environmental pressures. Despite the development of 
a number of tolerance mechanisms, plants that are sensitive to environmental 
extremes have a hard time surviving. It is critical to develop new techno-
logical approaches. Plant genomes have little ability to improve resistance to 
environmental stress using traditional breeding strategies. Plants are in direct 
contact with a vast range of environmental stresses as it lowers and control 
the growth and productivity of many plants. The plants are consistently in 
direct contact with different kinds and various forms of stress. The identifica-
tion of critical genes and signaling pathways underpinning plant responses to 
environmental stress will aid in the development of strategies for agricultural 
genetic improvement to address this problem. Abiotic stress-related genes 
have been identified in large part thanks to crop functional genomics. Recent 
advancements in genomic technologies now enable cost-effective solutions. 
Especially with the availability of the entire genomic sequence of several 
model and agricultural plant species, and high-throughput technologies 
for discovering stress-related genes at a genome-wide level. Bioinformatic 
approaches have been able to uncover stress-tolerant gene families across 
species based on homology and synteny. Thanks to the availability of 
genetic database resources. Furthermore, genome-wide association analyzes 
(GWAS) for complex trait loci in crops have aided in the finding of important 
stress-related genes and their beneficial alleles. 

Due to the development of next-generation sequencing (NGS) technolo-
gies, GWAS has become a generally acknowledged technique for deciphering 
genotype-phenotype relationships in many species. The overall purpose of 
GWAS is to use the most appropriate statistical model in a given population 
to link genotypic variants to phenotypic differences. Genome-Wide Associa-
tion studies (GWAS), or we can define as the studies which are associated 
with the genome. They investigate genetic variants across un-identical 
varieties, at the genomic level. To know that these variants are associated 
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with traits or not, GWAS mainly focuses on connections between traits and 
SNPs (Manolio, 2010). GWAS is considered as a powerful and ubiquitous 
tool which has been used in the study of complex traits. GWAS is being 
effectively and efficiently used for genome–phenotype association studies 
and used to investigate or in identifying a disease either in plant or animal. 

Although NGS technology is still in its early stages of development, it 
has proven to be a reliable method for identifying genetic diversity across the 
genome. Single nucleotide polymorphisms (SNPs), insertions, and deletions, 
and copy number changes, all of which are linked to growth and develop-
ment as well as stress responses. SNPs, insertions, and deletions, and copy 
number changes are all examples of genetic variants. NGS has been used in 
conjunction with GWAS to find potential molecular markers. The research of 
comparative genomics is aided by NGS technology, which allows studies of 
variety within and across species discussed later in the chapter. 

10.2 PLANT RESPONSE TO VARIOUS ENVIRONMENTAL STRESSES 

Stresses are generally occurred by the conditions in which the plants are 
placed, and these stresses affect the plant’s growth and mechanisms (Verma 
et al., 2013) that lowers the plants productivity. The major alterations are 
done in the healthy plant by different stresses and these alterations trigger 
the most of the responses like changes in the growth and development rate 
of the plant, their gene expression, altered cellular metabolism, and yields 
of plants or crops. Plants usually react to the changed environment and 
these sudden changes in plants show the restored environmental conditions 
or we can describe that plants are encountered with this diverse range of 
environmental stresses, which ultimately affect their productivity. The plant 
stresses are majorly categorized into two types: (i) abiotic stresses; and (ii) 
biotic stresses. The abiotic stresses cover two major subunits physical and 
chemical. Light, water, salinity temperature comes under physical subunits. 
While, the pesticides, pollutants, and toxic heavy metals (Seneviratne et 
al., 2019) are some of the chemical forms of stress. Whereas the insecti-
cides, diseases (Verma et al., 2013), capturing through herbivorous animals 
(Morkunas et al., 2018) majorly comes in the biotic form of stresses. Both 
the stresses show different impacts on plants, but salinity, temperature, and 
drought impose major impacts (Figure 10.1). These adversely affect not 
only their growth and productivity, but they destroy or injured them to their 
depth, because of which their metabolic dysfunctioning starts (Verma et al., 
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2013). Plants are so adaptable to this environment so they cannot escape, 
as it has become their compulsion to remain in that environment. Their 
senses become active at the time of stress and then they generate the cellular 
responses according to that stress but to fulfill their lifecycle they have to 
retain themselves within the stress conditions. For survival in these adverse 
conditions, numerous mechanisms are developed by plants to overcome 
the stress condition. Some plants themselves recover through stresses if the 
duration of the stress is short or the effect of that stress is low or mild, but in 
severe conditions the death of plants occur and this creates severe impact on 
the crop productivity (Verma et al., 2013). Although this entire works upon 
the types of plant as we have seen the desert plants, they can bear such kind 
of stress altogether (Zhu, 2002). 

10.2.1 ABIOTIC STRESS 

1.	 Drought (Water Stress): The climate change all around the world 
making a rise in temperature, as well as in the levels of hazardous 
gases, such as CO2, which is ultimately creating a disturbance in 
the environment and the geological cycles. Uneven rains which 
result in the cause of drought, plants growth becomes steady, and 
this is the first response of plants in the drought areas, where the 
amino acids and carbohydrates starts accumulating and plays their 
role in the osmoprotection. Main amino acids like valine, leucine, 
isoleucine, and agmatine works as a precursor in polyamines which 
provide the preservation of cellular integrity, control the inhibition or 
growth through stress we can say that this is the primary stress as it 
affects the plant’s physiology. Short term drought in which carbohy-
drates alcohols are synthesized and this is not in the control of ABA 
signaling but when there are long term drought stress amino acids are 
produced which are in control of ABA signaling (Breckle, 2002). 

2.	 Salinity (Salt Stress): The accumulation of salt is a matter of 
concern nowadays, as the large area of land is becoming saline glob-
ally usually every year, and it is expanding day by day, in agricultural 
land it is becoming a threat, because it is reducing the crop yield. Salt 
gets accumulated near the root zone of the plants which is declining 
the productivity. Salinity stress does not mean that the concentration 
of salt is high in the soil, it means that the soil is also containing 
two major primary effects also which is osmotic stress and the ion 
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toxicity. The osmotic stress hikes whenever there is a saline soil 
because the soil itself is high in the salts, so it reduces the uptake 
activity of minerals and water like calcium and potassium. In salt 
stress, the plant which cannot tolerate the stress starts showing arrest 
in their growth and in their reproduction with organ detachments. As 
well as some acids and compounds get accumulated in plant such 
as the jasmonic acid, polyphenolic compounds (Pedranzani et al., 
2003). Levels of anthocyanin also decrease wherever there is a salt 
stress, or the land is saline (Daneshmand et al., 2010). 

3. Extreme Temperature (Cold, Heat): This stress always shows up 
a negative impact whether the temperature is high or low, i.e., heat 
stress or cold stress. It directly creates an impact on the plant metabo-
lism. Many drastic effects are observed under temperature change, 
it affects the stabilization of proteins or premature leaf senescence, 
efficiency of enzymes, and cytoskeleton structure (Morison & 
Lawlor, 1999). The rate of seed germination photosynthetic effi-
ciency decreases when the heat stress come across, physical altera-
tions are done in the plasma membrane of a cell, which damages the 
electron transport chain, ATP, oxygen-evolving complex and carbon 
assimilation mechanism (Scholz et al., 2004). Talking about the 
low temperature or cold stress it also creates multiple effects on the 
plants. A limiting factor is created by the cold stress ranging from 
temperature (0–15°C) which is beyond freezing, it ceases the growth 
of plant, done by reducing the amplitude in energy utilization which 
ultimately does a reduction in the rate of photosynthesis and produc-
tion of reactive oxygen species. 

10.2.2 BIOTIC STRESS AND PLANTS RESPONSES 

The biological factors are altering these stresses, such as diseases and insects, 
which alters the growth the growth of plant throughout their life span. Plants 
usually react to these stresses by developing secondary metabolites, sudden 
changes in their cell walls, etc. To stop the functioning of harmful pathogens 
or to isolate them on the other hand they are stopping their spreading across 
the plant. These sudden changes are known as the Hypersensitive Reactions. 
Polyamines accumulation shows that there is a sudden change which is 
occurring in the plant or there is an interaction of pathogens whether it is 
viral, fungal (Torrigiani et al., 1997; Asthir et al., 2004). 
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FIGURE 10.1 The effect of environmental stress on plants and their response to the stressed 
conditions. 

10.3 GENOME WIDE ASSOCIATION STUDIES IN PLANTS 

The overgrowing computational methods and sequencing technologies have 
made GWAS a powerful tool for detecting natural variations that comes 
under complex traits in crops (Rafalski, 2010). Based on linkage disequi-
librium, GWAS is a method for high-resolution mapping of complex trait 
loci (Flint-Garcia et al., 2005). The connection between genetic variation 
and crucial agricultural properties, such as stress tolerance, has been studied 
using GWAS. Its potential for uncovering beneficial natural variants in trait-
associated loci is still in its infancy. As well as allelic variants in candidate 
genes that underpin quantitative and complex variables, such as growth, 
development, stress, and nutritional quality. The priority assigned to genes 
selected for more intensive biochemical and physiological investigations on 
the processes of stress response can be defined using candidate genes identi-
fied by GWAS. In crops, GWAS use an everlasting resource that is the popu-
lation of different varieties can be genotyped once but can be rephenotyped 
many times and can generate mapping populations for specific traits or QTLs 
in crops (Atwell et al., 2010). A general workflow of GWAS is demonstrated 
in Figure 10.2. On the other hand, GWAS adopts a case-control design in 
humans, i.e., the comparison between wide groups of patients and healthy 
people can be identified with the help of population-scale genome design 
that suspects loci of a particular disease. The missing heritability problem 
has inclined the GWAS of humans as they identify the loci that have a very 
low rate of phenotypic contribution. 
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FIGURE 10.2 The workflow of the process used in genome-wide association studies. 

GWAS in crops are much less costly than that of humans because high 
population is required to detect the QTLs among humans than that of crops 
and the number of markers should increase continually. Crops like maize, 
rice, canola, wheat, sorghum, etc., has approved GWAS (Chen et al., 2017; 
Tessmann et al., 2018; Raman et al., 2019; Neang et al., 2020). In the refer-
ence of rice, 1,083 cultivated varieties and 446 wild varieties were sequenced 
and observed with the low genome coverage (Huang et al., 2012). In maize, 
linkage mapping and GWAS were used together in the NAM panel in which 
the genetic structural design of flowering time, leaf angle, leaf size and disease 
resistance traits have been dissected (Buckler et al., 2009; Kump et al., 2011; 
Poland et al., 2011; Tian et al., 2011). In crops GWAS include weighing the 
trade-offs of increased false-negative and decreased false-positive rates that 
helps in defining the structure of a particular crop (Korte & Farlow, 2013; 
Myles et al., 2009; Platt et al., 2010; Vilhjalmsson et al., 2012). 

In detecting the genotype and phenotype association in crops the most 
favorable method is the mixed model (Bradbury et al., 2007; Yu et al., 2006). 
Advancements in these models has significantly lowered the computational 
time or calculation time and this is possible by EMMAX program, i.e., Effi-
cient Mixed-Model Association expedited and the compressed mixed linear 
model method (Kang et al., 2010; Lipka et al., 2012; Lippert et al., 2011; 
Zhang et al., 2009, 2010; Zhou et al., 2012). 
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10.3.1 PRINCIPLE OF GWAS 

To lead a GWAS test, the initial step is to choose the population of study with 
a full thought of the size of the population (least 100 people) with inclina-
tion to expand the number of people however much as could be expected 
to stay away from Beavis impacts that lead significantly overestimated of 
phenotypic change when the number of people are little for example 100 
(Xu, 2003). Then, at that point, there are three significant stages for playing 
out a fruitful GWAS explore: 

•	 Stage I: It is the phenotyping where all genotypes ought to be pheno-
type for a specific characteristic or gathering of attributes dependent 
on the targets of the investigation. Exact phenotyping is a basic 
highlight identifies genotype-phenotype affiliations. Phenotyping 
ought to be rehashed over replications as well as areas and addition-
ally years. The wide sense heritability ought to be determined for 
crude information (note, it ought to be determined subsequent to 
eliminating the outliers) including these components and thinking 
about G * E cooperation. High heritability is a marker that the char-
acteristic is for the most part hereditarily controlled which is critical 
to identify the affiliation signals. Then, at that point, the phenotypic 
information can be utilized to appraise the mean for example BLUE 
or BLUP. Since the phenotypic information are exceptionally 
lopsided in the plants, the assessment of genotypic qualities is for the 
most part determined as fixed impacts (for example BLUE) utilizing 
blended models (Piepho et al., 2007), which have been effectively 
utilized in grain (Milner et al., 2019; Thabet et al., 2018; Nagel, 
2018; Saade et al., 2016). 

•	 Stage II: It is the genotyping wherein a similar arrangement of 
individual that were phenotyped is utilized for genotyping utilizing 
DNA molecular markers. GBS is the most continuous technique 
utilized in genotyping on the grounds that it creates various SNP 
markers economically that covers the yield genome (for example 
wheat, grain, and so on). The GBS-created SNPs ought to be shifted 
dependent on missing information, heterozygosity, and minor allele 
frequency. Prior to running GWAS, construction of population 
GWAS model should be done in an understandable form. 

The statistical models like the general linear model (GLM) 
and mixed linear model (MLM) regularly proposed for performing 
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GWAS. The GLM doesn’t take the populace structure are not taken 
in GLA model. Henceforth, GLM was utilized in populaces which 
didn’t have the populace structure in faba bean, Viciafaba L. (Sallam 
& Maure, 2016) and rice (Bandillo et al., 2013). The MLM, then 
again, thinks about the populace structure in its model. At last, the 
phenotypic and genotypic information are joined utilizing proper 
programming (TASSEL) by which alleles related with a specific 
characteristic can be recognized after the GWAS model was chosen. 

• Stage III: Phenotyping is strongly recommendable to be led prior 
to genotyping, particularly for those populaces with no earlier data. 
For instance, if a populace comprised of 400 genotypes which were 
gathered from various locales and the objective is to test them in a 
specific climate. It is conceivable that numerous genotypes could be 
lost because of helpless variation to the phenotyping climate. Along 
these lines, time, and currency (for genotyping) can be saved by 
testing the phenotypic variety of that populace first. 

10.4 NEXT GENERATION SEQUENCING (NGS) 

Initial attempts to obtain genetic sequences necessitated significant human 
and financial resources. However, the development and implementation of 
next-generation sequencing (NGS) technology has substantially aided the 
capacity to produce genome sequences for an increasing number of plant 
species. This has opened up a slew of possibilities for finding stress-related 
genes and pathways that can serve as the foundation for future research or 
for the purpose of crop improvement NGS technology, for example, can be 
combined with high-throughput transcriptome profiling to explore transcrip-
tome-wide changes in response to stress (Molina et al., 2011). Inexpensive 
technology of sequencing, often it is known as next generation sequencing 
(NGS) technologies, its main feature is that at once it constructs millions of 
sequencing reads (Church, 2006). NGS is a rapid technology which works in 
a very cost-effective way for constructing large quantity of sequence data. In 
addition, it is useful in many fields that are in comparative genomics where 
we compare between genomes of species, data through NGS have higher 
capability in identifying the loci under selection. The new terminologies 
which define NGS are (high throughput sequencing, massively parallel 
sequencing, and deep sequencing). It’s the advanced and modern technology 
which came in existence last decade. NGS technologies bring a huge change 
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in or transformed this living system or the world of biology and that’s not 
enough, it reorganized the biomedical world too. Representation of NGS 
was very first showed up in 1996 (Ronaghi et al., 1996). This methodology 
is highly developed, and currently, it is in use, and it is governing by various 
platforms like Illumina and Life Technologies. The advanced sequencing 
technologies reduces the expenditure of sequencing, on the other hand the 
most up to date sequencing technologies not only lowers the sequencing cost, 
also they are very quick which trim down the time required for sequencing 
(Schuster, 2008; Tucker et al., 2009). 

10.4.1 PRINCIPLE OF NGS 

Principle of NGS is quite relatable to the previous sequencing technologies 
or traditional sequencing, Sanger sequencing method that consider capillary 
sequencing, is known as first generation sequencing. Generally, various NGS 
stages embrace their own unique methodology of sequencing. Beginning of 
NGS is done by preparing a template, the first step. And it all starts with a 
Double-Stranded DNA material. Or we can say that DNA is the raw material. 
Sources or isolation of this DNA material can differ. We can take different 
DNA as sources they can be immuno-precipitated DNA, Reverse transcribed 
DNA, or cDNA (Rizzo et al., 2012). The second step of this technique is the 
preparation of library correspondingly. As we said that we use different DNA 
so as their work also differs, and we use them accordingly. Fragmentation is 
to be done into linear DNA molecules if we are considering genomic DNA 
as a first step. cDNA is acquired in the making of linear DNA molecules, and 
this is only possible or only done in the case of RNA where RNA is used in 
the preparation by the help of reverse transcription (Figure 10.3). The major 
differences between the first-generation sequencing and second-generation 
sequencing are DNA fragments are used in lesser quantity, only one DNA 
fragment is sufficient. 

10.5 GWAS IN UNDERSTANDING PLANT RESPONSE TO 
ENVIRONMENTAL STRESS 

The common methods used for the detection of multiple traits in plants are 
QTL mapping and GWAS. Quantitative trait loci (QTL) mapping is gener-
ally a statistical way to link two different sets of data including phenotypes 
and genotypes. On the other hand, GWAS or linkage disequilibrium (LD) 
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FIGURE 10.3 Workflow of the process of next generation sequencing (NGS). 

mapping takes advantage of linkage disequilibrium to find a link between 
phenotypes and genotypes. The differentiation of genotypes is done on the 
basis of molecular markers and phenotypes on the basis of traits in a refer-
ence set of germplasm. Theoretically, GWAS can be used in any germplasm 
set for the identification of QTL that reveal variation in different traits 
(Malosetti et al., 2007). A QTL is basically a part or region of DNA that is 
related to some trait phenotype. The reason why GWAS is used is due to 
its high-resolution mapping which provides greater capability in the identi-
fication of rare alleles by using statistical measures (Jin-long et al., 2012). 
Different molecular markers like amplified fragment length polymorphism 
(AFLPs) and SNPs are in use for mapping of QTLs which are further corre-
lated with the phenotypic data. With QTL mapping, there is an advantage 
that different variants can be mapped in F2 generation of recombinant inbred 
line (RIL). But this advantage also ends up with its limitation as the mapping 
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can be done up to RIL population (Korte & Farlow, 2013). To overcome 
the drawbacks of QTL mapping, GWAS was introduced. GWAS is basically 
free from any hypothesis but can generate hypothesis. Also, GWAS can 
be used in the identification of more variants related to any trait. In any 
GWAS study, the SNPs present in the sequence data are used to correlate 
different genetic variants, phenotypes, etc., in any population of organism. 
Other similar approaches investigate a particular portion of the chromosome 
while GWAS is able to explore the whole genome. GWAS has been used 
in various biotic and abiotic stress responses in the plants discussed later in 
the chapter. Different stresses are controlled by various genes like biotic is 
mostly controlled by a single gene while abiotic stress is based on multiple 
genes (Wan et al., 2017). So far, many studies have been done using GWAS 
mentioned in Table 10.1. 

10.5.1 ABIOTIC STRESS 

Abiotic stress affects the plant development and growth by affecting plant 
metabolism and cellular pathways. To understand the effect of genes respon-
sible for the stress response, such putative genes need to be identified from 
population of any organism. For this several studies based on GWAS have 
been performed recently in response to abiotic stresses. A study has been 
reported in which the identification of genes responsible for drought resis-
tance in rice plant was observed with an aim to develop tools that can be used 
in future rice breeding. For the analysis of 175 rice accessions have been 
done with variable water availability. As a result, 13 SNP markers related to 
the yield under drought were identified and the stepwise regression analysis, 
8 SNP markers were validated by in silico methods. The PCR validation 
revealed that two SNP markers have been found similar to the genotypes 
with higher yield under water deficit conditions. This drought experiment 
also showed that 30 genes out of 50 were annotated and 10 (e.g., WRKY TFs 
and other enzymes) have been reported as linked to drought and other abiotic 
stresses (Pantaliao et al., 2016). Arbuscular mycorrhizal symbiosis has a 
typical role in the improvement of drought stress resistance in wheat. But the 
related QTLs associated in response to drought stress are not well known. 
Therefore, a GWAS was conducted to reveal such QTL regions responsible 
for controlling the stress response against low water conditions. Such studies 
will help in future work related to the gene identification too (Lehnert et al., 
2018). 
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 TABLE 10.1 List of Some Plants for Which GWAS has been Used to Identify Genes in Response to Stress 

Plant Study Done Trait Identified/Possible Outcomes References 
Arabidopsis thaliana Low water potential induced proline 

accumulation 
Genes related to cellular metabolic and redox 
status 

Verslues et al. (2014) 

Oryza sativa To study salinity tolerance New QTLs related to stress tolerance Kumar et al. (2015) 
Oryza sativa Grain yield under drought condition Genes related to drought tolerance were identified Pantaliao et al. (2016) 
Sorghum bicolor Heat tolerance during vegetative stage 

of growth 
Gene directly or indirectly linked to the pathways 
involved in heat tolerance were identified 

Chen et al. (2017) 

Medicago sativa L. To map loci associated with plant 
growth under salt stress 

Putative candidate gene linked to marker loci 
related to salt tolerance 

Liu et al. (2017) 

Brassica napus L. Salt tolerance related QTL 38 possible genes identified Wan et al. (2017) 
Soybean Role in regulation of photosynthesis Photosynthesis Wang et al. (2020) 
Camelina To study seed germination under salt 

stress condition 
17 SNPs were identified for metabolism and 
cellular activities 

Luo et al. (2020) 

Rice To find SNPs related to salt removal in 
leaf sheath of rice 

Genes associated with Na+ removal in leaf under 
salinity conditions 

Neang et al. (2020) 

Rice For early-stage salt tolerance QTLs for salt stress tolerance Nayyeripasand et al. 
(2021) 

Rice To identify loci associated with sulfur 
deficiency 

Loci associated with root and root length was 
identified. 

Pariasca-Tanaka et al. 
(2020) 

Genes associated with loci for (sulfotransferases) 
important in S metabolic pathways 

Triticum aestivum In artificial warm treatment Fusarium head blight Tessmann et al. (2018) 
Wheat For multiple biotic stress resistance Significant marker-trait associations (MTAs) 

identified for multiple biotic stresses 
Bhatta et al. (2019) 
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Oladzad and coworkers (2019) conducted a single and multiple-trait 
GWAS in which four genes associated with production traits have been 
identified common bean in relation to abiotic stress (heat and drought). 
Nucleotide polymorphism found within or in the nearby candidate genes 
which were related to the signaling and detoxification of ROS were identified 
which can further be used in the breeding of common bean. Brassica juncea 
has been studied for terminal heat stress (THS) using GWAS as to improve 
productivity in the changing climatic conditions. A total of 491 genotypes 
were accessed for the study to understand the variations under natural heat 
stress conditions. 18,258 SNPs were identified from 71 genotypes after the 
filtration process. Later, 24 SNPs under THS were identified which were 
associated with traits related to seed yield. This was the first reported study 
in which 24 marker traits were recognized under terminal heat stress condi-
tion (Sandhu et al., 2019). 

GWAS was employed in the identification of two new loci responsible for 
photosynthetic traits which is associated with the efficiency of phosphorus 
(P) in soybean. As P is important for plant’s growth and development, it plays 
a vital role in acquiring energy, enzyme regulation and yield. Therefore, soil 
with Pdeficiency inhibits the production and yield of any crop. To evaluate the 
efficiency of P, 219 soybean accessions from three environments were taken. 
As a result, 30 notable SNPs found in 14 different regions of the genome 
were observed which were associated with traits related to photosynthesis. 
The observation was done under different phosphorous levels (Yang et al., 
2020). Similarly, deficiency of sulfur is one of the main causes in reduc-
tion of grain quality and yield in rice. Therefore, the genotypic variation 
against resistance to sulfur deficiency has been assessed using GWAS and 
loci associated with tolerance has been identified. The genes identified near 
the loci associated were found in the coding of enzymes (sulfotransferases) 
related to metabolic pathways, and also the role of sulfated compounds was 
recognized against abiotic stress responses. Further, the haplotypes obtained 
could make use in marker assisted breeding to develop cultivars that can 
tolerate S-deficiency (Pariasca-Tanaka et al., 2020). 

A transcriptome based GWAS analysis has been performed to understand 
the traits involved in seminal root length under drought condition in the maize 
seedlings. In this study, 209 maize accessions were taken under different 
water conditions and as a result four traits associated with root and shoot 
were evaluated. To identify the genes for drought response, the comparison 
of transcriptome results of seminal roots for n four drought-sensitive and 
drought-tolerant lines has been done under different water conditions. After 



 

 

 
 

Genome-Wide Association Studies and Next-Generation Sequencing in Plant Response 319 

the drought stress was given 343 differentially expressed genes (DEGs) were 
identified in drought-tolerant group and 177 in the drought-sensitive group. 
In the end, 7 putative genes were considered for further experiments and 
also the results add on to knowledge regarding seminal root changes under 
drought conditions in maize (Guo et al., 2020). Photosynthesis is an impor-
tant process in the life of the plant as it is directly linked to yield and produc-
tivity. Therefore, improvement in photosynthesis is important to increase 
crop productivity. In a study, SNPs were found associated with different 
parameters of photosynthesis including stomatal conductance (Cond), net 
photosynthetic rate (Pn), transpiration rate (Trmmol) and intercellular carbon 
dioxide concentration (Ci) by using GWAS in soybean. Around 219 soybean 
accessions were exploited in which 12 QTLs linked to different traits like Ci, 
Pn, Trmmol and Cond were disclosed (Wang et al., 2020). As GWAS is able 
to do fine mapping of QTLs in a population, it is also used in plant response 
to salt stress in the early stage of growth (vegetative). Nayyeripasand and 
co-workers (2021) used more than 33,000 SNP markers to identify regions 
in the rice genome associated with salt tolerance in vegetative stage. 

There are several online tools available which help in integration of 
GWAS and candidate gene information, understanding of pathways, interpre-
tation of genomic data, etc. TraitCapture is an online tool which helps in the 
rapid identification of candidate genes, provides high throughput phenotypes 
associated with genomes, next generation, and environment monitoring data. 
It combines both GWAS and FSPMs to identify phenotypes in any particular 
environment condition (Brown et al., 2014). Some other tools are available 
for GWAS related data including PostGWAS, SNPinfo, PAST (Pathway 
association tool), GMStool (GWAS-based marker selection tool, etc. (Xu & 
Taylor, 2009; Hiersche et al., 2013; Thrash et al., 2020; Jeong & Kim, 2020). 

10.5.2 BIOTIC STRESS 

The appearance and re-appearance of plant pathogens bring deviation in the 
process of both pathogen and host. It becomes necessary to understand the 
genetic variations among the natural variations to know the adaptability of 
the wild plant and make it feasible to improve breeding of resistant types. 
The present time of genomics has led to the emergence of statistical tools like 
GWAS important in understanding and discovery of novel genes associated 
with desired traits which may include genes for resistance to environmental 
stress. However, GWAS is not much used for estimation of genetic variants 
in relation to pathogen resistance. 
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The first study based on GWAS showing the interaction of bacteria 
P. syringae was performed in 2005 by Aranzana and colleagues (2005). 
Recently, the enormous use of GWAS is due to the new technique developed, 
i.e., NGS. This new technique is used for fine mapping of natural variation 
using genetic markers (Bartoli & Roux, 2017). As tolerance to biotic stress is 
the ultimate goal of breeders. A study done on hexaploid wheat plant under 
different biotic stress has been reported in which 125 hexaploid wheat were 
identified in providing resistance to fungal infections that causes various 
diseases (wheat rusts and crown rot). The GWAS study confirmed the genes 
and the genomic regions supporting resistance to biotic stress as 124 marker-
trait associations (MTAs) were estimated, out of which 33 of them were 
found within the gene sequences. The result provided more insights into 
stress resistance in wheat for future breeding programs (Bhatta et al., 2019). 

10.6 ROLE OF NGS IN UNDERSTANDING PLANT RESPONSE TO 
ENVIRONMENTAL STRESS 

The next-generation sequencing or NGS technologies is a new technique which 
includes Illumina/Solexa’s sequencing technology (San Diego, California, 
USA) (Quail et al., 2008), and SOLiD sequencing technology, etc. NGS has 
wide applications in the field of genomics like genome projects, transcriptome 
analysis and RNA sequencing. The advance in NGS technology has enabled 
researchers to identify gene networks of candidate genes that may response 
to different environmental stress. The understanding of genetic variations 
of secondary traits related to stress tolerance and identification of variations 
in nucleotides helps breeders to improve crops efficiently. In recent years, 
the role of GWAS in the detection of genes associated with developmental 
processes like stress tolerance in plants has been explored with more clear 
vision about the expression patterns under stress conditions in different parts 
and stages of the plant (Yu et al., 2006). The NGS-based RNA-seq methods 
for transcriptomes can help in the characterization of genes, detection of gene 
expression, identification, and quantification of new transcripts and variation 
in sequence of identified genes. Studies suggest that the response to various 
stresses is controlled by a wide range of regulatory genes and their related 
mechanisms. Transcription factors (TFs), other genes coding for transport 
proteins that are somewhere involved in metabolic pathways and signaling 
gets activated under stress conditions (biotic and abiotic) (Atkinson & 
Urwin, 2012; Fan et al., 2013). However, unique genes are activated against 
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different stress (Atkinson & Urwin, 2012). Like for example, under heavy 
metal concentrations, the plant withstands the situation by adopting some 
common ways of defense which may include detoxification of excess heavy 
metals. This detoxification process may include generation of ion sensing, 
activation of metal transporter proteins and regulation of TFs as needed. The 
regulation mechanisms and the genes associated with response to stress have 
been effectively identified using NGS technologies. 

Lead (Pb), being a toxic heavy metal, is accumulated by plants roots 
which result in the entry of lead in the food chain which causes health issues 
in human beings. In a study, NGS based-RNA sequencing was employed 
to estimate the DEGs in radish plant and their effects under Pb stress were 
examined (Wang et al., 2013). Another similar study has been reported on 
Chromium (Cr) stress response in radish. The insufficient knowledge about 
the molecular mechanism in response to Cr stress makes it more important 
to be understood. In a study GWAS based RNA-Seq has been employed 
in the identification of DEGs in response to Cr stress. The study resulted 
in finding new insight to understand molecular mechanism in response to 
Cr stress which helps in future manipulations in the genes for Cr accumu-
lation in radish plants (Xie et al., 2015). The microRNAs (miRNAs) are 
responsible for growth, development, and response to environmental stress 
in plants. The miRNAs are basically non-coding RNA sequences which are 
single-stranded. The role of miRNA in heat stress response in radish has 
been reported but their characterization is still unclear. So, as to understand 
the effect of miRNA on target genes, Wang and colleagues (2015) identified 
26 previously known and 19 new miRNAs under heat stress. 

Phytophthora infestans (Mont.) is the causal pathogen to spread the 
destructive disease in Tomato. Wild tomato is known to possess genes for 
the resistance against this pathogen which could be used as a reference to 
develop better breeds of tomato. To find such genes an identification study 
has been done by Arafa and coworkers (2017) to find the candidate genes that 
may provide resistance to tomato late blight by applying NGS technologies. 
Two genes namely, Solyc06g083640.3 and Solyc06g071810.1 were taken 
as candidates against resistance to disease. It was concluded that the SNP 
and SSR markers linked to these two genes can be further used in marker-
based selection for breeding plants resistant to late blight disease. Betaine 
aldehyde dehydrogenase 1 (BADH1), is a gene associated with salt stress 
which is therefore involved in abiotic stress response. In the early stage of 
germination, 475 rice accessions were used to investigate the association 
of BADH1 haplotypes with accessions used in the experiment. In the result 
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77 InDels and 116 SNPs were found in the region of BADH1 gene which 
represented 39 haplotypes. The findings suggested the usefulness of BADH1 
in future experiments based on gene expressions (Min et al., 2021). Some 
other similar studies are mentioned in Table 10.2. 

TABLE 10.2 Application of NGS on Plants in Response to Environmental Stress 

Plant Study Done Outcomes References 
Raphanus 
sativus 

To study novel 
heat-stress related 
microRNAs 

25 miRNAs were identified 
involved in multiple biological 
pathways and response to stress 

Wang et al. 
(2015) 

Raphanus 
sativus 

Transcriptome 
profiling to identify 
genes related to lead 
stress response 

Potential differentially expressed 
genes involved in response to Pb 
were identified and their role in 
different biological pathways was 
reflected. 

Wang et al. 
(2013) 

Raphanus 
sativus 

Transcriptome based 
gene identification 
in response to 
chromium stress. 

Genes were identified involved 
in TFs, metal transporter, 
antioxidant activity, etc. 

Xie et al. (2015) 

Tomato Gene for resistance 
against tomato late 
blight disease 

Two genes were identified as 
potential genes for disease 
resistance 

Arafa et al. (2017) 

Rice Analysis of BADH1 Resulted in association of the 
haplotype BADH1 with salt 
tolerance 

Min et al. (2021) 

10.7 CONCLUSION 

The increasing human population has led to the change in the climate at 
extreme levels which is affecting the environment. The crop productivity 
is decreasing due to lesser adaptability of plants to the changing climate. 
Therefore, the mechanisms that represent the adaptive capacity of any 
plant are to be understood. Mining of genes and their functions becomes 
an imperative need to build better cropping systems. This will help in 
breeding of climate resilient crops by manipulating genes in wild types. 
The native plants may represent a good source of novel genes that show 
better adaptability in extreme stress conditions. GWAS and NGS together 
are accelerating the availability of genetic information of different aspects 
of any plant, including stress resistance. The available information of loci 
and QTLs associated with any trait can be used in bioinformatics to enhance 
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the scope of crop improvement as well. The integrated approaches used are 
contributing to the development of critical knowledge about the genetic 
structure of the plants, which are used to develop genetically improved crops 
to meet the demands of a healthy society. The application of these techniques 
has proven to be useful in the past years and will provide better opportunities 
in the coming future. 
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ABSTRACT 

The potential tools of genome editing revolutionize environmental stress 
resistance in plants. CRISPR/Cas-mediated genome editing for the 
designing of stress-tolerant plants is robust, versatile, cheap, specific, and 
efficient. CRISPR/Cas system has 6 types of I, III, and IV (Class 1), II, 
V, and VI (Class 2) with different Cas variants and nucleases. CRISPR-
associated protein (Cas) endonuclease generates single site-specific DNA 
double-strand breaks (DSBs). The naturally occurring repairing pathways 
repair DSBs by high-fidelity homology coordinated repair (HDR) and 
predominant error-prone non-homologous end joining (NHEJ), which lead 
to gene knockout or knock-in mutations or precise gene replacement. NHEJ 
generates deletions or insertions at the DSB site, leading to frameshift and 
loss in gene function. HDR approach repairs point mutations and acceler-
ates crop improvement. This chapter will focus on the contemporary know-
how and prospective applications of CRISPR/Cas mediated plant genome 
editing to provide insights into the complex traits of environmental stress 
response. 
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11.1 INTRODUCTION 

Improvement of crop traits for designing the resistance against biotic and 
abiotic stresses is a continual process worldwide from a long duration. Accli-
matizing advanced approaches and innovative tools is need of high priority 
for sustainable and climate-smart food production and reduce effects greatest 
threat of climate change (Lobell & Gourdji, 2012). Conventional breeding 
was most effective way of crop trait improvement but is time-consuming (a 
period of about 8–10 years), backbreaking and costly approach. Molecular 
marker technology of restriction fragment length polymorphism (RFLP), 
amplified fragment length polymorphism (AFLP), simple sequence repeats 
(SSRs), single-nucleotide polymorphism (SNP) and diversity arrays tech-
nology (DArT) markers characterized plants under stress scenarios (Rao et 
al., 2016). This tool may not produce stress-tolerant plants due to complex 
inheritance and interactions of genotype and environment (Bhat et al., 
2016). Further, conventional breeding allows transmission of undesirable 
genes alongside gene of Interest (GOI) to future progeny of plants. Because 
of which multiple back-crossing events for a number of generations with 
recipient is required to eradicate the unpredicted linked traits and to intro-
duce the desired trait from donor. Genetic engineering improved crops which 
were exposed to any kind of biotic and abiotic stress by recombinant DNA 
technology. But there are cost, timewasting, efficacies, social, and ethical 
concerns, and further biosafety protocols limit approval for the genetically 
modified (GM) crops (Prado et al., 2014; Raman, 2017). In GMOs, only 
genes of Interest (GOI) are transferred to the recipient plant but there is non-
targeted integration. So, need of the hour is any new tool for improvement 
of the plants subjected to stress which can withstand the upcoming scenarios 
of global warming and climate changes. Beginning of various advanced 
genome editing platforms involving molecular techniques has revolutionized 
the area of agricultural crops. Sequence-specific nucleases (SSNs) recognize 
precise and specific target DNA sites and introduce double-stranded breaks 
(DSBs) at specific genomic loci in plants (Zhang et al., 2018; Costa et al., 
2017). CRISPR (clustered regularly interspaced short palindromic repeat)/ 
Cas (CRISPR-associated protein) system which is a new breeding technique 
is simple, robust, prompt, highly efficient, low-cost, precise, adaptable, and 
broadly acknowledged tool (Zhang et al., 2018). Genome editing takes only 
4–6 years wherein precise modification of regulatory region of target genes 
or target gene itself is done. CRISPR/Cas system consists of a complex 
of Cas9 endonuclease and single guide RNA (sgRNA). The sgRNA gives 
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target specificity on DNA strand and Cas9 endonuclease creates a double-
stranded break (DSB). DSBs can be repaired by endogenous DNA repair 
mechanism of cells involving error prone non-homologous end joining 
(NHEJ) and homologous recombination (HR) or homology directed repair 
(HDR) (Chen & Gao, 2014). NHEJ creates nucleotide insertions or deletions 
causing gene knockouts. HDR pathway generates precise base modifications 
or gene replacement in the presence of donor DNA sequence (Chen & Gao, 
2014). In turn novel mutants get generated (Voytas & Gao, 2014). Various 
reviews and chapters describe CRISPR/Cas genome-editing platform-based 
relevance in crop improvement (Zhang et al., 2018; Sedeek et al., 2019; 
Pandita, 2021a–c). 

11.2 CLASSIFICATION OF CRISPR/Cas SYSTEMS 

CRISPR/Cas system, a defensive mechanism for the degradation of foreign 
genomes was discovered in year 1987 as a set of 29 nucleotide repeats 
downstream of iap gene (Ishino et al., 1987). Almost 44% of 703 archaeal 
systems own one or more CRISPR/Cas modules in their genomes (Koonin 
& Makarova, 2009; Deveau et al., 2010). CRISPR/Cas loci involve CRISPR 
array. CRISPR array has two to several 100 direct, partially palindromic, 
normally exact repeats (of 25–35 bp each). These repeats are disconnected 
by inimitable spacers (of 30–40 bp) and end-to-end clusters of multiple 
cas genes organized in one or more operons which encode both the adap-
tation and effector modules, often with accessory genes (Makarova et al., 
2013, 2015). CRISPR/Cas systems are broadly categorized into two major 
classes: Class 1 and Class 2 on the basis of design principles of the effector 
modules as well as signature cas genes/cas loci structure, organization of 
cas operons and phylogeny of conserved Cas proteins. Class 1 systems 
rely on heteromeric multisubunit effector complexes comprising numerous 
Cas proteins and class 2 systems in which effector consists of single, large, 
multi-domain effector protein (Makarova et al., 2015, 2018, 2020). Two 
CRISPR-Cas classes in the next hierarchical level divide into 6 main Types 
I, III, and IV for class 1 including 16 subtypes, and types II, V, and VI for 
class 2 includes 3 types and 17 subtypes (Makarova et al., 2020). Each type 
has distinctive architecture of effector modules including unique signature 
proteins. Each of these contains a total of 33 multiple subtypes and multiple 
variants distinguished by subtler differences in locus organization and often 
encode subtype-specific Cas proteins (Makarova et al., 2020). Type I, II, and 
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V targets DNA; type VI targets RNA and type III targets both the DNA and 
RNA (Samai et al., 2015; Koonin et al., 2017). In several organisms, Cas loci 
do not fit into current classification due to their complex modular structure 
and variability, e.g., target of Cas13d is not DNA, but RNA. Class 2 includes 
Cas9, Cas12, and Cas13 endonucleases which are widely used as genome 
editing tools (Wu et al., 2018). 

11.3 MECHANISM OF ACTION OF CRISPR/Cas SYSTEMS 

CRISPR/Cas system has a basis from the natural phenomena of bacterial 
and archaeal adaptive immune system for invasion against external plasmids 
or sequences of viruses (Marraffini & Sontheimer, 2010). CRISPR/Cas 
editing system has two components which comprise Cas endonuclease and 
single guide RNA (sgRNA). Cas-sgRNA complex binds to the target DNA 
sequences. The sgRNA is made of CRISPR RNA (crRNA) with program-
mable 20-nt RNA target sequences and trans-activating crRNA (tracrRNA). 
The sgRNA recognizes and directs Cas protein to specific genomic target 
(Hsu et al., 2014). Cas induces double-strand break (DSB) at the loci of 
interest in the genome. The specificity of the system is due to 20 nt elon-
gated replaceable guide sequence within sgRNA, complementary to the 
target sequence (Li et al., 2013). The most generally used Cas protein is 
Cas9 endonuclease derived from the gram-positive Streptococcus pyogenes 
bacterium. Cas9 endonuclease cleavage is based on Protospacer Adjacent 
Motif (PAM, 5’-NGG-3’) present directly downstream of 20-nt target DNA 
sequence (Zhang et al., 2018) and PAM requirement is a bottleneck in it. 
PAM sequence varies on the basis of type of CRISPR/Cas, e.g., in Cas9 vari-
ants and Cas9 orthologs (Leenay & Beisel, 2017). The Cas9 endonuclease 
cleaves at 3-nt upstream of PAM within DNA target site, generating blunt 
ended double-strand breaks (DSBs) (Jiang & Doudna, 2017). CRISPR from 
Prevotella and Francisella (Cpf1) known as Cas12a endonuclease of class 2 
type V lacks HNH domain, needs T rich PAM and generates staggered cuts 
for the plant genetic manipulations (Zetsche et al., 2015; Stella et al., 2017). 
DSBs activated intrinsic DNA repair mechanism of the cell through NHEJ 
or homology-directed repair (HDR) to generate gene knockout or gene 
knock-in. HDR requires repair donor DNA template and leads to knock-in. 
NHEJ is most dominant and active error prone DNA repair pathway and 
generates insertions and deletions (indels) or substitutions resulting in the 
gene knockout or gene silencing (Rong & Golic, 2000; Hasley et al., 2021). 
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11.4 CRISPR/Cas-MEDIATED ADVANCEMENTS IN PLANT 
PROTECTION 

Plant improvement by gene knockout and replacement of CRISPR/Cas9 
has been very efficient. But 5’-NGG-3’ PAM sequence specificity has set 
limitations on usage of CRISPR/Cas9 to prospective targets. Multiple Cas 
variants having diverse specificity of PAM sequences have been character-
ized (Wrighton, 2018). SpCas9-NAG and xCas9 find use in Oryza sativa 
(Meng et al., 2018; Hu et al., 2018). CRISPR/Cas12a system has widened 
the skyline of genome editing. Cas12a (Cpf1) endonuclease was derivative of 
Francisella novicida (FnCpf1) and its ortholog from Lachnospiraceae bacte-
rium (LbCpf1). FnCpf1 and LbCpf1 recognize T-rich (5’-TTTN-3’) PAM 
sequence and generate cohesive (4–5 nucleotide overhangs) ended DSBs. 
CRISPR/Cas12a system overpowers target limits of system of the CRISPR/ 
Cas9 (Zetsche et al., 2015). The CRISPR/Cas12a has been efficiently used 
for targeted mutagenesis in Arabidopsis thaliana, Nicotiana tabacum, Oryza 
sativa L. and Glycine max L. (Endo et al., 2016; Tang et al., 2017). The 
Cas12a variants facilitate multiplex gene editing and recognize TYCV PAM 
sequences (Li et al., 2018). CRISPR/Cas edited plants show off-target muta-
tions and inefficient ability of regeneration. These are major bottlenecks for 
CRISPR/Cas system applications in the crop improvement programs. These 
roadblocks can be overcome by procedure of edited pollens and immature 
embryos which outdo in-vitro tissue culturing and use of stress-inducible 
CRISPR/Cas methods consequential of trivial off-target activities (Kelliher 
et al., 2019; Nandy et al., 2019). 

11.4.1 POTENTIALITY OF CRISPR/Cas-MEDIATED EFFECTIVE TOOL 
IN UNDERSTANDING ABIOTIC STRESS RESPONSE 

For the first time, CRISPR/Cas9 based genome editing was reported in model 
plants for instance Arabidopsis thaliana L., Nicotiana benthamiana and 
Oryza sativa L. (Li et al., 2013; Shan et al., 2013; Nekrasov et al., 2013). The 
CRISPR/Cas9 based manipulation of genes enabled abiotic stress response 
and generation of stress resilient crops in plant science. Improved expression 
of ARGOS8 which negatively regulates ethylene responses in maize was 
achieved by the precise genome editing through CRISPR/Cas9 resulting in 
enhanced drought tolerance and improved yield (Shi et al., 2017). A tissue-
specific AtEF1 promoter derived truncated gRNAs (tru-gRNAs) and Cas9 
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cause mutations in an abiotic stress-responsive gene named as OST2/AHA1 
(Osakabe & Osakabe, 2017). This leads to improved stomatal response in 
Arabidopsis thaliana. OsRR22, OsSIT1, and OsNAC041 genes increased 
salinity tolerance in Rice (Li et al., 2014; Zhang et al., 2019; Bo et al., 2019). 
CRISPR/Cas9 facilitated editing of cold tolerance MYB30 gene and panicle 
length OsPIN5b gene and grain size GS3 gene (Zeng et al., 2020), OsCOLD1 
(Ma et al., 2015), and TIFY1a, TIFY1b (Huang et al., 2017) genes improved 
cold tolerance in Oryza sativa L. Similarly, CRISPR/Cas9 mediated editing 
of NPRI (Erpen-Dalla et al., 2019), SINPR1 (knock-out) (Li et al., 2019) 
and SIMAPK3 (knock-out) (Wang et al., 2017a) improved tolerance to water 
deficiency in tomato plants. CRISPR/Cas9 mediated editing of Heat Shock 
Protein 90 (HSP90) increased tolerance to high temperature in Tetraselmis 
suecica (Xu et al., 2020). CRISPR/Cas9 based editing of Drb2a and Drb2b 
increased salinity and drought tolerance whereas SAPK1 and SAPK2 
enhanced salt tolerance in Glycine max L. (Curtin et al., 2018; Lou et al., 
2017). Cpf1 has been used in Arabidopsis thaliana L. and Oryza sativa L. 
(Tang et al., 2017, 2018). Other examples of CRISPR/Cas based genome 
editing approaches with promise in fighting devastating abiotic plant stress 
conditions are summarized in Table 11.1. 

11.4.2 POTENTIALITY OF CRISPR/Cas-MEDIATED EFFECTIVE TOOL 
IN UNDERSTANDING BIOTIC STRESS RESPONSE 

CRISPR/Cas mediated genome editing produced tolerance in plants towards 
viruses, bacteria, nematodes, insects, and fungal pathogens. Editing of 
recessive eIF4E gene increased resistance to Papaya ring-spot mosaic 
virus-W, Zucchini yellow mosaic virus and cucumber vein yellowing 
virus in Cucumis sativus L. (Chandrasekaran et al., 2016). CRISPR/Cas9 
based targeting of Initiation factors like eIF4E and eIF(iso) 4E eIF4E/ 
exon involved in infection of Turnip mosaic virus (TuMV) in Arabidopsis 
thaliana L., and eIF4G involved in infection of Rice Tungro Disease Resis-
tance developed resistance in these plants (Pyott et al., 2016; Macovei et al., 
2018). CRISPR/Cas9-mediated targeting of Ocimum basilicum candidate 
susceptibility gene ObDMR6 which is a homolog of DMR6 generated 
transgene-free downy mildew-resistant sweet basil varieties (Hasley et al., 
2021). CRISPR/Cas9 generated transgene-free mutants in sweet basil by 
Agrobacterium-mediated transformation (Navet & Tian, 2020). CRISPR/ 
Cas inactivated endogenous banana streak provirus in banana (Tripathi et al., 
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 TABLE 11.1 Plant Abiotic Stress Conditions Improved by CRISPR/Cas 

Plant Species Target Gene Target Traits Improved References 
CRISPR/Cas9 
Carica papaya L. CpDreb2 Resistance to drought, heat and cold Arroyo-Herrera et al. (2016) 
Carica papaya L. CpRap2.4a and CpRap2.4b Resistance to heat and cold Figueroa-Yanez et al. (2016) 
Gossypium spp. GhPIN1-3 and GhPIN2 Resistance to drought He et al. (2017) 
Gossypium spp. GhRDL1 Resistance to drought Dass et al. (2017) 
Hordeum vulgare L. ALMT High Al3+ Zhou et al. (2014) 
Manihot esculenta Crantz MeKUPs Resistance to salt, osmosis, cold, Ou et al. (2018) 

drought 
Manihot esculenta Crantz MeMAPKKK Resistance to drought Ye et al. (2017) 
Musa acuminata Colla MaSWEET-4d, MaSWEET-1b, and Resistance to cold and salt Miao et al. (2017a) 

MaSWEET-4b 
Musa acuminata Colla MaAPS1 AND MaAPL3 Resistance to cold and salt Miao et al. (2017b) 
Oryza sativa L. Sub1A, SK1 and SK2 Resistance to flooding Xu et al. (2006); Fukao et al. 

(2006); Hattori et al. (2009) 
Oryza sativa L. DRO1 Resistance to drought Uga et al. (2011, 2013) 
Oryza sativa L. NRAT1 High Al3+ Li et al. (2014) 
Oryza sativa L. PSTOL1 at the Pup1 locus Low Pi Gamuyao et al. (2012); Chin 

et al. (2011) 
Oryza sativa L. Oryza sativa phosphate transporter Absence of OsPT4 activity reduces Ye et al. (2017) 

4 (OsPT4) arsenic uptake from soil in rice plant 
Oryza sativa L. Natural resistance associated mac- Absence of OsNRAMP5 reduce the Tang et al. (2017) 

rophage proteins 5 (OsNRAM5) of uptake of cadmium from soil 
Oryza sativa 

Oryza sativa L. Arsenite-responsive MYB1 of Oryza Plant lacking the activity of Wang et al. (2017) 
sativa (OsARM1) OsARM1 show tolerance to as stress 
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TABLE 11.1 (Continued) 

Plant Species Target Gene Target Traits Improved References 
Oryza sativa L. OsHAK1 Inactivation of OsHAK1 reduces the Nieves-Cordones et al. 

uptake of 137Cs from soil (2017) 
Phoenix dactylifera L. Pdpcs and Pdmt Cadmium and chromium toxicity Chaabene et al. (2018) 
Phoenix dactylifera L. Pdpcs and Pdmt Heavy metal toxicity Chaabene et al. (2018) 
Saccharum officinarum L. ScAPX6 Resistance to copper Liu et al. (2017) 
Saccharum officinarum L. ScNsLTP Resistance to drought and chilling Chen et al. (2017) 
Solanum lycopersicum L. Mitogen-activated protein ki- Absence of S1MAPK3 activity make Wang et al. (2017b) 

nase 3 (S1MAPK3) in Solanum plant susceptible to drought stress 
lycopersicum 

Triticum aestivum L. and Hor- VRN1 at the FR1 locus and CBFs at Resistance to Low temperature Dhillon et al. (2012); Stock-
deum vulgare L. the FR2 locus inger et al. (2007); Kinox 

et al. (2010); Francia et al. 
(2007) 

Triticum aestivum L. and Oryza TaHKT1;5 Saline soil Dubcovsky et al. (1996) 
sativa L. 
Zea mays L. MATE1 High Al3+ Maron et al. (2013) 
CRISPR/Cas 12 
Oryza sativa L. OsEPFL9 Regulated stomatal density in rice Yin et al. (2019) 

leaves 
Oryza sativa L. OsDEP1, OsPDS, and OsEPFL9 Abiotic stress tolerance Zhong et al. (2018) 
Solanum lycopersicum L. HKT1;2 HDR Multiple-stress tolerance Vu et al. (2020) 
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2019). The promoters of OsSWEET11 and OsSWEET14, and OsSWEET13 
on targeting with CRISPR/Cas9 enabled bacterial blight susceptibility and 
bacterial blight tolerance in Oryza sativa L., respectively (Jiang et al., 2013; 
Zhou et al., 2015; Oliva et al., 2019; Zafar et al., 2020). Resistance to cotton 
leaf curl Kokhran virus (CLCuKoV) and begomoviruses can be produced 
by CRISPR/Cas9 based editing of conserved nonanucleotide sequences 
(TYLCV, BCTV-Worland, CLCuKoV, MeMV, TYLCSV, and BCTV-
Logan) in Nicotiana benthamiana (Ali et al., 2016; Zaidi et al., 2016). 
CRISPR/Cas9 genome-edited targeting of Gh14-3-3 enabled tolerance to 
cotton verticillium wilt (Zhang et al., 2018). CRISPR/Cas9 targeting of coat 
protein (CP) or replicase (Rep) resulted in tomato plants resistant to TYLCV 
(Tashkandi et al., 2018) and SlJAZ2 targeting enabled speck resistance in 
tomato (Ortigosa et al., 2019). Cucumber mosaic virus (CMV) or tobacco 
mosaic virus (TMV) were targeted by CRISPR/Cas through Francisella 
novicida Cas9 (FnCas9) in Nicotiana benthamiana and Arabidopsis thaliana 
L. (Zhang et al., 2018). Gene-edited knock out of MLO (Mildew Locus O) 
susceptibility (S) gene homologs renders powdery mildew resistance due to 
Blumeria graminis f. sp. tritici (Bgt) in wheat (Wang et al., 2014). CRISPR/ 
Cas9 edited MLO genes in tomato plants namely “tomelo” are powdery 
mildew resistant (Nekrasov et al., 2017). MLO7 targeting in grape controlled 
Erysiphe necator which causes powdery mildew in grape (Vitis vinifera L.) 
cultivar Chardonnay (Pessina et al., 2016) and WRKY52 targeting enabled 
resistance to the gray mold in Vitis vinifera L. (Wang et al., 2018). CRISPR/ 
Cas9 targeted, DIPM-1, DIPM-2 and DIPM-4 approach developed Malus 
domestica Borkh. plants with resistance to fire blight enterobacterial 
pathogen Erwinia amylovora (Malnoy et al., 2016). CRISPR/Cas9 based 
genome editing developed blast resistant Oryza sativa L. japonica through 
target of codons near translation initiation codon of OsERF922 with sgRNA 
to introduce insertions and deletions (Wang et al., 2016). LwaCas13a from 
Leptotrichia wadei and PspCas13b from Prevotella sp. were widely used in 
Oryza sativa (Abudayyeh et al., 2016; Cox et al., 2017). CRISPR/Cas9 medi-
ated editing of nCBP-1 & nCBP-2/exon, Non-Expressor of Pathogenesis-
Related 3 (TcNPR3) gene, and WRKY70, WRKY11 enabled brown streak 
(RNA) in Manihot esculenta Crantz (Gomez et al., 2019), Black pod disease 
in Cacao (Fister et al., 2018), and JA-induced and SA-induced tolerance to 
pathogens in Brassica napus subsp. napus (Sun et al., 2018). Other examples 
of CRISPR/Cas based genome editing approaches with promise in fighting 
devastating biotic plant diseases are précised in Table 11.2. 
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TABLE 11.2 Plant Biotic Stress Conditions Improved by CRISPR/Cas 

Plant Species Target Gene Target Traits Improved References 
CRISPR/Cas9 
Citrus × paradisi CsLOB1 promoter Alleviated citrus canker Jia et al. (2016) 
Citrus × paradisi CsLOB1 Citrus canker resistance Jia et al. (2017) 
Cucumis sativus eIF4E Virus resistance cucumber vein yellowing virus Chandrasekaran et al. 

(2016) 
Malus domestica Borkh. DIPM-1, DIPM-2, and DIPM-4 Resistance to fire blight disease Malnoy et al. (2016) 
Ocimum basilicum L. ObDMR6 Downy mildew resistance Hasley et al. (2021) 
Orange CsLOB1 promoter Citrus canker resistance Peng et al. (2017) 
Oryza sativa L. OsERF922 Enhanced rice blast resistance Wang et al. (2016) 
Oryza sativa L. OsSWEET13 SWEET Bacterial blight resistance by Xanthomonas oryzae pv. Zhou et al. (2015); 

oryzae Oliva et al. (2019) 
Oryza sativa L. ALS Resistance to herbicides Endo et al. (2016) 
Oryza sativa L. ALS Resistance to herbicides Sun et al. (2016) 
Oryza sativa L. EPSPS Resistance to herbicides Li et al. (2016) 
Oryza sativa L. ALS Resistance to herbicides Butt et al. (2017) 
Solanum lycopersicum L. S1MLO1 Powdery mildew resistance Nekrasov et al. (2017) 
Solanum lycopersicum L. S1JAZ2 Bacterial speck resistance Ortigosa et al. (2018) 
Solanum lycopersicum L. DMR6 KO Disease resistance against Pseudomonas syringae pv De Toledo Thomazella 

tomato (Pto), Phytophthora capsica and Xanthomonas spp. et al. (2016) 
Solanum tuberosum L. DMR6 Downy mildew resistance Sun et al. (2016) 
Triticum aestivum L. EDR1 Powdery mildew resistance Zhang et al. (2017) 
Triticum aestivum L. Six MLO alleles Blumeria gramimis f. sp. tritici. resistance Wang et al. (2014) 
CRISPR/Cas 13 
Nicotiana benthamiana HC-Pro and GFP2 genes Resistance to turnip mosaic virus (TuMV) Aman et al. (2018a) 
Arabidopsis thaliana TuMV virus Resistance to TuMV virus Aman et al. (2018b) 
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11.5 CONCLUSION 

The global warming and climatic changes accompanied with various types 
of spontaneous and dynamic environmental stresses are the highest threat to 
food security. Conventional breeding and genetic engineering tactics have 
given substantial gifts for the mitigation of these stresses. These tools are not 
competent enough to design desirable alleles in an in-effect mode in a short 
time. CRISPR/Cas based editing tools generate accurate and precise modifi-
cations in a simple way, with no time and transform the breeding programs 
to designing of climate-smart crops. 
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ABSTRACT 

Sessile plants are considered the most adaptable organisms of nature, able to 
change themselves depending on the environmental conditions to which they 
are exposed. If the conditions are favorable, plants grow effortlessly while 
in adverse conditions they are unable to maintain their normal activities. 
‘Stress’ is regarded as the conditions which are unsuitable for the growth 
and survival of plants. Plants have to constantly struggle with a plethora of 
abiotic and biotic challenges of the environment for their survival in nature. 
On this planet, plants are continuously facing diverse abiotic stresses which 
impart a detrimental impact on their growth, development, as well as crop 
production. In response to this stress, plants have developed various mecha-
nisms to survive and adapt to nature. Since plants are sessile, they have a 
bunch of signaling pathways for perceiving and conveying environmental 
signals, which results in dynamic reprogramming of transcription. Plant’s 
development and environmental signals promote epigenetic changes in the 
genome. Plant cells produce numerous epigenomes due to cellular as well as 
natural signals; thus, epigenetics becomes the topic of interest. Epigenetics is 
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a relatively stable and inheritable modification in a gene expression without 
attributing changes in the DNA sequence. In 1942, Conrad Hal Waddington 
conceived the word “epigenetic.” Epigenetic changes which include Chro-
matin remodeling (DNA and histone modifications) and RNA-mediated 
modifications (non-coding RNAs and microRNAs) contribute to gene 
expression, proliferation of plant as well as growth patterns under stressful 
conditions. When plants face adverse ecological situations, epigenetic stress-
induced gene expression helps them in adaptation. Stress-induced chromatin 
marks are meiotically transmitted and can transmit the “memory of stresses” 
from parent to offspring plants via transgenerational epigenetic transmission, 
suggesting the capacity to respond to a plethora of stresses. This information 
in the role of epigenetics in phenotypic plasticity and heritable variation is 
vital in understanding how plants can adapt to diverse environmental situ-
ations. Keeping these in the background, this chapter intends to depict the 
recent progress in underlying epigenetic processes implicated in the plant’s 
reaction against abiotic stress like extreme heat, cold, drought, heavy rain-
fall, salt, hazardous chemicals, and UV radiation. Further, attempts have 
been made to illustrate how the epigenetic modifications cross-talks with the 
biochemical as well as cellular functions of the plants in adapting to different 
abiotic stresses. 

12.1 INTRODUCTION 

Plants in nature tend to adapt to the diverse environmental cues to which 
they are exposed. Some of the environmental conditions may be conducive, 
allowing the plant to grow well, but if conditions are hostile, then the plant 
will be unable to maintain its growth and normal activities. Stress is defined 
as an environment that is inappropriate for plant growth and survival. The 
adverse or critical condition that negatively influences or blocks a plant’s 
metabolism and growth is known as stress (Lichtenthaler, 1998). There are 
numerous environmental challenges which include abiotic stress, i.e., salinity, 
drought, heat, freezing, heavy metals and biotic stresses (Kim, 2021; Kong 
et al., 2020). During evolution, plants have developed diverse machinery to 
face different abiotic stresses throughout their life cycle (Kong et al., 2020; 
Sudan et al., 2018). These mechanisms are regulated by the transcription and 
translation of stress-induced genes. Since plants are sessile, they are consid-
ered as the most adaptable organisms of nature and can sense a change in 
environmental cues thereby initiates gene expression (Luo et al., 2012), has 
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a plethora of signaling pathways that eventually leading to transcriptional 
reprogramming (Bhadouriya et al., 2020). This transcriptional reprogram-
ming brings a global change in the expression of genes by various transcrip-
tion factors. During this re-programming, the expressions of specific genes 
are exalted while alternative genes get suppressed in comparison to earlier 
states. Keeping the genomic sequence unchanged a new molecular charac-
teristic appears which is different from its original form, it also acquires an 
entirely new molecular sign, which is heritable, this process is known as 
epigenetic reprogramming (Weinhold, 2006). During the last decades, the 
basic pathways of stress signaling have been deciphered successively (Zhu, 
2016). Several studies have explained the mechanisms of signal transduc-
tion involved under plant abiotic stress, of which numerous studies show 
significant involvement of epigenetic mechanism (Kim et al., 2015; Sahu 
et al., 2013). The British developmental biologist Conard H. Waddington 
coined the word “Epigenetics” by joining two words “epigenesis” and 
“genetics.” Epigenetics is the branch of science that deals with genetically 
determined characteristics of organisms that are not linked to modifications 
in DNA nucleotide sequence but can be effectively imprinted within genome 
(Deans & Maggert, 2015). In other words, epigenetic relates to chemical 
changes that are both transient and heritable and are not connected with 
alterations in DNA sequence (Bird, 2007). Over the past decade, the revolu-
tion in biological science in the field of molecular epigenetics established 
it as the “next big thing” (Ebrahim, 2012). The term “Epigenetics” literally 
denotes “above or on top of genetics” like “events above or outside the gene” 
(Jablonka & Lamb, 2002). Epigenetic changes occurring on chromosomes 
include histone modification, DNA methylation, and sRNA-based mecha-
nisms are considered the “three pillars of epigenetics,” they regulate gene 
expression (Avramova, 2011; Grant-Downton & Dickinson, 2005). The 
epigenetic control of a plant genome is a complex phenomenon in which a 
particular group of genes is expressed in response to a specific environmental 
and developmental situation (Pikaard & Scheid, 2014). Plants employ three 
types of epigenetic processes to acclimate and sustain in harsh environments: 
histone modification, DNA methylation, and RNA interference (RNAi) 
(Singroha & Sharma, 2019). The productivity of crop is hampered due to 
unfavorable environmental factors. In fact, in the case of numerous major 
crops there is a reduction in the yield and increase in subsequent price (Lobell 
& Gourdji, 2012; Lobell et al., 2011; Moore & Lobell, 2015). In response to 
biotic and abiotic environmental stressors, plants alter their growth pattern 
as well as physiological processes, to acclimate in the constantly changing 
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environment. Plants require a continual change at the molecular level and 
efficiently modify their metabolic pathways (Gallo-Franco et al., 2020). 
Stress is a situation that can deteriorate plant’s fitness to grow and survive 
that can reduce the yield almost 50% of crop productivity, resulting in scarcity 
of food (Boyer, 1982). Epigenetic mechanisms regulate the stress-induced 
genes at the transcriptional and post-transcriptional level (Kim et al., 2015; 
Luo & He, 2020; Lämke & Bäurle, 2017). Epigenetic regulation enhances 
the existence of plants by enhancing their forbearance for stresses. Stress 
signals induce DNA methylation that alter the promoter regions of stress-
responsive genes leading to alteration of their expression pattern (Chin-
nusamy & Zhu, 2009), modification of histone proteins (Gallo-Franco et al., 
2020). The enzyme cytosine methyltransferase methylates cytosine residue 
within the CpG dinucleotide (Bewick et al., 2016; Niederhuth & Schmitz, 
2017). DNA covers the histone octamer (H2A, H2B, H3, and H4) while the 
amino acids of the amino-terminal chain of the globular histone proteins are 
exposed outside for the post-translational modification (PTMs) and result in 
alteration of gene expression (Kouzarides, 2007). The expression of genes 
is suppressed by sumoylation and biotinylation of the amino acids, while 
acetylation and phosphorylation activate gene expression. DNA replication, 
transcription, and DNA repair are greatly controlled by histone modification 
(Nathan et al., 2006; Ransom et al., 2010). DNA methylation is related to 
the prolonged transgenerational preservation of epigenetic modification and 
methylation influences the mode of transcription (Gallo-Franco et al., 2020). 
DNA methylation is the most frequent stress-responsive epigenetic modifi-
cation, which occurs across plant species and strengthens the significance 
of this process (Feng et al., 2010). Most of the epigenetic modifications are 
inherited and perform a pivotal part in plant adaptability (Robertson & Wolf, 
2012). Methylation in genomic DNA is transmitted over generations without 
having any modification in the acquired methylation pattern, this leads to 
the formation of “epialleles” (Kalisz & Purugganan, 2004). Epialleles may 
exist above stress-associated genes but maybe even exist in genomic areas 
which have no relation with the stress response (Verhoeven et al., 2010). 
Gene expression may be suppressed by transposons, this may be caused by 
the methylated state of transposons that are located near the genes and even 
regulate the expression of genes through methylation spread mechanism 
(Saze & Kakutani, 2007). sRNAs of diverse types, as well as lncRNAs, play 
an important role in epigenetic processes. Small RNAs change the chromatin 
conformation and regulates gene silencing through Argonaute mediated 
complexes along with complementary emerging RNA platform resulting 
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in the engagement of histone as well as DNA methyltransferases (Holoch 
& Moazed, 2015). These RNAs are produced from double-stranded RNA 
(dsRNA) precursors as a 20–30 nucleotide long single-stranded RNA. The 
architecture of chromatin got changed by the histone modification pathway 
and alters gene expression (Singroha & Sharma, 2019). Gene activation 
or silencing is associated with the open chromatin conformation or close 
chromatin structure under the control of different developmental or environ-
mental factors (Figure 12.1). 

FIGURE 12.1 Epigenetic programming under abiotic stresses in plants is shown, at three 
levels: DNA modifications, histone modifications, and small RNAs. 

Abbreviations: 7mG: 7-methylguanosine cap; AGO: argonaut; H2A: histone 2A; H2B: 
histone 2B; H3: histone 3; H4: histone 4; ac: acetyl; me: methyl; ph: phosphate; ub: ubiquitin; 
miRNAs: microRNAs; RISC: RNA-induced silencing complex; siRNAs: small interfering 
RNAs. 

Recently few studies have been conducted for the description of the 
epigenomic control stress in plants that helps to understand how chromatin 
modification takes place by diverse abiotic stresses, by their corresponding 
transcriptional and physiological involvement (Demirel et al., 2020; Zhao et 
al., 2021) (Figures 12.2–12.4). 
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FIGURE 12.2 Modification of amino acid sites of the core histone involved in abiotic stress 
response are shown in white letters (R: arginine; K: lysine). 

FIGURE 12.3 Epigenetic regulators involved in abiotic stress response. The combined 
activity of erasers, readers, and writers regulate the level and type of histone modifications. 
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FIGURE 12.4 DNA methylation: its mechanism and site. 

12.2 DIFFERENT ABIOTIC STRESSORS 

Plants face a gamut of abiotic stresses in the environment, i.e., salinity, 
drought, submergence/flooding, extreme temperature (heat and freezing), 
UV radiation, heavy metals, etc. Some of the stresses are natural while others 
are due to anthropogenic activities. These stress conditions negatively influ-
ence or blocks the plant’s metabolism and growth (Lichtenthaler, 1998). The 
environmental stresses are categorized as biotic and abiotic stress, along with 
the two the abiotic stress causes major crop loss (Gull et al., 2019). Major 
numbers of abiotic stresses are compiled and summarized in subsections. 

12.2.1 SALINE STRESS 

In many parts of the world, the plant faces major abiotic stress which is 
due to the presence of too much amount of salt content in the soil, known 
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as saline stress. This ultimately results in the inhibition of plant growth and 
leads to death, thereby resulting in a reduced yield of crop plants. Plants 
may be categorized into two major classes: (i) halophytes; and (ii) glyco-
phytes. Halophytes are the plants that can tolerate salinity and survive on 
the other hand, glycophytes are the group of plants that cannot withstand 
saline stress, and as a result, they die eventually. Glycophytic plants account 
for a large portion of agricultural plants (Gupta & Huang, 2014). Thus, 
salinity is among the most deleterious environmental stressors that hinder 
agricultural yield across the world (Flowers, 2004; Munns & Tester, 2008). 
Salinity stress contributes to the alteration of different metabolic as well 
as cellular activities, the intensity and period of the stress, hamper crop 
production (James et al., 2011; Rozema & Flowers, 2008). Abnormal intake 
of sodium (Na+) and chloride (Cl–) ions causing cytotoxicity and creates 
an imbalance of nutrition, which results in a decrease in plant growth as 
well as development through water stress. Salinity goes hand in hand with 
oxidative stress since reactive oxygen species (ROS) are formed along with 
increased salinity (Isayenkov & Maathuis, 2019). The effect of salinity in 
plants has been divided into two phases of plant growth. Stomatal openings 
close and the leaf expansion is repressed in phase I, which takes place in a 
short time, i.e., minutes or few days. While in phase II, cytotoxic ions build 
up especially in mature foliages producing premature senescence, which 
downtrend metabolic processes, decrease production eventually kills the 
plant (Kotagiri & Kolluru, 2017). The growth and development in agricul-
tural plants get hindered due to toxicity caused by ions (especially Na+ ions), 
hyper osmotic stress and oxidative damage in a highly saline environment. 
Cellular Na+ ion homeostasis is maintained by the secondary messenger 
Ca2+ along with Salt Overly Sensitive proteins. Ca2+ signals are decoded 
by Ca2+ sensors. The signal is interpreted into physiological, metabolic, 
and molecular adaptations by calcineurin B-like protein 10 (CBL10) (Zhu, 
2016). Na+ influx is mediated by high‐affinity K+ transporters 1 (HKT1). In 
Arabidopsis, considerable methylation is shown at 2.6 kb upstream of the 
start site of small RNA which represses the expression of AtHKT1 in shoots 
(Baek et al., 2011). The expression of HKT1 is increased due to a decrease 
of DNA methylation level in RdDM mutant rdr2; indicating AtHKT1 gene 
expression is negatively regulated by RdDM, this control process is even 
shown for wheat (Kumar et al., 2017). In the roots and shoots of salt-tolerant 
and salt-sensitive plants, the expression of TaHKT2;1 and TaHKT2;3 gets 
repressed. This repression is due to cytosine methylation as a result of salt 
stress, although the modulation of DNA methylation is not the reason for 
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root-specific repression of TaHKt1 (Kumar et al., 2017). In saline conditions, 
plants undergo histone modification in addition to DNA methylation (Kim 
et al., 2015). To acclimate in the constantly changing environment, acetyla-
tion and deacetylation takes place by HATs and HDACs correspondingly. 
Interestingly, high salinity is responsible for the decline of repressive marks 
H3K9me2 and H3K27me3 deposition on stress-responsive genes while it 
influences the accumulation of dynamic histone inscription H3K9K14Ac 
and H3K4me3 on that salt stress-responsive gene (Chen & Wu, 2010; Sokol 
et al., 2007; Yolcu et al., 2016). At the elevated amount of NaCl and ABA 
represses HD2 family deacetylase, i.e., HD2C it is reported that the hd2c 
mutant is also sensitive to NaCl (Ming Luo et al., 2012). The expression of 
the Arabidopsis HKT1 gene is activated by the addition of salt when histone 
H3 lysine tri-methylation (H3K27me3) is removed from the HKT1 gene 
body (Sani et al., 2013). Plants under salinity stress result in another type of 
histone modification, i.e., H3Ser-10 phosphorylation that is associated with 
chromatin compactness. It was analyzed that H3Ser-10 phosphorylation, H3 
and H4 acetylation show an over-expression under different abiotic stress 
(Sokol et al., 2007). The epigenetic alterations that are mentioned do not 
act in the same manner as its regulatory mechanism varies depending upon 
diverse abiotic stress (Kim et al., 2015; Sokol et al., 2007). 

12.2.1.1 DROUGHT 

Drought is a condition when a region faces inadequate precipitation. It has 
an adverse effect on the ecosystem and agriculture and the economy of the 
region. Drought or water deficit is among the major abiotic stresses for 
the plant’s growth, development. The warm-dry areas of the world greatly 
face drought stress (Pourdad & Beg, 2003). The productivity of crops is 
adversely hampered because such stresses disrupt the normal synchronized 
physiological equilibrium (Gaspar et al., 2002). Drought stress takes place 
due to the unavailability of water in the soil on the other hand increasing 
the temperature of the environment causes continuous water loss through 
transpiration and/or evaporation. Drought stress is experienced by most 
plant species; however, the amount of it varies between species to species 
and even in the same species (Jaleel et al., 2007). Drought stress causes the 
decrease in water level in the plant cell, drop off water potential and loss in 
turgor, decrease in cell elongation and growth, stomatal closure. Dreadful 
water stress disturbs photosynthesis, metabolism as a result necrosis takes 
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place (Jaleel et al., 2008). The consequences of imminent climate change, 
drought will have an intense impact on crop productivity in the future 
(Shanker et al., 2014). Drought stress intensity and drought stress-responsive 
genes have a complimentary connection (Kim et al., 2012). Some drought 
stress-responsive genes that encode functional and regulatory transcription 
factors in response to drought have been studied (Shinozaki & Yamaguchi-
Shinozaki, 2007). Histone modification and chromosome density occur 
as a response to drought stress (Kim et al., 2012). Under severe drought 
stress the upregulated genes, such as RD20 and RD29A shows histone 
modifications H3K4me3 and H3K9ac compared to the average drought 
situation (Kim, 2021). Additionally, remarkable nucleosome loss occurred 
in the RD29A region of the gene, while a small loss of nucleosome from 
the same region occurs under moderate drought conditions. These results 
reveal that the intensity of drought stress affects epigenetic responsiveness. 
Nucleosomal substitution and strong histone deacetylation are necessary to 
complete repression of stress-upregulated genes and to reset the chromatin 
structure under non-drought situation (Kim et al., 2012). Plants can regulate 
the repeated cycles of stress by modifying the expression pattern of stress-
induced genes. The expression of “memory genes” takes place at extremely 
increased or decreased through consequent dehydration, thus allowing plants 
to respond quickly during future drought stress. This phenomenon is known 
as “stress memory” which has several synonyms, i.e., imprinting, priming, 
training, and acclimation. In mammals, the gained stress memory can be 
rearranged upon healing, consequent development, and meiotic cell division. 
How plants control the resetting process during meiosis and transmitted to 
the next generation remains a question to be answered yet (Kim et al., 2020). 

12.2.2 EXTREME TEMPERATURE STRESS 

Heat stress and cold stress are terms used to describe when temperatures 
increase or fall dramatically beyond or below a threshold level above a 
prolonged time, causing serious harm to the plant’s growth and development. 
Generally, a sudden increase, i.e., above 10–15C above the ambient tempera-
ture disturbs the homeostasis of the plant, which is regarded as heat shock or 
heat stress. This heat stress act as an ultimatum to crop production globally. 
In the last couple of years, several research on heat and cold stress response 
mechanisms are demonstrated along with their epigenetic regulation (Ding et 
al., 2019; Driedonks et al., 2015; Guo et al., 2018; Liu et al., 2018). 
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12.2.2.1 COLD STRESS 

Plant growth and development is adversely impacted with cold climatic 
condition (Chew & Halliday, 2011). Plants have developed an advanced 
mechanism to sense the alteration in temperature and adjust their physiology 
accordingly for survival (Chinnusamy et al., 2006; Kaplan et al., 2004). 
Plants in the temperate regions use the process of cold acclimation to survive 
under freezing stress. The expression of cold-responsive (COR) genes is 
turned on. The expression of CORs is controlled by C-repeat-binding factors 
(CBFs) (Liu et al., 2019). Like Arabidopsis sp. homologous CBF is also 
found in different plant species, e.g., Brassica campestries (Wang et al., 
2014), Hordeum vulgare (Marozsán-Tóth et al., 2015), Rapeseed (Jaglo et 
al., 2001), tomato (Zhang et al., 2004), rice (Dubouzet et al., 2003). Cold 
stress induces the transcription factor CBF binds with the promoter region of 
COR genes containing C-repeat (CRT)/DREs. When Arabidopsis is exposed 
to cold temperatures, the repressive histone mark, i.e., H3K27me3 on the 
COR genes (COR15A and ATGOLS3) diminish slowly (Kwon et al., 2009). 
In Arabidopsis PICKLE (PKL) is a well-reported, ATP dependent, CHD3-
type chromatin remodeling factor that regulates growth and development 
also RNA-directed DNA methylation (RdDM). PKL has a significant part in 
cold stress response. It regulates numerous COR genes, as well as RD29A, 
COR15A, and COR15B, by regulating the expression of the CBF3 gene 
(Yang et al., 2019). Under cold stress there is a decrease in the deposition 
of histone repressive mark H3K27me3 on the COR genes COR15A and 
galactinol synthase 3 (GOLS3), this mark is irreversible even under normal 
temperature, indicate H3K27me3 can function as a memory indicator 
(Kwon et al., 2009). Moreover, histone methylation, histone acetylation 
even plays a crucial role in low-temperature stress response on a significant 
percentage of cold-induced genes (Park et al., 2018). On the promoter region 
of different COR genes like COR15A and COR47 histone acetylation takes 
place under low-temperature treatment (Pavangadkar et al., 2010). Histone 
acetyltransferase (HATs) and histone deacetylases (HDACs) regulate the 
histone acetylation dynamically. Cell membranes are frequently damaged 
under cold stress. Malondialdehyde (MDA) is a key indicator of membrane 
system damage and degradation in cellular metabolism. MDA levels remain 
substantially greater under low-temperature stress when compared to the 
control level. Cold stress treatment led to a gradual increase in malondi-
aldehyde (MDA) concentration when Arabidopsis histone deacetylase 2D 
(HD2D) was overexpressed (Chang et al., 2020). 
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The role of miRNA-based gene control under low-temperature stress has 
been proven in numerous research works. Different functional investigations 
have sought to uncover miRNA-target interactions as well as the relevance 
of numerous miRNAs in cold-stress modulation. Sunkar & Zhu (2004) were 
the first to show that miRNAs have a role in the modulation of cold stress. 
In rice 18 COR microRNAs have been identified under low-temperature 
stress at 4°C such miRNAs act as predominant regulators of plant responses 
to low-temperature stress (Lv et al., 2010). At the onset of the productive 
phase in the rice plant, there is a sharp expression of the COR miR812q is 
comprised of unique sequences and is derived from the sequence-diverged 
region. Cold stress significantly elevates the expression of miR812q, which 
down-regulates CIPK10. The Ser/Thr protein kinase domain of CIPK (calci-
neurin B-like (CBL) protein-interacting protein kinase) proteins is activated 
by interacting with CBL, which includes four EF-hands for Ca2+ binding. 
Under cold stress, miR812q may be required to alter CBL-CIPK signaling 
(Jeong & Green, 2013). In tea (Camellia sinensis), under cold stress 31 
miRNAs are upregulated and while 43 miRNAs get downregulated. Simi-
larly, increased expression was shown by 192 miRNAs and 205 miRNAs 
revealed a decreased expression in wild tomato (Solanum habrochaites) 
(Cao et al., 2014). 

12.2.2.2 HEAT STRESS 

Increased occurrences of heatwaves and rising global temperatures influence 
crop productivity and world food production severely. As global warming 
progresses, heat stress (HS) seems to be a more serious food security issue. 
Therefore, heat stress response and its transcriptional network have been 
studied thoroughly (Ohama et al., 2017). The principal transcriptional regu-
lators in heat stress response (HSR) are heat shock transcription factor A1s 
(HsfA1s). The complexity of heat stress response is decided by the multilevel 
regulation of HsfA1s. HsfA1s are partially regulated by phosphorylation 
or dephosphorylation, SUMOylation, and protein-protein interaction. Heat 
Stress Response genes get activated by some heat-induced TFs, e.g., dehy-
dration responsive element binding protein 2A (DREB2A), multiprotein 
bridging factor 1C (MBF1c), HsfA2, Hsf7s, and HsfBS. It is predicted that the 
expression of such heat-induced TFs is directly regulated by HsfA1s (Ohama 
et al., 2017). Histone dynamics and the RdDM route are included in HSR 
(Lämke et al., 2016; Olga et al., 2013; Yang et al., 2018). Heat shock proteins 
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(HSPs) have a critical function in heat sufferance. Generally, the main role 
of HSPs is controlling protein winding and unwinding (Singh et al., 2016). 
Heat stress generates a continued aggregation of H3K9ac and H3K4me3 on 
HSP18, HsP22.0, APX2, and HSP70 genes within these genes (Lämke et al., 
2016). The Arabidopsis imprinted SUPPRESSOR OF DRM1 DRM2 CMT3 
(SDC) gene has been stimulated by prolonged heat stress, which encodes 
a suspect F-Box protein and is inhibited through DNA methylation during 
vegetative growth (Sanchez & Paszkowski, 2014). The function of these 
genes is to function a significant part to overcome heat stress (Olga et al., 
2013). 

To overcome heat stress, ncRNAs especially miRNAs, play an important 
part. A large number of heat-induced miRNAs is identified in plants (Cao 
et al., 2014). Some of them target a diverse range of transcription factors 
homeobox leucine-zipper proteins, F box proteins and protein kinases such 
heat stress-responsive miRNAs are miRNA156, miR166, and miR393 fami-
lies. Arabidopsis expressing a miR398-resistant version of CSD (copper/zinc 
superoxide dismutase) are further susceptible to heat stress. But to regulate 
MYB-like family transcription factors miR159 is repressed in response to 
heat stress (Ravichandran et al., 2019). 

12.2.3 UV RADIATION STRESS 

The depletion of the stratospheric ozone layer causes a major hazard to plants 
as well as animals due to UV radiation from the sunlight with a wavelength 
(10–400 nm). The UV component of sunlight causes a variety of damage that 
can disrupt cellular and structural integrity, as well as growth and develop-
ment. Though many plants are unaffected by a slight increase in exposure to 
UV radiation as it may depend on the area, species, and cultivator. But the 
composition of the ecosystem is constantly changing which may affect the 
important crops (Bornman, 1991). UV-B stress causes a change in chromatin 
structure and histone H3 acetylation not DNA methylation, which results in 
rapid and heritable changes of epigenetic control in a silent reporter gene 
(Lang-Mladek et al., 2010). The epigenetic changes due to UV radiation stress 
are linked to transcriptional activation, repression, or both and chromatin 
remodeling. Numerous genes are deregulated by UV-B (280–310 nm) and 
UV-C (<280 nm) exposure. DNA methylation, or 5-methylcytosine (5mC), is 
revealed to be an important epigenetic marker under UV stress. DNAmethyla-
tion profiles are due to change in methylation and demethylation processes, 
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both of which are necessary due to stable inhibition in transposable element 
(TE) silencing and gene activity modulation. Glechoma longituba (Nakai) 
Kuprian clonal plants can remember prior UV-B stress. The parental ramets 
were exposed to UV-B stress once or many times (20 and 40 repetitions). It 
was observed that UV-B stress reduced the degree of DNA methylation in 
parental ramets, and the reduction was boosted by increasing the number of 
UV-B treatments. Recurrently stressed parents’ epigenetic variation lasted a 
prolonged period, whereas singly stressed parents’ epigenetic heterogeneity 
was just temporary. The research result indicated that the growth of progeny 
and genets was affected by parents’ exposure to UV stress. This effect could 
be influenced by parental epigenetic imprinting and the transgenerational 
effect (Zhang et al., 2021). 

A vast variety of microRNAs have been found in response to UV-B 
exposure, including miR156, miR159, miR164, miR167a, miR171, and 
miR395. When plants are exposed to UV-B radiation at various intervals of 
time, miR159, miR167a, and miR171 are elevated, while miR156, miR164, 
and miR395 are repressed. In a study, when wheat was exposed to UV-B 
radiation a new wheat miRNA, Tae-miR6000 was identified, including their 
diverse expression was confirmed (Wang et al., 2013). 

12.2.4 HEAVY METAL (HM) STRESS 

Natural elements are known as “heavy metals” have a relatively large atomic 
mass as well as a high density. HM stress developed as a serious issue in 
several terrestrial ecosystems around the world. Due to vast industrializa-
tion and HM accumulation in soil has negative consequences on soil and 
crop yield (Shahid et al., 2015). Several natural factors such as volcanic 
eruption, weathering of rocks is the reason for HM accumulation in the soil 
along with these anthropogenic activities like mining, chemicals used in the 
agricultural field and industrial pollution are the major factor of heavy metal 
concentration in soil. Generally, HMs has a molecular weight over 20 g/mol 
and/or density of at least 5 g/cm3 to distinguish them from, “light” metals. 
An increase in heavy metal’s concentration in soil results in genotoxicity, 
cytotoxicity, and mutagenic effect on both plants and animals. Based on 
physiological conditions heavy metals are classified into two classes: (i) 
essential elements; and (ii) non-essential elements. Although essential 
elements are required in a small quantity in plants, a high concentration 
of both types of results in toxicity and act as a barrier to plant growth and 
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development (Rascio & Navari-Izzo, 2011). HMs in acidic soil is solubilized 
and the phytotoxic cation species, e.g., magnesium (Mg2+), calcium (Ca2+), 
phosphorus (P), sodium (Na+) as well as aluminum (Al3+) imparts a negative 
effect on plant’s physiology and leading to a loss in crop yield (Fryzova et 
al., 2017; Samac & Tesfaye, 2003). Approximately 30% of the fertile land 
of the world is acidic soil, which is classified as ultisol or oxisol with pH 
lower than 5.5 and 13% of staple food crops are obtained from this land 
(Bojórquez-Quintal et al., 2017; Rahman et al., 2018). The toxic effect of 
aluminum (Al) in the soil is a major bottleneck in agricultural productivity 
(Kochian et al., 2015; Zheng, 2010). 

The importance of epigenetic mechanisms in plant stress response is being 
highlighted by an increasing number of research studies. Plants’ responses to 
HM stressors are influenced by epigenetic mechanisms. The major epigenetic 
approaches include: (i) plants are guarded against probable DNA damage 
induced by metal ions by spontaneous DNA methylation around the genome 
using epigenetic inscriptions; as well as (ii) transposon and stress-responsive 
genes are regulated by epigenetic alterations (Gallo-Franco et al., 2020). 
HMs stimulates DNA methylation alterations, which are primarily related 
to hypomethylation. Heavy metal stress affects DNA methylation of metal-
tolerant Hemp (Cannabis sativa L.) and metal-sensitive Clover (Trifolium 
repens L.) plants. When plants maintained in soils polluted with various 
amounts of Ni2+, Cd2+, and Cr6+ revealed different levels of 5-methylcytosine 
(5mC) in the root DNA. For the same quantity of root DNA, the methylation 
level in hemp is roughly three times greater than in clover. Heavy metal 
administrations resulted in a substantially dose-related drop in 5mC in both 
hemp and clover ranging from 20 to 40%. Dose-dependent hypermethylation 
occurs in both clover and hemp due to heavy metal treatment which suggests 
that natural methylation level is the main reason for metal stress sufferance 
in hemp (Aina et al., 2004). When the nuclei extracted from foliage cells 
of Noccaea caerulescens plants (a Ni hyperaccumulator species) cultivated 
in a habitat with high Ni were found to be intact in comet assay at basic 
pH, but the nuclei of non-tolerant Arabidopsis thaliana subjected to Ni 
were significantly degraded. This was due to considerable hypermethylated 
DNA in Noccaea caerulescens plants compared to Arabidopsis thaliana at 
the genome level. Furthermore, the qRT-PCR results demonstrated that in 
the case of excess amount of Ni in foliages, the genes MET1, DRM2, and 
HDA8 of N. caerulescens are involved in the up-regulation of epigenetic 
DNA and histone modification. These epigenetic alterations could be a 
defense mechanism that allows plants to survive in harsh environments by 
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avoiding genome destabilization as well as Ni ion mediated disruption of 
DNA structure (Gullì et al., 2018). Pine trees (Pinus silvestris) were found 
to withstand high ionizing radiation, have much more hypermethylated loci 
than less adapted plants (Kovalchuk et al., 2003; Volkova et al., 2018). 

Plants exposed to HM have miRNA-directed transcriptional and post-
transcriptional regulation of gene expression through base-pairing with 
its focused mRNAs (Min Yang & Chen, 2013). There is an involvement 
of mi-RNA in response to Cd which is evidenced by abnormal miRNA 
in stressed plant cells and tissue. It is documented when rapeseed (Bras-
sica napus) is treated with Cd exposure there is an up-regulation of the 
bna-miR393 gene in foliages, bna-miR156a, bna-miR167a/c in roots and 
foliages, bna-miR164b and bna-miR394a/b/c across tissues whereas down-
regulation of miR160 is noticed by Huang et al. (2010). Mercury (Hg) is 
an extremely poisonous element, with its ionic type (Hg2+) is considerably 
common in soil. It is also the most accessible form for plants, as it is rapidly 
absorbed by the plant’s root and apical parts. Various toxic responses such 
as growth inhibition, an anomalous function of vascular bundle, deformity 
of the cell, reduction in chlorophyll amount as well as accumulation of ROS 
due to high Hg concentration in the soil. In response to high exposure to 
Hg stress, different plant species reveals differential miRNAs expression. 
The barrel-clover plants (Medicago truncatula) when exposed to high Hg 
stress, conserved miRNAs along with non-conserved miRNAs expressed 
differentially. The vast majority of the new candidate miRNAs were shown 
to be significantly controlled by the heavy metal mercury Hg (II), including 
12 miRNAs showing especially sensitive to Hg treatment (Zhou et al., 
2012). Only next to iron, Mn is the abundant transition element present 
on the planet which is widespread in soils, sediment, and water as well as 
biological components. Mn is an important co-factor for many enzymes, like 
the mitochondrial superoxide dismutase. Excess Mn in plants causes toxicity, 
on the other hand, has a variety of morphological consequences, including 
chlorosis and necrosis, crinkled leaves, and brown patches, and, eventually, 
growth suppression. Valdés‐López et al. in 2010 investigated that the differ-
entially expressed pattern of miRNAs in common bean (Phaselous vulgaris) 
in response to Mn stress and found 37 miRNAs. Around 11 miRNAs were 
active under Mn stress, whereas another 11 were found to be suppressed. 
Mn-responsive miR1508, miR1515, miR1510/2110, and miR1532 have been 
discovered, including calcium-dependent protein kinase, heat shock proteins, 
nucleotide-binding region leucine-rich repeat resistance-like proteins, and 
receptor kinase protein as candidates, correspondingly (Valdés‐López et 
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al., 2010). Arsenic (As) is a non-essential, extremely toxic, class-I carci-
nogenic metalloid that is harmful to all living things, including plants. It is 
that is widely dispersed in the earth’s crust and poses serious health risks to 
humans when it enters the food chain via contaminated food crops. Arsenic 
reaches plants through phosphate transporters or aquaglycoporins as a 
phosphate analog. Arsenic uptake in plant tissues has a negative impact on 
plant metabolism and causes a variety of physiological as well as structural 
problems (Srivastava et al., 2012). For exploring more about miRNA’s 
function in selenium’s antagonistic impact on arsenic stress of rice saplings, 
researchers discovered that combination of Se and As reduced detrimental 
roles of As on sapling sprouting, root-shoot development, chlorophyll, and 
protein content. When rice seedlings were exposed to As, Se, or As with Se, 
miRNA microarray analysis revealed significant modulation of 46 miRNAs 
relative to the unmodified control. Depending on the dosage, 18 of such 
miRNAs had varying levels of regulation. There may be a probable effect 
of miR395 and miR398 in the counter effect on the unfavorable response 
of As in rice seedlings in the existence of Se (Pandey et al., 2015). The 
impact of As-stress on rice plants was investigated at several developmental 
phases (saplings, tillering, and blooming) and varied tissues of the foliage, 
stem, and root under a 25 M arsenite [As(III)] exposure (at 0, 24, 48, and 
72 h). Expression of Osa-miR156j, an associate of the miR156 gene group 
that regulates plant growth and development was studied under the effect 
of arsenic toxicity at various phases of physiological growths. In various 
developmental phases, the expression of Osa-miR156j revealed a temporal 
↓ in multiple organs. In comparison to other tissues, the ↓ was evident high 
in root tissues at saplings, plant with a tiller, and blooming phases in 0–72 
h with arsenite treatment. From this study, it is evident that the microRNA 
Osa-miR156j could be beneficial in the generation of arsenic-tolerant plants 
(Pandey et al., 2020). Aluminum (Al) is a major poisonous factor for crop 
production since they adhere to –COOH and PO4 groups in the root cell 
wall, causing architectural alterations, inhibition of cell wall extension, and 
reduced root expansion. Through miRNA expression patterns and in silico 
study of target genes, a group of researchers studied the probable Al3+ stress 
tolerating mechanisms of sugarcane. They found miR395 is associated with 
Al3+ elimination, while miR160, miR6225-5p, and miR167 were found to be 
involved in lateral root development, conferring genotype tolerance. These 
results could aid funding to future genetic improvement programs focused on 
developing sugarcane genotypes that are resistant to abiotic stress, as well as 
biotechnological efforts aiming at miRNA suppression or gene upregulation. 
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In a recent research study on the plant Brassica juncea, 11 recognized and 
unique miRNAs were found under Cd stress-responsive miRNAs and tran-
scripts. Among this bra-miR172b-3p target for ATCCS (copper chaperone 
for superoxide dismutase) and bra-miR398-3p target for FLA9 (Fasciclin-
Like Arabinogalactan-protein 9) were two of the target miRNAs that were 
↓ in Cd-exposed foliages the putative Cd-specific resistance inhibitor 
bra-miR172b-3p was identified to be adversely controlled in ATCCS in 
response to Cd stress. These results will aid in a deeper comprehension of 
the Cd-induced miRNA modulatory circuits of mustard (Liu et al., 2021). 

12.2.5 SUBMERGENCE/FLOODING STRESS 

The impacts of global warming have led to severe drought in several parts 
of the planet, whereas the unforeseen occurrence of floods has been a catas-
trophe in different corners of the globe. As per the Food and Agriculture 
Organization (FAO) of the United Nations, floods caused roughly US $19 
billion in damages in developing world agriculture from 2005 to 2015. 
Depending on the flooding scenario, adverse impacts may vary, affecting 
mainly the roots (waterlogging) else whole plant (part or total plant drown) 
(Sasidharan et al., 2017). Submergence generates a large number of chal-
lenges, including nutritional deprivation, hypoxia, infection, and low light, 
all of that impede plant’s enlargement, differentiation including productivity. 
Gaseous exchange in the soil is subsequently hampered under waterlogging 
conditions. As a result, there is a large loss of oxygen (O2) and accumula-
tion of carbon dioxide (CO2) due to microorganisms and root respiration 
(Bailey-Serres & Voesenek, 2008). Flooding enhances the development 
of many pathogens which causes plant disease (Gravot et al., 2016). This 
deleterious effect may be prevented by Hypoxia-triggered gene expression 
by which many proteins are synthesized and that enhance the plant immunity 
(Hsu et al., 2013). Hypoxia is characterized by a reduction in the amount of 
oxygen surrounding a plant’s roots; its complete absence (anoxia) causes 
significant ecological stress. Hypoxia prompts the roots to switch between 
oxygen-requiring to non-oxygen requiring metabolic-process, resulting 
in substantial limits on ATP synthesis (Barrett-Lennard, 2003; Teakle et 
al., 2006). Submergence-responsive genes such as ADH1 and PDC1 have 
enhanced expression in rice. Expression of the Oryza sativa ADH1 and PDC1 
genes was enhanced under submergence conditions, as evidenced by higher 
recruitment of RNA polII on the gene loci. The H3K4 residue in the 5’- and 
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3’-CDS of ADH1 as well as PDC1 were methylated between H3K4me2 to 
H3K4me3, whereas acetylation of H3 increased with longer exposure across 
the ADH1 and PDC1 genes. Environmental stressors govern progressive 
and bidirectional changes in H3K4 methylation and H3 acetylation under 
stress-responsive genes of vascular plants (Tsuji et al., 2006). Plant cells 
must recognize changes in O2 levels to activate hypoxia-reoxygenation 
reactions. For plant cells to sense O2 levels, the integrity of transcriptional 
regulators of group VII of the ethylene response factor family (ERFVIIS) is 
crucial. Ethylene response factors VII (ERFVIIs) play a key role in ethylene 
signaling and plant flooding responses; have an AP2 DNA-binding domain. 
In Arabidopsis thaliana based on stage of development plants are confronted 
by stress conditions. ERF-VII proteins have a dual role under submergence: 
as activator of the hypoxic response and as negative modulator of the 
oxidative-stress associated gene (Giuntoli et al., 2017). 

Azahar et al. in 2020 discovered and characterized submergence sensi-
tive miRNAs in maize seedlings using two sRNA libraries of normal and 
treated (submergence) maize roots. They discovered 524 identified miRNAs 
as well as 48 new ones. Submergence responsive miRNAs have been 
linked to a number of cellular activities, involving growth and development 
(miR172a, miR393b-3p), hormone signaling routes (miR159c,f, miR160f-
5p, miR167d-3p, miR172a, miR393a-5p), and oxidoreduction equilibrium 
(miR164a,b,c-5p, miR166h, a-3p, miR167 (miR156d-3p, miR159c,f, 
miR169c-3p Overexpression of ERTF RAP2-7 ISOFORM X2 by miR172a 
may have been a basic requirement for the change from oxygenated to less 
efficient non-oxygenated fermentation, resulting in limited plant develop-
ment during submerged conditions. The data suggest that dysregulation of 
the ROS scavenging system may be a key determinant in maize seedlings’ 
poor performance under submerged conditions. The study contributes new 
perspectives of maize saplings’ post-transcriptional stress response mecha-
nisms to submergence stress. 

12.3 ENVIRONMENTAL STRESS AND AGRICULTURE 

Abrupt environmental changes have a significant impact on the ecosystem, 
public health, as well as crop yield (Arunanondchai et al., 2018). The fast 
expansion of the global population has resulted in a proportionate increase in 
food consumption. Agricultural productivity is heavily influenced by water 
supply, poor air quality, and soil nutrients (Noya et al., 2018). In response to 
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rapid changes in environmental circumstances, severe consequences on plant 
production are intensifying due to the primary and secondary consequences 
of abiotic stressors. To quantify the consequences of a climatic emergency, 
as well as environmental changes, the frequency of stress intervals, its influ-
ence on everyday life, and destruction of crop, are used. Plant development 
and productivity are greatly influenced by abiotic stressors. In their natural 
habitat, plants are regularly subjected to a range of stressors, including water-
logging, rainlessness, high temperature, low temperature, and salt (Ashraf 
et al., 2018; Benevenuto et al., 2017). Abiotic factors that cause additional 
stress include UV-B, light intensities, floods, gaseous release, as well as 
physicochemical variables (Suzuki et al., 2014). The average temperature of 
the Earth is anticipated to rise from 2°C to 4.5°C in the 21st century. As per 
IPCC-2014 (http://www.ipcc.ch/), the period amid the 19th and 21st centuries 
are regarded as the most warming (Pachauri et al., 2014). Floods are caused 
by extreme precipitation events, whereas drought stressors are caused by a 
lack of rainfall or a complete lack of rainfall over an extended period of time 
(Khan et al., 2016). 

Rice, wheat, and maize are among the world’s staple cereal crops satis-
fying daily food demand (Tack et al., 2015). It is stated that the decrease in 
the grain filling phase as a result of rising temperatures is the primary cause 
of crop productivity loss in changing climatic circumstances. As a result, 
crop yield maintenance and the development of stress-tolerant crop plants 
are key tasks in modern agriculture (Abhinandan et al., 2018). Plant organs 
and tissues are harmed by numerous pressures and react consequently. Tran-
scriptional responses to diverse stressors differ in individual root cells or 
tissues. Salinity, drought, and chemical effluence induce cellular signals such 
as stress-responsive protein production, excess amounts of related solutes, 
and higher antioxidant ratios (Dinneny et al., 2008). These are referred to as 
fundamental stresses, and they result in secondary stresses such as oxidative 
and osmotic stress (Carvalho & Amâncio, 2019). 

12.4 BASIC OF EPIGENETICS – EPIGENETIC CHANGES AND 
REQUISITE MACHINERY 

In plants and animals, epigenetic changes, which involve alteration of 
histones, DNA methylation, chromatin restructuring, histone variants, as 
well as sRNAs, modification of gene expression are not influenced through 
DNA sequence, they are transmitted by mitosis and meiosis. They can 
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change chromatin organization, DNA accessibility, and gene activity, and 
hence influence a range of molecular processes like gene transcription, DNA 
replication, repair, and recombination (Allis & Jenuwein, 2016; Lebedeva 
et al., 2017; Pikaard & Scheid, 2014; Zhang et al., 2018). They regulate 
growth and development, involving differentiation of cell, regeneration, 
reproduction, flowering, and aging, as well as acclimating plants to a variety 
of natural cues like pathogen infection, rainlessness, elevated salt, severe 
temperature, and heavy metal stressors (Chang et al., 2020; Lebedeva et 
al., 2017; Lee & Seo, 2018; Pikaard & Scheid, 2014; Ramirez-Prado et al., 
2018; Zhang et al., 2018). The various epigenetic alterations, as well as their 
mechanisms, are detailed here. 

12.4.1 DNA METHYLATION 

DNA methylation is a post-replication alteration where certain cytosine bases 
get methylated at the 5’ site forming m5C. Methylation takes place in plants 
within the base C of “CG,” “CHG,” and “CHH” where H signifies A, C, or 
T (Law & Jacobsen, 2010). The m5C known is as “minor base” which may 
account for up to 30% of the total amount of m5C in plants (Grafi & Ohad, 
2013; Vaniushin & Belozerskii, 1959). Along with m5C, N6-methyladenine 
was discovered in mitochondrial DNA in several angiosperms (Burianov et 
al., 1972; Vanyushin et al., 1971). The most common kind of DNA methyla-
tion is cytosine methylation, which involves adding a methyl group to the 
cytosine ring’s fifth carbon (Figure 12.4). Enzymatic substitution of methyl 
group takes place with S-adenosyl L methionine (SAM) donor by the enzy-
matic modification whereas non-enzymatic DNA methylation is also evident 
(Vanyushin, 2014). Cytosine methylation is universally present inside CG 
dinucleotide of all life forms; but, in plants, both symmetric (CG and CHG) 
as well as asymmetric (CHH) DNA methylation has been reported (H stands 
for A, C, or T). Levels of methylation in Arabidopsis are 24% in CG, 6.7% in 
CHG, and 1.7% in CHH sites (Dhar et al., 2014). Because of their symmetry, 
CG and CHG methylation can be easily repeated during DNA replication, 
whereas after each replication cycle CHH must undergo de novo synthesis. 
Three types of enzymes are necessary for methylation in plants. These are: 

1. DNA Methyltransferase 1 (MET1): Primarily engaged in the meth-
ylation of symmetric methylation sites for the support of methylation 
(Sahu et al., 2013). 
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2. Chromomethylase 3 (CMT3): It is a plant-specific enzyme that 
retains asymmetric regions methylated, like centromeric repeats and 
transposons (Chan et al., 2005). 

3. Domains Rearranged Methylase (DRM): It is associated with the 
asymmetric site for de novo methylation (Cao & Jacobsen, 2002). 
DRM is categorized into two kinds: DRM1 and DRM2. With the 
use of short interfering RNAs (si-RNAs), DRM2 has been revealed 
to be concerned with the RNA-directed DNA methylation (RdDM) 
process (siRNAs) (Hauser et al., 2011). 

Whether active or passive, the reversible nature of methylation is aided 
by demethylation. Removal of an ancestral mark or de novo methylation can 
be avoided during the passive procedure following the replication phase. 
It occurs when DNMT1 fails to methylate freshly produced DNA strands 
following several replication cycles after being treated with 5-azacytidine 
(Sahu et al., 2013). DEMETER (DME), Demeter-Like 2 (DML2), Demeter-
Like 3 (DML3), as well as Repressor of Silencing 1 (ROS1) are DNA glyco-
sylases and AP lyases involved in the active process (Grativol et al., 2012). 
DNA methylation at the promoter of the gene suppresses transcription, but 
methylation of the gene body can be beneficial or deleterious on gene expres-
sion. Genes that are expressed seldom are highly methylated, whereas genes 
that are expressed frequently are barely methylated (Zemach et al., 2010). 
Arabidopsis DRM2 gene gets methylates both – cytosine residues at CCGG 
sites, as well as adenines on N6 residues of the GATC locus (Ashapkin et 
al., 2002). As a result, it is possible to conclude that two distinct forms of 
modification coexist. Although cytosine methylation is thought to influence 
adenine methylation, cytosine methylation is thought to influence adenine 
methylation though their relationship has yet to be discovered. Methylation 
of cytosine has a key function in the existence and maturation of plants 
by regulating the transcription procedure, in particular the developmental 
procedure and also incidences like vernalization and acclimatization to stress 
(Vyse et al., 2020). 

12.4.2 HISTONE MODIFICATION 

Histone alterations are one of the epigenetic mechanisms that have been 
most explored and are the most varied. Nucleosome form a constitutional 
component of chromatin is made up of eight molecules of core histones. 
Nucleosomes are wrapped with 145–147 bp of double-stranded DNA and 
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involve 2 molecules of each histone, i.e., H2A, H2B, H3, and H4 (Luger et 
al., 1997; McGinty & Tan, 2015). Protruding unstructured N-terminal tail of 
histone is exposed towards diverse post-transcriptional changes which include 
methylation, acetylation, phosphorylation, ubiquitinylation, glycosylation, 
ADP‐ribosylation, and sumoylation (Figure 12.2) (Sadakierska-Chudy & 
Filip, 2015). By changing the interface among histones and the adjacent 
DNA, as well as the interaction of other transcription factors to DNA, can 
modify chromatin structure and gene transcription (Allis & Jenuwein, 2016; 
Chang et al., 2020; Pikaard & Scheid, 2014). Methylation and acetylation 
of histones have been well-described. They play diverse functions of plants, 
i.e., evolution, development, and reproduction. 

Histone acetylation and methylation are two epigenetic markers that are 
now acknowledged as crucial and ubiquitous in gene regulation (Xu et al., 
2017). The enzymes involved in histone modifications are fascinating since 
some operate as “writers” some are “erasers” while others act as “readers” 
also known as “effector proteins.” Writer enzymes which include HATs, 
methyltransferases, kinases, and ubiquitinates catalyze the attachment 
of chemicals to the histone tail or core domain. On the other hand, eraser 
enzymes which comprise deacetylases (HDACs), phosphatases, demethyl-
ases (HDMs), as well as deubiquitinases remove those alterations caused by 
writers (Figure 12.3). “Readers” proteins usually offer an exposed surface 
(such as a crater or surface groove) for a changed histone residue and detect 
the alteration (acetylation versus methylation) or even the specific state 
(such as mono-, di- or tri-methylation of lysine). In order to discriminate 
sequence context, readers contact the neighboring sequence of the changed 
amino acid. Amidst methyl-lysine-binding motifs discovered in the “reader” 
proteins are PHD, chromo, Tudor, PWWP, WD40, BAH, ADD, ankyrin 
repeat, MBT, and zn-CW domains, which may distinguish desired methyl-
lysines based on its methylation state and adjacent amino-acid sequence (Xu 
et al., 2017). Histone acetylation imprints (particularly H3 and H4) improve 
DNA accessibility by neutralizing the basic charge on histones, which 
weakens histone and DNA methylation (Allis & Jenuwein, 2016; Onufriev 
& Schiessel, 2019). In Arabidopsis, histone alterations – methylation have 
both suppressive (symmetric H4R3me2, H3K9me2/3, and H3K27me3) as 
well as operative (asymmetric H4R3me2, H3K4me3, and H3K36me2/3) 
mark (Liu et al., 2010; Wang et al., 2016). Histone methylation, unlike 
acetylation, preserves the electron charge of Lys and does not affect histone 
proteins’ electrostatic properties. The occupancy or lack of methyl group 
either on Lys or Arg, or both Lys and Arg amino acids on histones cause 
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changes in chromatin structure resulting in either transcriptional repression 
or stimulation (Teperino et al., 2010). ADD (ATRX-DNMT3-DNMT3L), 
ankyrin, Bromo-adjacent homology, chromo-barrel, chromodomain (CD), 
double chromodomain, plant homeodomain (PHD), Pro-Trp-Trp-Pro 
(PWWP), SAWADEE, Tudor, WD40, and zinc finger CW have all been 
observed to detect either unmethylated and methylated Lys or Arg moiety 
therefore act as “readers” (Allis & Jenuwein, 2016; Andrews et al., 2016; 
Bannister & Kouzarides, 2011; Taverna et al., 2007; Xu et al., 2017). The 
reader proteins mentioned seems to have largely stable across a wide range 
of eukaryotic species; nevertheless, in Arabidopsis, a single Tudor domain of 
the EMSY-LIKE1 H3K4me2/3 reader protein have been discovered (Zhao 
et al., 2018). Monoubiquitination of H2A (H2Aub) and H2B (H2Bub) are 
involved in both an operative as well as suppressive signal in eukaryotic 
transcription. Arabidopsis H2AK121 monoubiquitination (H2AK121ub) 
co-localizes with H3K27me3 autonomously and never collaboratively with 
POLYCOMB REPRESSIVE COMPLEX2 (PRC2) a protein that is required 
for the maintenance of H3K27me3. The function of Polycomb Group 
(PcG) controls the accessibility of chromatin. At transcriptional regulatory 
hotspots, H2AK121ub is connected to a less accessible and yet permissive 
chromatin. Regardless of the fact that the reduction of PcG activity increases 
chromatin accessibility, this is not always followed by transcriptional activa-
tion, suggesting that accessible chromatin is not always a predictor of gene 
expression (Bratzel et al., 2010; Yin et al., 2021; Zhou et al., 2017). For DNA 
methylation and heterochromatic histone H3 methylation, deubiquitination 
of H2B is essential (Sridhar et al., 2007). H2B monoubiquitination particu-
larly stimulates transcription by the accumulation of H3K4me3 (Geng et al., 
2012). During the last three decades, multiple studies found turnover rates 
from fast (few minutes) to sluggish across four core histones, identified in 
yeast (Saccharomyces cerevisiae) to multicellular plants (Waterborg, 2002; 
Zheng et al., 2013). Due to their longer half-life, methylation may have a 
benefit of prolonged response, while seen in flowering and the inheritance of 
transgenerational stress memory (priming). Several research demonstrated 
numerous epigenetic regulators for acetylation that are involved in the abiotic 
stress response (Asensi-Fabado et al., 2017; Luo et al., 2017). Histone or/ 
and DNA methylation along with other PTMs like Ser-5P RNAPolII act 
as epigenetic regulation of prolonged responses like blossoming, stress 
memory (Ding et al., 2012). Since these epigenetic changes are variable, 
readers, writers, and erasers must collaborate (Xu et al., 2017). To completely 
comprehend epigenetic regulation, it is necessary to identify the epigenetic 
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factors involved in stress response or to elucidate the molecular circuit 
which they regulate. Understanding how epigenetic regulators are engaged 
to particular locations in chromatin to perform their function is among the 
several intriguing features of studying the molecular process involved in 
the triggering the stress response in plants. The recruitment of epigenetic 
regulators to specific chromatin regions has been proposed by utilizing: (i) 
transcription factor (TF) mediated; (ii) long noncoding RNA-mediated; and 
(iii) self-targeting models (Deng et al., 2018). Recruiters involved in stress 
response were classified to a TF-mediated model in abiotic stress response. 
For instance, in rice (Oryza sativa) indeterminate spikelet 1 (IDS1) has been 
recognized as HDAC recruiter and in Arabidopsis, MYB96 is identified as 
the same in case of drought stress (Cheng et al., 2018; Lee & Seo, 2019). 
During the last few decades, we have gathered more information about the 
interactions of a variety of epigenetic components found in chromatin, this 
has improved the knowledge of epigenetic control over abiotic stress. Stress 
acclimatization can be facilitated by activating or inhibiting gene expression 
(Tan et al., 2014; Ueda & Seki, 2020; Zhao et al., 2019). 

The methylation of histone molecules is limited to lysine and arginine 
residues at various locations on the molecule (H3, H4). Histone methyltrans-
ferase (HMT) consists of histone lysine methyltransferases (HKMTs) and 
protein arginine methyltransferases, which are responsible for the transfer 
of methyl to histone (PRMTs) (Liu et al., 2010; Zhao et al., 2019). Besides 
HTM families, SAM is also a donor of a methyl group to histone for Histone 
methylation. Histone methylation is classified into three groups: mono-, 
di-, and tri-methylation based on the number of methyl groups that occur 
over histone molecules. The various changes that occur on histones have a 
distinct impact on gene expression (Liu et al., 2010; Zhao et al., 2019). In 
A. thaliana trimethylation of Lys 27 (H3K27me3) suppresses gene expres-
sion while H3K4me3 increases gene transcription (Berr et al., 2011; Zheng 
& Chen, 2011). Histone demethylases (HDMs) are enzymes that remove 
methyl groups from histones. HDMs are divided into two categories in 
plants: (i) lysine-specific demethylase 1 (LSD1); and (ii) Jumonji C domain-
containing proteins (JMJs) (Peng et al., 2017; Shi et al., 2004). In the case of 
the two enzymes, the mechanism for demethylation of histone is distinct, as 
are the cofactors they utilize. JMJs belong to the 2-oxoglutarate-dependent 
dioxygenase family; on the other hand, LSD1 belongs to the flavin-dependent 
amine oxidase family (Liu et al., 2010; Xiao et al., 2016). Histone acetyla-
tion is a covalent alteration of histone molecules that involves the transfer 
of acetyl groups (CH3COO–) from acetyl CoA to the ε-amino group of the 



 

 

 

 

 

374 Biology and Biotechnology of Environmental Stress Tolerance in Plants, Volume 3 

lysine. As a result of this change, the (+) charge on lysine is neutralized, 
the connection across the altered histone as well as DNA is weakened, 
allowing the chromatin to unfold (Marmorstein & Zhou, 2014; Zhao et 
al., 2019). Acetylated histones may engage different proteins that are able 
to alter chromatin structure (Nie et al., 2019; Zhang et al., 2016). Histone 
hyperacetylation enhances transcriptional upregulation, and hypoacetylation 
promotes gene suppression (Marmorstein & Zhou, 2014; Zhang et al., 2016; 
Zhao et al., 2019). HATs and HDACs have opposing activities that govern 
histone acetylation levels (Pandey et al., 2002; Pikaard & Scheid, 2014). 
Plant HATs are classified in four groups: (i) p300/CREB (cAMP-responsive 
element-binding protein)-binding proteins (CBP); (ii) TATA-binding 
protein-associated factors (TAF1); (iii) (GNAT) GCN5-related N-terminal 
acetyltransferases; (iv) MYST (MOZ, Ybf2/Sas3, Sas2, and Tip60-related 
proteins) (Pandey et al., 2002). HDACs are important epigenetic regulators 
that suppress gene expression in a range of cellular activities such as plant 
growth, development, and stress response. Plant’s HDACs may be classified 
into three families: (a) reduced potassium dependency 3/histone deacetylase 
1 (RDP3/HDA1); (b) silent information regulator 2 (SIR2); and (c) plant-
specific histone deacetylase 2 (PSHDA2) (Yang et al., 2018). The HDACs 
employ different cofactors: the catalytic domain of SIR2 (sirtuins) proteins 
requires nicotine adenine dinucleotide (NAD+) as a cofactor; whereas the 
RPD3/HDA1 family need a Zn2+ cofactor to deacetylate and the HD2 family 
proteins are zinc-dependent HDACs since they have a conserved pentapep-
tide motif (MEFWG) at their N-terminus (Lee & Cho, 2016; RM et al., 2020; 
Seto & Yoshida, 2014). 

12.4.3 NON-CODING RNAS 

sRNAs are non-coding RNAs (ncRNAs) with 20–24 nt that are contemporary 
in the field of epigenetic control. They are small weapons (bio-regulators) 
that protect plants against diverse stress. ncRNAs are key epigenetic regu-
lators in plants that regulate a variety of cellular activities, like growth, 
development, or even respond to abiotic stress. ncRNAs are classified into 
different types depending on their length: (i) non-coding RNAs with a short 
chain; and (ii) non-coding RNAs with a long chain (Brant & Budak, 2018; 
Hou et al., 2019; Wang et al., 2017). Several short chain ncRNAs consisting 
of miRNAs and siRNAs were documented over the years with a role in both 
transcriptional and post-transcriptional gene regulation in animals and plants 
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(Brant & Budak, 2018; Hou et al., 2019; Wang et al., 2017). Long ncRNAs 
(lncRNAs) having transcripts length of > 200 nucleotides. They are involved 
in chromatin remodeling, transcriptional, post-transcriptional regulation, 
as well as interact with various RNA molecules via numerous chromatin-
mediated processes, rather than being translated into protein. 

miRNAs are single-stranded, ncRNAs, which bind to the mRNAs to 
prevent translation or promote mRNA degradation. miRNA in plants gener-
ally has 20–24 nucleotides. They control a wide range of cellular activities, 
such as root, stem, leaf, and flower development, the transition of vegetative 
to reproductive phase, as well as adaptive responses to a variety of abiotic 
and biotic stimuli. RNA polymerase-II transcribes miRNA coding genes 
to produce pri-miRNAs that are subsequently splitted and transformed by 
DICER-LIKE (DCLs) proteins to mature miRNAs. In Arabidopsis, ARGO-
NAUTE (AGO) protein groups like AGO1 attach to emerging miRNAs then 
directs target-oriented post-transcriptional gene silencing (PTGS) (Ravi-
chandran et al., 2019). siRNAs, although resembling miRNA but in both, 
RNA polymerase IV (RNAPIV) synthesizes 20–24 nt long straight chain, 
dsRNAs, through transposons as well as repetitive sequences. Numerous 
types of siRNAs were discovered to date, many are employed in PTGS, 
while some are used for TGS (Sun et al., 2013; Yu et al., 2019). 

12.4.4 RNA DIRECTED METHYLATION OF DNA 

RNA-directed methylation DNA (RdDM) is a cellular mechanism that 
involves the insertion of a methyl group on the DNA that takes place in 
particular DNA sequences that are guided by non-coding RNA molecules. 
RdDM plays an important role in a variety of cellular activities within plants, 
comprising stress response, intercellular connections, as well as genomic 
stability is maintained via transposable element (TE) silencing. RdDM 
improves plant adaptability towards a range of abiotic stressors, including 
heat, drought, shortage in phosphate, salt, etc. (Fortes & Gallusci, 2017). 
The RdDM pathway is specific for plants, which is distinct from the fungi 
and mammals. The pathway is similar to other sRNAs, especially the RNAi 
pathway is well-conserved among fungi, plants, and mammals. RdDM and 
RNAi both generate sRNAs and include the preserved Dicer Argonaute 
proteins and RNA-dependent RNA polymerase. The addition of methyl 
group on the DNA by RdDM is typically linked to the transcription repres-
sion of the gene. The DNA methylation supplemented by RdDM is typically 
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linked to the transcription of the pathway-targeted genomic regions. Because 
plant DNA methylation methods are inherited, such modifications are typi-
cally passed on from one generation to its offspring in a stable manner. The 
most important function of RdDM is to inhibit TE activity in a steady and 
transgenerational manner. RdDM is a key mechanism in plants that controls a 
variety of activities by developing and maintaining particular DNA methyla-
tion profiles that may have trans-generational epigenetic impacts upon gene 
expression as well as phenotype (Erdmann & Picard, 2020). When plants are 
subjected to heat stress, multiple elements connected with the RdDM system 
are activated, and mutations in specific RdDM machinery components 
diminish heat tolerance, implying that RdDM plays a key function during 
heat stress (Liu et al., 2015; Popova et al., 2013). RdDM can regulate genes 
to produce an effective stress response, in addition to regulating TEs during 
stress. When the humidity is low, leaves produce fewer stomata as RdDM-
mediated downregulation of two genes are involved in stomatal formation 
(Tricker et al., 2012). Saline stress downregulates of RdDM which has been 
shown to stimulate the production of a salt stress resistance transcription 
factor (Xu et al., 2015). 

12.5 TECHNIQUES USED FOR UNDERSTANDING EPIGENETIC 
CHANGES IN PLANTS 

Detection of epigenetic changes in plants can be done utilizing a variety of 
methods; the most well-known of them are discussed in subsections. 

12.5.1 HISTONE MODIFICATION 

The different post-translational modifications on the protruding amino acids 
in the N-terminal end of histone proteins are studied by the techniques given 
in subsections. 

12.5.1.1 CHROMATIN IMMUNOPRECIPITATION (CHIP) TECHNIQUE 

ChIP is a technique for determining DNA protein interaction. The technique 
involves cross-linking of chromatin (DNA-protein) by using mild formal-
dehyde. The next step is the shearing of genomic DNA into smaller frag-
ments of 200–800 base pairs with the help of either physically (Sonication) 
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or chemically (Micrococcal nuclease (MNase) enzyme). The protein-DNA 
complex is precipitated using antibodies produced particularly for the 
desired protein. Acid treatment is employed for the release of precipitated 
DNA, which is then detected by either sequencing, microarray or amplified 
via polymerase chain reaction (PCR) (Park, 2009). 

12.5.1.2 CHIP-SEQUENCING (CHIP-SEQ) 

ChIP assay coupled with the next-generation sequencing methods is an 
effective approach for locating the different sites across the whole genome 
where DNA binds with transcription factors and other proteins. The use of 
next-generation sequencing (NGS) on ChIP has provided useful data on gene 
regulatory events involved in a variety of biological processes. ChIP-Seq 
may be utilized for global mapping of protein-DNA interacting regions 
genome-wide. Unlike arrays and other epigenome-related methods, which 
are biased by the use of probes produced from known sequences, ChIP-Seq 
does not require any previous information. ChIP-Seq uses massively parallel 
sequencing to do genome-wide profiling, yielding millions of counts across 
many samples enabling a cost-effective, precise, and impartial examination 
of epigenetic profile (Park, 2009). 

12.5.1.3 CHIP PCR 

In this protocol analysis of protein-bound DNA sequences are immuno-
precipitated then the DNA fragments are detected and/or quantified in 
ChIP-PCR with specific primers using TaqMan or Sybr Green Technologies. 
In this technique, histone modifications and/or protein binding to a known 
selected of desired loci in the genome are investigated using PCR. ChIP-
qPCR allows rapid and quantitative comparisons of a particular area within 
the genome across numerous samples. This approach is less expensive and 
faster than whole-genome sequencing. 

12.5.1.4 CHIP MICROARRAY (CHIP-CHIP) 

ChIP microarray (ChIP-Chip), or genome-wide mapping, integrates chro-
matin immunoprecipitation (ChIP) with DNA microarray for discovering 
cellular protein-DNA associations. The antibody pulled down DNA is labeled 
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and linked to a differently labeled reference specimen as well as used for the 
analysis of enhanced signals on DNA microarrays. The use of genome tiling 
microarray technology enables for a whole-genome study of proteins bound 
to isolated DNA, as well as the construction of a high-resolution genomic 
map of protein-binding and protein changes. With the help of computational 
and bioinformatic techniques, the enriched and reference channels are then 
normalized. The signals are connected with DNA microarray-represented 
sections within the genome, reliability criteria are provided, as well as maps 
of protein-genome interaction are generated. The technique may be used to 
find transcription factor, enhancer, and repressor binding sites, as well as 
compare these types of bound proteins in normal and treated samples. With 
the decrease in the cost of NGS significantly and identical findings can be 
achieved using ChIP-seq, more people are opting for ChIP-seq over ChIP-
chip (Ren et al., 2000). 

12.5.2 PROFILING OF DNA METHYLATION IN PLANTS 

DNA methylation is an epigenetic alteration that regulates gene expression in 
various activities of organisms. It is accurate for each tissue, active, depends 
on sequence pattern, as well as inherited across generations, highlighting the 
need for profiling DNA methylation to address biological issues. DNA meth-
ylation is detected by either using next-generation sequencing technology or 
by microarray hybridization technology. 

12.5.2.1 BISULFITE SEQUENCING OF THE WHOLE GENOME (WGBS) 

Next-generation sequencing technology is presently being used to build 
genomic maps of DNA methylation with single-base clarity. When methyl-
ated cytosines are treated with bisulfite then they get converted to uracil. This 
technique compares the treated specimen to a known specimen to identify 
the methylated cytosine (Cokus et al., 2008; Kurdyukov & Bullock, 2016). 
Whole-genome bisulfite sequencing (WGBS) assesses individual cytosines 
inside a query sequence for almost every cytosine within the genome. 

12.5.2.2 METHYLATED DNA IMMUNOPRECIPITATION (MEDIP) 

The disrupted genomic DNA is pulled down with the help of a 5-methylcyto-
sine-specific antibody. PCR based or microarrays of whole genome are used 
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to evaluate the precipitated DNA (Neary & Carless, 2020; Zhang et al., 2006; 
Zilberman et al., 2007). 

12.5.2.3 REDUCED-REPRESENTATION BISULFITE SEQUENCING (RRBS) 

Bisulfite sequencing can be used for obtaining single-nucleotide accuracy 
on DNA methylation inside genomic segments generated by using restric-
tion enzymes. Genetic and epigenetic variations can be compared due to 
the availability of sequencing and methylation variation within the same 
set of loci. The technique depends upon MspI restriction digestion, bisulfite 
conversion and sequencing of (40 and 220 base pairs) digested fragments 
(Gu et al., 2011). RRBS can be used in the research of plant communities as 
well as used on plants without any genomic database (Trucchi et al., 2016; 
van Gurp et al., 2016). RRBS has also been utilized in oak (Platt et al., 2015) 
and Brassica rapa (Chen et al., 2015) populations. 

12.5.3 SMALL RNA SEQUENCING 

Small RNAs (sRNAs) are ncRNA molecules that have a role in gene silencing 
as well as controls post-transcriptional gene expression. sRNA Sequencing 
(sRNA-seq) is a technique that allows for in-depth analysis of small 
RNAs, particularly miRNAs and siRNAs. sRNA-Seq is a next-generation 
sequencing-based method for miRNA profiling that is presently the most 
powerful and efficient technique. 

12.6 CHROMATIN MODIFICATION 

The dynamic variation of chromatin architecture in a controlled manner, 
so that condensed genomic DNA is accessible to regulatory transcription 
machinery proteins, and therefore regulate gene expression, the process is 
known as chromatin remodeling. The gene expression occurs only when 
the chromatin of a cell is “open.” The shift from a repressed to an active 
state is facilitated by chromatin modification and remodeling machinery. 
Pioneer transcription factors are the foremost to bind to a “closed” promoter 
and enhancers, allowing other sequence-specific transcription factors’ 
easier access to these genomic regions. In conjunction with DNA and 
histone protein change, several mechanisms such as chromatin assembly/ 
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disassembly, alterations in nucleosome accessibility, nucleosome content, 
and DNA-protein associations also contribute to transcription regulation as 
well as other nucleosome and DNA-related alterations (Pikaard & Scheid, 
2014). ATP-dependent protein complexes known as chromatin remodeling 
factors mediate chromatin changes by dissociating or relocating nucleo-
somes. Three types of chromatin remodeling ATPases have been identified: 
(i) SWF (switch)/SNF (sucrose non-fermenting) ATPases (Tang et al., 2010); 
(ii) CHD (chromodomain and helicase-like domain ATPases) (Marfella 
& Imbalzano, 2007); and (iii) ISWI (imitation switch) ATPases. In yeast, 
the SWF1/SNF complex is an initial chromatin modification ATPase to be 
found, they are responsible for mating-type switching (SW1) and sucrose 
non-fermenting (SNF) deficiencies (Sudarsanam & Winston, 2000). Histone 
chaperones get involved in histone accumulation as well as elimination in 
nucleosome formation and dissolution. 

12.6.1 TRANSGENERATIONALLY INHERITED EPIGENETIC STRESS 
MEMORY 

In addition to plant genome sequences, epigenome has now been proved to 
have a role in stress responses. The epigenome is defined as a set of biochem-
ical alterations to DNA sequences or associated proteins that regulate the 
genome (Bernstein et al., 2007; Park et al., 2016). Epigenetic memory has 
become a plant’s adaptation strategy to a constantly changing world, particu-
larly to severe biotic and abiotic stressors. Not only under stress conditions 
but also in normal or under mild stress conditions, these epigenetic changes 
take place in the plants as creating memory these changes, that continues 
from one generation to the next (Ashapkin et al., 2020). As discussed earlier 
in the epigenetic regulation, there are three main components of gene regula-
tions such as DNA methylation, modifications of histone, and the expression 
of small RNAs (sRNAs). Plants often develop a memory of stress exposures 
at the somatic level, allowing them to better withstand future encounters 
with similar and different stresses. These mechanisms are known as stress 
acclimation in the case of abiotic and systemic acquired resistance (SAR) in 
the case of biotic stress exposure. The acquired memory of stress exposure 
is also seen in the progenies of plants. This memory can be stored in the 
chromatin conformation and at the distinct level of sRNAs in the cytoplasm 
of gametes and growing embryos, priming an organism to cope better with 
future situations (Kachroo & Robin, 2013). The phenomena of stress-induced 
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acquired memory are also known as transgenerational memory, transgenera-
tional consequences, transgenerational inheritance is described as the ability 
to pass on information from one generation to the next, the ability of an 
organism to “remember” its surroundings at the molecular level, resulting 
in a change in phenotype of the progeny (Tricker, 2015). The term priming 
was coined to describe how mild stress could induce plant stress responses, 
allowing them to respond faster and stronger when the stress recurs. In 
general, being able to recall previous molecular experiences and use this 
preserved information to adjust to new environments is life-saving when 
repeated biotic and abiotic challenges occur. The phenomenon of priming 
of organismal stress responses explains how a plant is modified and gets 
ready for subsequent stress exposure (a ‘triggering stress cue’) by a tempo-
rally restricted environmental stimulation (a “priming stress cue”) (Lämke 
& Bäurle, 2017). Epigenetic regulation is closely linked to the formation 
of stress memory (Friedrich et al., 2019; Lämke & Bäurle, 2017). Stress-
induced chromatin alterations might influence particular regions or occur 
genome-wide and are frequently linked to transcriptional regulation. Most of 
these alterations occur only during the stress exposure, both the expression 
as well as chromatin states usually return to pre-stress levels quickly. While 
other modifications cause novel chromatin structures and altered expression 
of stress-responsive genes, to last longer post-stress exposure prepares an 
organism for developmental options or even more efficient defense. Plants’ 
future responses towards stress may be altered by prior exposure to stress, 
resulting in quicker and/or extreme responses, suggesting the plants have a 
type of “stress memory.” These epigenetic changes persist or are even trans-
mitted in the next progeny (Pecinka & Mittelsten Scheid, 2012). Arabidopsis 
show transcriptional stress memory after several exposures to drought stress, 
as evidenced by the rise in transcription rate and increased transcript amount 
in a group comprising stress-response genes (trainable genes). Accumula-
tion of H3K4me3 on “trainable genes” is more than “non-trainable genes,” 
implying H3K4me3 can operate like a persistent epigenetic impression 
linked to transcriptional memory. Trainable genes generate transcripts to the 
baseline during recovery, i.e., watered condition, however they are linked 
with unusually high amounts of H3K4me3 along with Ser5P polymerase II, 
representing the RNA polymerase II is paused (Ding et al., 2012). H3K4me3 
and H3K27me3 co-occur but functions independently in the transcription 
of memory genes of dehydration stress-response. Whereas H3K27me3 
does not work as an epigenetic memory imprint of the dehydration stress-
responsive genes (Liu et al., 2014). Heat Shock Proteins (HSPs) like HSP21, 
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HSP22.0, and HSP18.2 having distinct expression levels from Heat Shock-
inducible non-memory genes like HSP70 and HSP101, their expression rises 
shortly following Heat Shock and then rapidly decreases. HSP22.0, a heat 
stress-induced gene, is implicated in heat stress memory. Heat stress causes 
the deposition of active histone marks in both the HSP22.0 and HSP70 
genes, with H3K4me3, H3K4me2, as well as H3K9Ac. However, once the 
plants were returned to their natural state, the levels of these three HSP70 
markers dropped to baseline levels. HSP22.0, on the other hand, maintained 
H3K4me3 and me2 levels high, however, H3K9Ac levels remain the same 
(Lämke et al., 2016). Although several studies have shown that distinct 
histone modifications mediate transcriptional memory, it is still unknown 
how adverse conditions cause changes in epigenetic alterations (Berger, 
2007; Heard & Martienssen, 2014; Zheng et al., 2017). The generation of 
transgenerational memory in the offspring, helps the plant to achieve well-
balanced survival and reproductive mechanism. DNA methylation in rice 
takes place due to drought stress and more than 40% of this epimutation are 
carried to the next progeny. By this time, the tiller number get decreased 
and showed an increasing rate of seed set. The theory of maintaining a DNA 
methylation state due to rain-lessness in progeny, aids towards water defi-
ciency stress response as well as prolonged adaptability to water deficiency 
stress environment. Following the selective pressure of comparatively long-
term environmental stress, offspring generations produced a higher balance 
between “survival strategy” and “reproductive strategy” than the parental 
generations, resulting in fewer effective tillers and higher seed setting rates 
than that of the parental generations (Zheng et al., 2017). DNA methylation 
has been shown to have a role in the transgenerational memory towards 
heavy metal toxicity on Oryza sativa. The P1B subfamily belonging to heavy 
metal-transporter P-type ATPases (HMAs) plays a function in the absorption 
and translocation of heavy metals in plants. Level of HMAs increases in 
relation to heavy metal stressor, as well as transgenerational gene expression 
memory have been revealed even when heavy metals were removed (Cong 
et al., 2019) (Table 12.1). 

12.7 BIOINFORMATICS TOOLS USED IN STUDYING EPIGENETICS 
OF PLANT STRESS 

Abiotic stressors are among the most significant aspects limiting agricultural 
output. Understanding the molecular mechanisms of abiotic stressors in 
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TABLE 12.1 List Epigenetic Regulators and Their Transcriptional Targets 

Types of Epigenetic Transcriptional Plants References 
Stress Regulators Targets 
Salinity HDA1 LEA1, SOS1 Oryza sativa Cheng et al. (2018) 
Drought HDA15, H3/H4ac ROP6/10/11 Arabidopsis Lee & Seo (2019) 

thaliana 
Drought HAT1, H3k7ac AREB1 Arabidopsis Paixão et al. (2019) 

thaliana 
Salinity H2Bub PTP1, MKP1 Arabidopsis Zhou et al. (2017) 

thaliana 
Submergence AG01/4 HR4 Arabidopsis Loreti et al. (2020) 

thaliana 
Submergence 5-mC, H3K27me3 ANAC017 Arabidopsis Bui et al. (2020) 

thaliana 
Drought H3K4me3 RD20/29a, AtGOLS2, Arabidopsis Kim et al. (2012) 

ProDH thaliana 
Dehydration H3K4/27me3 LTP3/4, HIPP2.2 Arabidopsis Liu et al. (2014) 

thaliana 
Salinity H3K4me3 P5CS1 Arabidopsis Feng et al. (2016) 

thaliana 
Heat H3K4me2/3 APX2, HSP18.2 Arabidopsis Lämke, Brzezinka, 

thaliana & Bäurle (2016) 
Heat H3K16ac HSFA3, HSP101 Arabidopsis Buszewicz et al. 

thaliana (2016) 
Drought H3K9ac Water deprivation- Arabidopsis Baek et al. (2020) 

responsive genes thaliana 
Heat H3K27me3 HSFA2 Arabidopsis Liu et al. (2019) 

thaliana 
Cold 5-mC in promoter OsOST1 Oryza sativa Guo et al. (2019) 

(Os03g0610900) 

plants is a priority in the current period of the continually changing climate. 
The expansion of -omics techniques has provided significant tools for 
promoting successful study in this area, allowing researchers to investigate 
a growing variety of species, tolerant, and susceptible genotypes. These are 
comprehensive, multidimensional methods depending on molecular analysis 
on the genomes, transcriptomes, proteomes, and metabolomes platform are 
at the present possible, allowing researchers to better understand important 
molecular components of abiotic stress responses. Bioinformatics is now 
essential in information generator, excavator, as well as incorporator, to 
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bring out important data as well as comparing attempts, opening the method 
for the modeling of the processes concerned. 

There are public internet-based information hubs and platforms which 
are available devoted to plant’s reactions to stress. They are important for 
organizing results and other relevant data from diverse levels of research 
studies and making it available to all members of the scientific community 
who are interested. 

At the genomic level, some databases are available dedicated to plant 
response to diverse stress. Plant stress (https://plantstress.com/) is a public 
internet-based information facility, a consultancy service, as well as a plat-
form for an expert update on relevant topics in plant environmental abiotic 
stress. Plant Stress Gene Database (http://ccbb.jnu.ac.in/stressgenes/) is 
another resource of Plant Stress Gene Database which contains 259 stress-
associated genes from 11 species, as well as the entire accessible data on 
each gene. The database even contains orthologs and paralogs of proteins 
encoding stress-related genes. 

Globally drought is one of the most significant abiotic stressors. Plants 
have a variety of physiological and molecular drought escaping and 
drought tolerance strategies to deal with reduced water supply. Several 
drought stress-related genes determine transcription factors that influence 
the expression of other genes concerned with a variety of physiological as 
well as molecular responses under drought stress. DroughtDB (https://pgsb. 
helmholtz-muenchen.de/droughtdb/) is a database that contains curated 
genes implicated in drought stress response, as well as extensive information 
on calculated ortholog genes in nine model and crop plants (Alter et al., 
2015). PASmiR (https://tools4mirs.org/software/mirna_databases/pasmir/) 
is a resource on miRNA molecular control for plant abiotic stress based on 
over 200 existing literature, resulting in 1,038 regulatory connections among 
682 miRNAs as well as 35 distinct forms on abiotic stressors in 33 different 
plant species. The search engine permits users to search for miRNAs by 
name, species, or kind of abiotic stress (Zhang et al., 2013). 

At the proteomic level, some databases are available dedicated to plant 
response to diverse stress. The plant stress protein database (PSPDB) (http:// 
bioclues.org/pspdb/) is a general resource at the protein level that includes 
2,064 carefully edited plant stress proteins representing 134 plant species, 
having functions across 30 distinct types both biotic and abiotic stressors 
highlighted. One can get information through gene, species, keyword, cita-
tion, gene families, as well as taxonomic categorization from the database. 
PlantPReS (www.proteome.ir) is another resource of proteomics on plant’s 

https://www.plantstress.com
http://www.ccbb.jnu.ac.in
https://www.pgsb.helmholtz-muenchen.de
https://www.tools4mirs.org
http://www.bioclues.org
http://www.bioclues.org
http://www.proteome.ir
https://www.pgsb.helmholtz-muenchen.de
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reactions towards biotic and abiotic stressors that has over 20,413 items 
across 456 carefully selected articles and over 10,600 distinct stress-induced 
proteins. Since the interface and the analytical tools, such as the query 
engine, gene ontology, cross-referencing, as well as expression impressions 
on desired proteins implicated for stressors are user-friendly, so the Plant-
PReS is an important facility of the plant stress society (Mousavi et al., 2016; 
Sobhanian et al., 2020). 

The stress responsive transcription factor database (STIFDB v.2) (http:// 
caps.ncbs.res.in/stifdb2/) has grown to a huge information hub related to 
Arabidopsis thaliana abiotic stress-responsive genes that may be used to find 
probable Transcription Factor Binding region on their promoters. HMM-
based models are used to identify the binding sites of transcription factors 
of 10 different families of transcription factors. The curators cross-check the 
method’s probable Transcription Factor Binding Sites to published research 
reports (Naika et al., 2013). There is currently no metabolomics database 
available that are primarily focused on abiotic stressors. 

12.8 CONCLUSION AND FUTURE PROSPECTS 

Plants suffer a range of alterations to adapt to their environment because they 
are subjected to continuously fluctuating natural circumstances. In the last two 
decades, the mechanism of epigenetic inheritance, as well as its importance, 
has been investigated a lot in plants, concerning abiotic stress. Although there 
are still opportunities for understanding epigenetics to promote novel and 
better approaches to crop development. Histone modification along with the 
chromatin remodeling, i.e., the open (accessible for transcription) or closed 
(concealed for transcription) configuration can regulate expression of a gene 
either positively or negatively, respectively. DNA methylation regulates tran-
scription by engaging proteins occupied during inhibition of gene expression 
or blocking transcription factor(s) from interacting with DNA. Plant sRNAs 
usually carry out their biological functions by inhibiting specific targets. 
The different molecular tools of epigenetics are undoubtedly essential in 
understanding and controlling abiotic stress response in plants. These tools 
can also be utilized in regulating stress tolerance and the production of 
stress-resistant crop plants. The journey of epigenetics started way back in 
1942 when Conrad Hal Waddington coined the term. Epigenetics is a huge 
mountain of information. To date, only a few pebbles have been unearthed 
thanks to modern technology and the devotion of researchers. With improved 
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technology and the participation of more researchers, numerous fundamental 
phenomena of plant metabolism and stress response will undoubtedly be 
dug out in the near future. How do stresses produce chromatin alterations 
and subsequent transcriptional modifications via regulating epigenetic 
machinery Reprogramming is a difficult concept to grasp? It’s unclear how 
stress affects epigenetic machinery, causing chromatin alterations and subse-
quent transcriptional reprogramming. It’s also unclear how stress-related 
epigenetic modifications might be passed down to progeny as a means of 
stress retention. Without a doubt, future research should focus on decoding 
the secret language of abiotic stress in plants impacting epigenetics. The 
epigenomes of a growing number of plants that are exploited, thanks to rapid 
advances in automated large-scale sequencing as well as diverse chromatin 
profiling machinery that could immensely expand the number of research 
findings on plants’ reshaping in response to stress utilizing epigenetic. 
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ABSTRACT 

Proteomics is one of the most advanced molecular techniques for investi-
gating protein profiles in stressed plants. Plants respond to stress by modi-
fying their protein, either by up or downregulating their existing protein pool 
or by synthesizing new proteins. The majority of the proteins were associ-
ated with the antioxidative defense mechanism of the plants. In recent years, 
proteomics has provided scientists with the tremendous ability to examine 
protein profiles in stressed plants as it correlates the probable link between 
protein abundance and plant stress tolerance. To get a better knowledge of 
abiotic stress sensing and intracellular stress signal transduction pathways in 
subcellular organelles could provide much more detailed information about 
the fundamental mechanism of stress responses. In this chapter, we reviewed 
all major contributions related to improved protein extraction protocols, 
abiotic stress inducers, and their sequels on organelle proteomes to under-
stand the protein level involvement of abiotic stress tolerance mechanism in 
plants. 
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13.1 INTRODUCTION 

Any environmental condition that harms the growth and development of 
plants, crop quality, and yield is referred to as stress. The stress response is 
induced in all plants, resulting in either stress escape (survive under stress 
treatment in metabolically inactive dormant phase) or stress resistance. 
Stress resistance comprises stress avoidance, or a plant response aimed at 
maintaining unstressed conditions at the cellular and tissue levels, as well as 
stress tolerance, or an active plant stress response to a changing environment 
(Kosava et al., 2018). 

Proteins are important in stress response because they are directly 
involved in developing new phenotypes by adapting physiological character-
istics to environmental changes. Proteins are the crucial executors of cellular 
processes and key players in the maintenance of cellular homeostasis; 
proteins contribute directly to the formation of new plant phenotypes by 
regulating physiological properties to adapt to changes in the environment 
(Rodziewicz et al., 2014; Liu et al., 2019). However, the individual protein 
behavior rarely reflects the plant’s complex network of signals and dynamic 
regulation of cellular processes in response to abiotic stress. In addition, it is 
considered that the plant system reacts to abiotic stress as a complex system 
with numerous signal connections and crosstalk, as well as a diverse variety 
of stress tolerance-related proteins. As a result, several proteins in the stress 
response are likely to be working together and play a crucial role in the 
tolerance mechanism. Many of our previous research of plant responses to 
abiotic stress emerges from genetic, genomic, and transcriptomic strategies. 
Although the study of gene and mRNA abundance has considerably aided 
our understanding of the plant response to various stress, there is usually a 
weak connection between mRNA expression levels and protein levels (Liu 
et al., 2019). Proteomic research is conducted to discover novel proteins, 
as well as disclose their activities and the regulatory networks that control 
their expression (Hakeem et al., 2012). Proteomics is growing rapidly in 
three areas of plant science: (i) cellular and subcellular; (ii) structural and 
developmental biology; and (iii) physiological and genetic research. 

Recent advances in quantitative proteomics studies utilizing high-reso-
lution and mass-accuracy instruments significantly contributed to the iden-
tification of proteins and their expression profile under stressed and normal 
conditions (Ghosh & Xu, 2014; Ahmad et al., 2016). Proteomic analysis for 
both model and non-model plant species was achieved through systematic 
high-throughput methodologies including 2D-PAGE (2 dimensional-poly 
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acrylamide gel-electrophoresis), MALDI-TOF/MS/MS, and LC-MS/MS, 
as well as elucidation of protein functions and protein functional networks 
in plant metabolic and signaling pathways, is accomplished using protein 
mapping, characterization of PTMs and bioinformatic approaches and 
databases for protein-protein interaction (Holman et al., 2013; Ahmad et al., 
2016). In this chapter, we discussed the impact of proteomic analysis on the 
understanding of the accumulation of stress-related protein along with their 
biological function and cellular localization. 

13.2 PROTEIN CELLULAR FRACTIONATION AND PURIFICATION 
METHODS 

Plant cells are made up of a cell wall (ECM: extracellular matrix) is a 
component of the symplast (apoplast and cytosol), which is linked to 
neighboring cells via plasmodesmata. The plasma membrane separates the 
apoplast and symplast environments, serving as a dynamic contact between 
them. Symplast includes double-membrane enveloped organelles (nucleus, 
plastids, and mitochondria) and single membrane enveloped secretory 
vesicular compartments (endoplasmic reticulum (ER), Golgi complex, and 
trans-Golgi network (TGN), vacuoles, peroxisomes, glyoxisomes). Every 
organelle plays a specific role during plant stress adaptation: the nucleus is 
the site of stress signal conversion to gene expression, whereas mitochondria 
and chloroplasts are the localities of aerobic metabolism, which is essential 
for energy supply during stress acclimation. However, Proteomic research 
on the organelle response to stress is still in its early stages. Cellular frac-
tionation is an effective strategy for reducing the complexity of cellular 
proteomes. As a result, in entire proteome extracts, low-abundant organellar 
proteins are often masked by high-abundant cytosolic proteins. 

Centrifugation-based and affinity purification-based approaches are 
typical applications for subcellular separation and purification. These 
methods are rather time-consuming, take quite a long time and make it very 
difficult to get pure fractions. To address the limitations of the preceding 
approaches, a subcellular separation technique based on several separation 
principles has been developed (Table 13.1). Newly developed proteomic 
techniques have revealed a lot of information. This research has enhanced 
our understanding of the unique proteomic activity of certain organs, which 
will aid our understanding of how plants acquire abiotic stress tolerance. 
For example, Laser capture microdissection (LCM) is a potential sampling 
approach that uses direct microscopic vision and a laser beam to identify 
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specific cell types from sectioned specimens of heterogeneous tissues 
(Longuespee et al., 2014). LCM has been successfully applied in rice (Kubo 
et al., 2013). The FIFFF (Flow Field-Flow Fractionation) method is an 
elution-based separation method for separating biological macromolecules 
without focusing on sample components. The ribosome profiles of Nicotiana 
benthamiana were studied using asymmetric FlFFF. It is used to isolate free 
molecules of complete and subunits of ribosomes under optimal working 
circumstances (Pitkanen et al., 2014). Another method, FFE (free flow 
electrophoresis) with two-phase partitioning has been developed to create 
a population of highly pure plasma membrane vesicles. This high-quality 
plasma membrane separation approach resulted in a consistent proteomic 
library of approximately 700 plasma membrane proteins, including periph-
eral membrane proteins not previously discovered by Michele et al. (2016). 
Furthermore, chemical proteomics allows for efficient proteome analysis in a 
natural setting. For intracellular and subcellular proteomic analysis, activity-
based protein profiling (ABPP) (Wiedner et al., 2014), engineered ascor-
bate peroxidase (APEX) (Rhee et al., 2013), organelle-locatable reactive 
molecules (ORMs) (Yasueda et al., 2016), and proximity-dependent biotin 
identification (BioID) (Sage et al., 2016) have been developed (Table 13.2). 

13.3 ORGANELLE PROTEOME 

Analyzes of an organelle’s proteins are an effective way to figure out how 
a cell responds under abiotic stress. Although most organelle proteins are 
nuclear-encoded, certain organelles, such as chloroplasts and mitochondria, 
have unique genetic material that facilitates them to produce proteins on 
their own (Agrawal et al., 2011). The interconnections between organelles in 
plant cells are influenced by abiotic stress, which has an impact on protein 
regulation and secretion in cellular organelles and compartments. Several 
secretory mechanisms implicated in plant cell protein targeting have been 
described in response to abiotic stress (Mitoma & Ito, 1992; Furman et al., 
2003). To investigate the organelle proteins involved in the stress response, 
particularly those with regulatory or protein targeting functions would signif-
icantly improve our understanding of the cellular stress response (Hossain 
et al., 2012). A summary of the key proteins is provided, with changes in 
relative abundance under stress in the various compartments (Figure 13.1). 
More detailed information on proteomic experiments focused on subcellular 
proteomics in abiotic stress-treated plants is provided in Table 13.1, including 
the mitochondria, nucleus, chloroplasts, cell wall, and plasma membrane. 
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TABLE 13.1 Techniques Used in Plant Proteomic Analyzes for Subcellular Separation 

Plant Species Subcellular 
Organelles 

Organ Methods References 

Hordeum vulgare Nucleus Root Sorting via flow cytometry with a moderate 
formaldehyde fixation 

Petrovska et al. 
(2014) 

Nicotiana benthamiana Ribosome Transgenic 
lines 

Asymmetric flow field-flow fractionation Pitkanen et al. 
(2014) 

Medicago sativa Cell wall proteins Stems CaCl2, EGTA, and LiCl-complemented buffers were 
used in the extraction process 

Printz et al. (2015) 

Solanum tuberosum Mitochondria Tuber Centrifuge and layered in a Percoll density gradient 
of 50%, 28%, and 20% in mannitol buffer 

Salvato et al. (2014) 

Arabidopsis thaliana Leaf Centrifugation combined with 1D-Blue native (BN) 
PAGE 

Senkler et al. (2017) 

Arabidopsis thaliana Plasma membrane Seedlings Two-phase partitioning combined with free-flow 
electrophoresis 

Michele et al. (2016) 

Malus domestica Chloroplasts In vitro shoots Sorbitol-based isolation medium with blender and 
centrifugation 

Morkunaite-Haimi 
et al. (2018) 



 
 

 Plant Species Organ Used for Experimental Technique No. of DAP (Differentially Abundant Proteins) References 
Fractionation Condition Used Identified 

Proteins 
Nucleus 
Arabidopsis Leaves Cold 2D-MALDI- 184	 Up: TFs: AtMYB2, MYB34, MYC, bZIP, 
thaliana TOF MS		 OBF4, bHLH; DNA and RNA-associated 

proteins: helicase C in DEAD/DEAH box, U2 
sn ribonucleoprotein A, CHP-rich Zn-finger 
protein; DNA-damage-repair protein DRT102; 
chaperones: HSP70, HSP90, Hsc70-1; ribosomal 
proteins: 60S acidic ribosomal proteins P0, P2-A, 
L12 
Down: GLP, calmodulin, 20S proteasome α, HSF8 

Cicer arietinum Seedlings – 2-DE/LC-TOF 147 Nucleocytoplasmic transport proteins – Ran 
MS protein, RanBP: Ran-binding protein; cell 

signaling proteins: FCA protein, 14-3-3 protein, 
protein kinase, serine-threonine kinase, histidine 
kinase, receptor-like protein kinase. 
Chromatin remodeling: HDAC: histone 
deacetylase, Zmet3: DNA cytosine 
methyltransferase, MFP1: MAR binding filament-
like protein 1, H3, H2B, actin, kinetin. 
Molecular chaperones: dnaK, dnaJ, Hsp70, sHsps; 
ROS pathway related proteins: NADPH oxidase, 
SOD, APX, GPX, glyoxalase 

Oryza sativa Seedlings Drought 2-DE/LC- 109 Up: Cu/Zn-SOD, 2-Cys Prx, PR10a, GLP, 
ESI-MS/ chitinase, endo-1,3-glucanase; ribosomal proteins: 
MS	 Up: 50S L-22, S6: Down: L12, 60S P2A 

Bae et al. 
(2003) 

Pandey et al. 
(2008) 

Choudhary et 
al. (2009) 
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TABLE 13.2 (Continued) 

Plant Species Organ Used for 
Fractionation 

Experimental 
Condition 

Technique 
Used 

No. of 
Identified 

DAP (Differentially Abundant Proteins) References 

Proteins 
Xerophyta viscosa Leaves Drought 2D-MALDI-

TOF MS/MS 
438 Up: Zn-finger helicase TF; gene regulation: non-

LTR retrotransposons, maturases; chaperonin; 
EF-Tu precursor, ribosomal L28 

Abdalla et al. 
(2010) 

Cicer arietinum Seedlings Drought 2DE ESI-MS/ 
MS 

75 Genotypic differences: H2B, H3 – up in T, down 
in S; DNA cytosine methyltransferase Zmet3 – up 
in T; ROS scavenging – APX, SOD, GPX – up 
in T 

Subba et al. 
(2013) 

Glycine max Root tip Flooding nano-LC MS/ 
MS. 

39 Down: epsilon2-COP, RACK1, beta-catenin, 
splicing factor PWI domain-containing, clathrin 
heavy chain 

Komatsu et 
al. (2014) 

Glycine max 
phosphoproteome 

Root tip Flooding LC-MS/MS 14 Zinc finger protein, glycine rich protein, and Rrp5 Yin & 
Komatsu 
(2015) 

Glycine max Root tip Flooding – 365 Down: H1, H3; NOP1/NOP56; 60S preribosome; 
pre-mRNA processing (spliceosome components) 

Yin & 
Komatsu 
(2016) 

Mitochondria 
Pisum sativum Leaves Drought, Cold 

Herbicide 
(Paraquat – 
662.5 mg/L) 

2DE Q-TOF 
MS; BN-PAGE 

29 Up: MDH, GDC, SHMT isoforms; ATP synthase 
α, β, γ; HSP22, HSP70, HSP90, chaperonin 10; 
βCA 

Taylor et al. 
(2005) 
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TABLE 13.2 (Continued) 

Plant Species Organ Used for 
Fractionation 

Experimental 
Condition 

Technique 
Used 

No. of 
Identified 

DAP (Differentially Abundant Proteins) References 

Proteins 
Oryza sativa Root tip Salt 2DE-IEF/ 

SDS-PAGE 
8 Up: Glycoside hydrolase, Cu/Zn-SOD, 20S 

proteasome subunit, HSP70. 
Chen et al. 
(2009) 

Down: cytochrome-c oxidase subunit 6b, ATP 
synthase beta subunit S-adenosylmethionine 
synthetase 2, transcription initiation factor eIF-3 
epsilon 

Triticum aestivum 
Wyalkatchem (T), 
Calingiri, Janz (S) 

Shoots 200 mM NaCl Isolation: 
PVP gradient; 
acetone 
extraction; 
2D-DIGE 
LC-MS/MS 

192 Up: Mn-SOD, AOX, VDAC 
Down: CS, NDPK, outer mitochondrial 
membrane porin 
Genotypic differences: AOX, Mn-SOD – 
increased in T 

Jacoby et al. 
(2010) 

Glycine max Root and 
hypocotyl 

Flooding 2-DE/BN-
PAGE/MALDI 
TOF MS 

52 Up: NADH-ubiquinone oxidoreductase, TCA 
cycle enzymes; GroES chaperonin, EF-Tu, porin, 
VDAC. 

Komatsu et 
al. (2011) 

Down: cytochrome c, Tim, Tom20; protein 
components of complexes III, IV, and V of ETC 

Pisum sativum Leaves 150 mM NaCl 2-DE/MALDI 
TOF MS 

– SNO modified proteins: ATP synthase β, HSP90, 
SHMT; Prx IIF activity were decreased 

Camejo et al. 
(2013) 

Triticum aestivum 
Chinese Spring 
(S), T. aestivum 
× Lophopyrum 
elongatum 
amphiploid (T) 

Shoot and root 200 mM NaCl 100% acetone 
(leaf), TCA/ 
acetone (root); 
2D-DIGE 
MALDI-TOF/ 
TOF; HPLC 
Q-TOF MS/MS 

68 Genotypic differences: Mn-SOD, MDH, 
aconitase, SHMT, β-CAS – increased in T; Up in 
shoot-aspartate aminotransferase, GDH 

Jacoby et al. 
(2013) 
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TABLE 13.2 (Continued) 

Plant Species Organ Used for 
Fractionation 

Experimental 
Condition 

Technique 
Used 

No. of 
Identified 

DAP (Differentially Abundant Proteins) References 

Proteins 
Chloroplasts 
Arabidopsis 
thaliana 

Leaves Cold 2D-DIGE 43 Up: AOC2; ATP synthase α, β, γ, δ, SHMT; FIB; 
CAT-2, glyoxalase I, Trx m, PGM. 

Goulas et al. 
(2006) 

Down: RubisCO activase (RCA), 2-Cys PrxA,B; 
CA-1; PGK, PRK, quinone oxidoreductase 

Zea mays Leaves 1, 25 mM NaCl 2DE-MALDI-
TOF 

12 Up: ferredoxin-NADP reductase, 23 kDa PSII, 
FtsH-like; ATP synthase CF1ε. 

Zorb et al. 
(2009) 

Down: ATP synthase CF1α, LHC a/b binding 
protein 

Glycine max Leaves Ozone stress 2DE-
MALDI-TOF/ 
MS 

32 Down: RuBisCO activase, RuBisCO large and 
small subunits, sedoheptulose-1,7-bisphosphatase, 
chlorophyll a/b-binding protein, ferredoxin-NADP 
reductase, Cytochrome c-553-like, Cytochrome 
b6-f complex 

Ahsan et al. 
(2010) 

Populus tremula Leaves Ozone stress 2-DE/MALDI 
TOF MS 

27 Down: ferredoxin-NADP+ oxidoreductase (FNR), 
ATPase β subunit, RuBisCO activase, RuBisCO 
large subunit, APX 

Bohler et al. 
(2011) 

Triticum aestivum Leaves 150 mM NaCl 2-DE/ 
LTQ-FTICR 

65 Up: Rubisco, glutamate dehydrogenase, 
glyceraldehyde-3-phosphate dehydrogenase, 
isocitrate dehydrogenase, photosystem I, and 
pyridoxal biosynthesis protein PDX1.2 and 
PDX1.3. 

Kamal et al. 
(2012) 

Down: ATP synthase α, β, γ, V-type proton 
ATPase subunits 
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TABLE 13.2 (Continued) 

Plant Species Organ Used for 
Fractionation 

Experimental 
Condition 

Technique 
Used 

No. of 
Identified 

DAP (Differentially Abundant Proteins) References 

Proteins 
Festuca 
arundinacea – (T), 
(S) 

Leaves Drought 2-DE; nano-
UPLC MS/MS 

82 Up: RubisCO activase. 
Down: lipocalin 
Genotypic difference: OEE2, lipocalin – up in T 
down in S 

Kosmala et 
al. (2012) 

Solanum 
lycopersicum 

Leaves Drought and 
recovery 

2D-DIGE 
nanoLC-
ESI-LIT-MS/ 
MS 

57 Photosynthesis (PC, chl binding protein4; PGK, 
PRK), ATP synthase CF1β,γ, APX1, PAP 

Tamburino et 
al. (2017) 

Cell Wall 
Zea mays Primary root 

elongation zone 
Drought 2DE HPLC-ESI-

Q-TOF MS 
152 Cell wall apoplast proteins: expansion, XET, 

β-D-glucosidase 
Zhu et al. 
(2007) 

Cicer arietinum Leaves Drought 2-DE/MALDI 
TOF/MS 

134 APX, Trx m, mannose lectin, glyoxalase I, 
GRPs, NDPK, receptor-like kinase CHRK1, 
protein kinase 2; cell wall modification: cellulose 
synthase-like, glucan endo-1,3-β-D-glucosidase; 
Met synthase 

Bhushan et 
al. (2007) 

Glycine max Root and 
hypocotyl 

Waterlogging 2-DE/MALDI 
TOF/MS 

204 Down: GLP, LOX, stem glycoprotein, Cu/Zn-
SOD; pI change in copper amino oxidase 

Komatsu et 
al. (2010) 

Oryza sativa Leaves Drought 2-DE/MALDI 
TOF/MS 

192 Cell signaling proteins: 14-3-3; inositol 
phosphatase; GF14-b, GF14-c; 20S proteasome 
α; oligopeptidase A-like; ALDO, ENO, PRK; 
SAM 2-demethylmenaquinone methyltransferase-
like; ADK, AdoHcyase; Trx h, Trx m, 2-Cys Prx, 
MDAR; DnaK chaperone 

Pandey et al. 
(2010) 
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TABLE 13.2 (Continued) 

Plant Species Organ Used for 
Fractionation 

Experimental 
Condition 

Technique 
Used 

No. of 
Identified 

DAP (Differentially Abundant Proteins) References 

Proteins 
Plasma Membrane 
Arabidopsis 
thaliana 

Leaves Cold 2D-MALDI-
TOF/ 
MS 

38 Phospholipase d-δ, ribophorin II-like protein, 
tubulin β-2/β-3, elongation factor-1α (EF-1α), 
hypersensitive-induced reaction (HIR) protein, 
pollen-specific-like protein 

Kawamura 
& Uemura 
(2003) 

Glycine max Root and 
hypocotyl 

Flooding 2-DE MS/ 
sequencer, 
nano-LC-MS/MS 

54 Cell signaling proteins: 14-3-3 protein, Ser/Thr 
protein kinase; Hsc-70; SOD; ATP synthase CF1α 

Komatsu et 
al. (2009) 

Glycine max Seedlings 10% PEG-6,000 2DE, nano-
LC-MS/ 
MS 

86 Up: calnexin, H+-ATPase, ribosomal protein S10, 
TPI 

Nouri & 
Koamtsu 
(2010) 
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13.3.1 NUCLEUS 

The nucleus is the most critical organelle for controlling protein expression, 
which is crucial for regulating plant response to abiotic stress. The nuclear 
protein collaborates along with nucleotide polymers to serve important roles 
in the nucleus. Furthermore, inside the nucleus, there is a complex network 
of processes that respond to stress. The discovery of novel nuclear proteins 
aids our understanding of protein function in providing physiological stress 
tolerance. There is currently limited information on the proteomic analysis 
of stress-responsive nuclear protein expression profiles in plants. 

The nuclear proteome analysis of model plant Arabidopsis response was 
analyzed under cold stress using 2-DE and MALDI-TOF/MS, respectively. 
So far, 184 protein spots have been discovered, with 158 of them being 
involved in a wide range of biological functions. In this, 54 were up-or 
down-regulated by more than a factor of two. ABA-dependent and ABA-
independent transcription factors such as bZIP (basic-region leucine-zipper), 
bHLH (basic helix-loop-helix), MYB, NAC, and others were also revealed 
to have known stress response-related motifs or activity (Bae et al., 2003). In 
addition, expression of the 60S ribosomal protein, small nuclear ribonucleo-
protein A’ (U2 snRNP-A’), and Hsc70-1 (heat-shock protein chaperon 70-1) 
was stimulated. 

The nuclear proteome of drought-treated chickpea to obtain a good under-
standing of the molecular mechanisms that represent dehydration-responsive 
adaptation (Pandey et al., 2008). They identified a total of 205 differentially 
regulated protein spots, among them 147 differentially expressed proteins 
involved in gene expression, signal transmission, chaperones, chromatin 
remodeling, ROS scavenging enzymes, and nucleocytoplasmic transport and 
Ran-binding protein (RanBP). 

To understand a better knowledge of the molecular pathways that repre-
sent dehydration-responsive adaptation, a comparable drought-responsive 
nuclear proteome investigation was carried out in rice (Choudhary et al., 
2009). They discovered 109 proteins that are believed to be involved in tran-
scriptional control, chromatin remodeling, signaling, and gene regulation, 
cell defense and rescue, and protein degradation, among other functions. 
They also revealed a differential display of nuclear proteome of 150 protein 
spots whose intensities varied substantially over the dehydration period. 

The presence of 27 phosphoproteins controlled by ABA and phosphory-
lated in response to flooding was discovered in research of nuclear phos-
phoproteins in soybean root tip during flooding, including zinc-finger/BTB 
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domain-containing protein 47, glycine-rich protein, and rRNA processing 
protein (Rrp5) (Yin & Komatsu, 2015). The nuclear fraction of soybean root 
tip at the initial stage of flooding stress was analyzed by Yin & Komatsu 
(2016). A total of 365 nuclear proteins were altered in flooding stress. 
After flooding, the nuclear proteome of soybean revealed different H2A 
isoforms as well as decreased H1 and H3, indicating extensive chromatin 
remodeling. Furthermore, in flooded soybean, four exon-junction complex-
related proteins including NOP1/NOP56, which operate upstream of 60S 
pre-ribosome biogenesis, were reduced. 

13.3.2 MITOCHONDRIA 

Mitochondrial proteome study has a new insight into understanding the 
stress response of plants during abiotic stress factors. Mitochondria is the 
cell’s powerhouse, responsible for nucleotide and vitamin synthesis, lipid, 
and amino acid metabolism, and the photorespiratory pathway (Miller et al., 
2005; Liu et al., 2019). Under stress, the mitochondrial proteome showed 
an increased level of ROS scavenging enzyme (Mn-SOD) in pea and wheat 
(Taylor et al., 2005; Jacoby et al., 2010). For a complete examination of mito-
chondrial activities in plants, an Arabidopsis mitochondrial proteome project 
was launched. The first 2-DE-PAGE analysis of mitochondrial protein was 
performed by Kruft et al. (2001). After that, separating proteins for studying 
the plant mitochondrial proteome under stressful conditions received a lot of 
interest. They identified 52 protein spots that are collaborating with various 
processes, such as the citric acid cycle, nucleotide, and amino acid metabo-
lism, respiration, protein biosynthesis, and mitochondrial assembly. 

Mitochondria are crucial in cell survival and are a critical location of 
oxidative stress and cellular response. Common stressors like drought, cold, 
and herbicides were used to study the reaction of mitochondria in Pisum 
sativum plants. To varying degrees, all of these treatments altered the photo-
synthetic and respiratory rates of pea leaves, but only herbicides increased 
lipid peroxidation buildup (Taylor et al., 2005). Mitochondria isolated from 
stressed pea plants retained their electron transport chain function, but the 
number of uncoupling proteins, non-phosphorylating respiratory pathways, 
and oxidative modification of lipoic acid moieties on mitochondrial proteins 
all changed. The degradation of important matrix enzymes is different under 
freezing and drought stressors, according to 2D-PAGE and MS analyses of 
soluble proteins from mitochondria. Furthermore, variable activation of heat 
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shock proteins and specific losses of other proteins suggest that mitochondria 
response to various abiotic stressors is diverse at the protein level. 

Mitochondrial proteome during salt stress-induced rice programmed 
cell death (PCD). After 2-DE analysis, eight PCD-related proteins include 
4 upregulated (Glycoside hydrolase, mitochondrial heat shock protein 70, 
20S proteasome subunit, and Cu/Zn-SOD) and four down-regulated (ATP 
synthase beta subunit, cytochrome-c oxidase subunit 6b, S-adenosylmethio-
nine synthetase 2, and transcription initiation factor eIF-3 epsilon) proteins 
were discovered. According to a proteome analysis, ATP synthase may not 
be the primary ATP generator in rice mitochondria during the early stages of 
PCD (Chen et al., 2009). 

Plant mitochondrial functions have been inhibited by Cd stress was 
observed in pea (Smiri et al., 2009). During oxidative stress, Arabidopsis 
mitochondria were investigated to learn more about protein interactions with 
metal ions and the control of protein activity in plants (Tan et al., 2010). 
Their findings showed that mitochondrial metal concentration is dynamic 
and varies under oxidative stress and that various proteins have varied metal 
affinity and sensitivity to metal ion inactivation. The vulnerability of mito-
chondrial respiratory chain pathways and matrix enzymes to metal-induced 
loss of function varied considerably, resulting in selective oxidation events 
in the mitochondrial proteome. 

Under flooding stress, a thorough study of mitochondrial proteins in 
soybean roots and hypocotyls was carried out. 2-DE and blue native-poly-
acrylamide gel electrophoresis (BN-PAGE) were used to separate mitochon-
drial matrix and membrane proteins, respectively (Komatsu et al., 2011). 
They observed flooding stress increased proteins and metabolites linked to 
the tricarboxylic acid cycle (TCA) and the γ-amino butyrate shunt, whereas 
it reduced inner membrane carrier proteins and proteins related to electron 
transport chain complexes III, IV, and V. The level of NADH and NAD were 
increased whereas, ATP levels considerably decreased. These findings lead 
them to the conclusion that flooding stress damages electron transport chains 
directly, despite the fact that NADH synthesis rises in the mitochondria via 
the TCA cycle (Komatsu et al., 2011). 

The mitochondrial proteome and differences associated with salt toler-
ance in two contrasting salinity tolerant and sensitive wheat cultivars were 
studied (Jacoby et al., 2010). They identified 68 unique proteins including 
Mn-SOD, alternative oxidase (AOX). Cysteine synthase, nucleoside diphos-
phate kinase, and the voltage-dependent anion channel (VDAC). Both 
Mn-SOD and AOX are important in scavenging ROS that are produced 
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in excess under salinity stress. By comparing the reference wheat variety 
Chinese Spring (CS) to a salt-tolerant amphiploid, the influence of salinity 
on the mitochondrial protein was studied (AMP). The AMP had a greater 
abundance of Mn-SOD, MDH (malate dehydrogenase), aconitase, SHMT 
(serine hydroxymethyltransferase), and β-CAS (β-cyanoalanine synthase) 
than CS, indicating genotypic variations in mitochondrial composition. In 
addition, they found organ-specific differences in proteins such as aspartate 
aminotransferase, GDH (up-regulated in the shoot, down-regulated in root) 
(Jacoby et al., 2013). 

13.3.3 CHLOROPLAST 

Abiotic stresses like drought, salt, high or low temperatures, heavy metal 
cause a significant impact on chloroplasts which is the sites of the photosyn-
thetic machinery. Stress-induced alterations in cellular redox balance, reduc-
tion in CO2 fixation, and NADP+ regeneration through the Calvin cycle make 
the photosynthetic apparatus very sensitive. As a result, the photosynthetic 
electron transport chain becomes too reduced, resulting in the formation 
of superoxide radicals and singlet oxygen in the chloroplasts. Excess ROS 
inhibits photosynthesis-related chloroplast protein activities (Hossain et al., 
2012; Kosava et al., 2018). 

So far, only a few research have been conducted on the abiotic stress 
responses in chloroplast proteomes. The impact of short-term salt stress on 
maize chloroplast’s proteome was investigated using 2DE MALDI-TOF 
during the early phases of salt stress (Zorb et al., 2009). This study revealed 
that ferredoxin-NADP reductase, 23 kDa PSII, FtsH-like; ATP synthase 
CF1ε were up-regulated and ATP synthase CF1α, LHC a/b binding proteins 
were down-regulated. 

In a soybean plant, the response to ozone stress and alterations in chloro-
plast protein expressions were extensively researched (Ahsan et al., 2010). 
The study found 32 chloroplast proteins that were differentially expressed. 
Under stress, several proteins involved in photosystem I/II and carbon 
absorption decreased, possibly explaining why photosynthetic activity 
dropped in response to ozone. On the other hand, protein responsible for 
carbon metabolism and antioxidant defense was increased. The authors 
concluded that sucrose availability may play a crucial role in oxidative stress 
signaling and antioxidative process regulatory pathways, as well as the 
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breakdown of starch and increased sucrose levels in response to short-term 
acute ozone treatment. 

Subcellular fractionation and relative protein quantification using the 
2D-DIGE method were used to investigate the short and long-term cold stress 
to chloroplast proteome of Arabidopsis (Goulas et al., 2006). Short-term 
cold stress generated substantial changes in the stromal proteome but little 
changes in the lumen proteome, whereas cold stress caused minor alterations 
in the plastid proteomes. Long-term cold stress leads to a modification of 
both (lumen and stroma) compartments proteomes, with the emergence of 
novel proteins in the lumen and alterations in protein richness in the stroma. 
A total of 43 differentially expressed proteins were discovered, including 
those involved in photosynthesis, phytohormone biosynthesis, stress sensing, 
signal transduction, and other plastid metabolic functions, all of which are 
involved in cold stress acclimatization. 

The 2D-DIGE method was used to investigate the impact of chloroplast 
membrane proteins under ozone stress. Extrinsic photosystem proteins along 
with ATPase subunits were discovered to be varied in number. Under stress 
conditions, all the protein quantity was decreased except ferredoxin-NADP+ 

oxidoreductase. This resulted in a higher level of NADPH, which aids in the 
detoxification of reactive oxygen species (ROS) created directly or indirectly 
as a result of oxidative stress (Bohler et al., 2011). The findings suggest that 
long-term ozone exposure exhausts the cellular defensive mechanisms due 
to the oxidative character of the stress, resulting in a reduction in the number 
of photosystem subunits and other chloroplast membrane proteins. 

Analysis of leaf chloroplast protein after 3 days of salt treatment in 
wheat plants showed up-regulation of Rubisco, glutamate dehydrogenase, 
glyceraldehyde-3-phosphate dehydrogenase, isocitrate dehydrogenase, 
photosystem I, and pyridoxal biosynthesis protein PDX1.2 and PDX1.3 and 
the downregulation of ATP synthase (α, β, and γ) and V-type proton ATPase 
subunits. These results showed a negative impact of Na+ on the photosyn-
thetic machinery (Kamal et al., 2012). 

Comparative analysis of tolerant and susceptible cultivars of Festuca 
arundinacea was analyzed Tolerant cultivar showed an up-regulation 
of RubisCO activase, OEE2 (oxygen-evolving enhancer protein 2), and 
lipocalin. These proteins were downregulated in the susceptible cultivar 
(Kosmala et al., 2012). The chloroplast proteome of Solanum lycopersicum 
under drought stress and recovery (Tamburino et al., 2017). They found 
the downregulation of phosphoribulokinase (PRK), chloroplast sedohep-
tulose-1,7-bisphosphatase (SBPase), ascorbate peroxidase (Apx-TL29), 
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transketolase (TK), ribulose-1,5-bisphosphate carboxylase/oxygenase large 
subunit (RbcL), and oxygen-evolving enhancer protein 1 (OEE1). 

13.3.4 CELL WALL 

The cell wall is a supporting structure as well as an exterior physical barrier 
that is essential for plant physiology to be stress-free. Cellulose, hemicellu-
loses, and pectin with polymer-like lignin make up the majority of the plant 
cell wall (Gall et al., 2015; Voxeur & Hofte, 2016). Because of their critical 
involvement in stress sensing and signal transduction between the apoplast 
and symplast, cell wall proteome research has gained a lot of interest in 
recent years. A comprehensive cell wall protein (CWP) analysis was carried 
out in the maize root elongation zone for a better understanding of the under-
lying molecular mechanism of drought stress-responsive adaptation (Zhu et 
al., 2007). They found 152 water deficit-responsive proteins and categorized 
them into five main categories relying on their function in the cell wall: ROS 
metabolism, glucose metabolism, defense, and detoxification, and hydro-
lases. The findings suggest that stress-induced alterations in CWPs include 
several mechanisms that are likely to control cell elongation responses. 
Changes in protein abundance linked to ROS metabolism increased in 
apo-plastic ROS generation (H2O2, oxalate oxidase, APX, Cu/Zn-SOD, Trx 
m, germins) in the apical area of the water-stressed root elongation zone. 
ECM (extracellular matrix) proteins in chickpea seedlings shoot cell walls 
subjected to drought stress were found to change cell wall modification, cell 
signaling, metabolism, and cell defense and rescue, harming the molecular 
mechanism of drought tolerance in plants (Bhushan et al., 2007). 

The cell wall proteome of rice shoots under drought stress was examined 
using 2-DE, which showed 100 proteins that were differentially expressed 
and may play significant roles in the plant’s dehydration tolerance cascade. 
The stress causes changes in proteins involved in stress signaling (NDPK, 
involved in γ-phosphate transfers, G-protein signaling, and nucleoside 
diphosphate kinase), ROS scavenging and detoxification (APX, thioredoxin, 
glyoxalase I, chitinase), molecular chaperones (DnaK, CPN60, and HSP20), 
carbohydrate metabolism (phosphoribulokinase, transketolase) and cell 
wall modifications (enzymes engaged in the phenylpropanoid biosynthesis 
pathway and methyltransferases involved in the methylation of lignin compo-
nents) (Pandey et al., 2010). Lower amounts of Cu/Zn-superoxide dismutase 
(Cu/Zn-SOD), four germin-like proteins, lipoxygenases, and glycoprotein 
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precursors were found in soybean roots subjected to flooding stress, which 
is most likely associated with reduced cell wall lignification. The findings 
reveal that lignification is inhibited by a reduction in reactive oxygen species 
(ROS) and jasmonate production (Komatsu et al., 2010). 

13.3.5 PLASMA MEMBRANE 

The plasma membrane is a phospholipid bilayer with embedded proteins 
that separate the inside of the cell (cytosol) from the outside environment. 
Membrane proteins make up around half of the total volume of the membrane. 
One of the key cellular reactions required for the perception of a stress signal 
and its transmission into the cell, which happens predominantly in the plasma 
membrane, is a change in gene expression at the protein level (Alexander-
sson et al., 2004). The identification of potential plasma membrane proteins 
of Arabidopsis leaves related to cold acclimation was done using a mass 
spectrometric approach. After cold acclimation, a substantial alteration in 
protein profile was found. MALDI-TOF MS was used to identify a total 
of 38 proteins. The proteins that are altered in the amount on the first day 
of cold acclimation are mostly linked with membrane repair, membrane 
protection against osmotic stress, CO2 fixation enhancement, and proteolysis 
(Kawamura & Uemura, 2003). 

Plasma membrane proteins were examined using gel-based and gel-free 
proteomics methods to investigate changes in the soybean subjected to 
flooding stress reveals flood-induced plasma membrane proteins in soybean. 
A total of 35 stress-induced new proteins were discovered, the majority of 
which are involved in the antioxidative defense mechanism of plants. Nouri 
& Komatsu (2010) investigated the impact of PEG (polyethylene glycol)-
induced osmotic stress on the soybean plasma membrane proteome. Plasma 
membrane purity was confirmed by assessing ATPase activity after purifica-
tion using a two-phase partitioning technique. Four and eight protein sites 
were found to be up and down-regulated, respectively, after PEG treatment 
using gel-based proteomics, whereas 11 and 75 proteins were identified as 
up-and down-regulated using the nano-LC-MS/MS method. Three isoforms 
of the H+-ATPase, which are involved in ion efflux and show an increase 
under hyperosmotic stress, have been discovered. According to this result, 
one protein phosphatase, three isoforms of protein kinases, calnexin, and 
phototropin are among the proteins that regulate H+-ATPase activity. 
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13.4 DEFENSE-RELATED PROTEINS IN PLANT CELL ORGANELLES 

Abiotic stress causes a wide range of alterations in protein expression levels 
in plant cells. There is no direct relationship between gene expression and 
the end outcome of protein synthesis and regulation. The presence of a 
specific protein in a cell does not always imply an increase or reduction 
in gene expression. Protein expression is governed by several mechanisms, 
including protein targeting and translocation, as well as post-translational 
modifications, which are all influenced by stress. Secretory mechanisms and 
intracellular interactions regulate protein distribution in the cell. When plants 
are exposed to abiotic stress, they frequently regulate groups of functionally 
related proteins. Some of these proteins are not involved in the defensive 
system, but those involved in metabolism, storage, and protein synthesis. 
According to their roles, defense-related abiotic stress-responsive proteins 
were classified into six major groups (Lilley et al., 2007; Hossain et al., 
2012). These six differentially expressed proteins strongly combat repairing 
the negative effects of abiotic stress which includes protein misfolding or 
aggregation, ROS production, ion imbalance, and osmotic potential in plant 
cell organelles (Figure 13.2). 

13.4.1 PROTEOLYTIC PROTEINS 

Proteolysis is a process in which misfolded, unassembled, or mutant proteins 
were degraded in cells. Among all the organelles ER contains its proteo-
lytic system, which is responsible for protein folding and quality control. 
Although ubiquitin was generally involved in protein breakdown, proteolysis 
without ubiquitin is conceivable (Tanaka & Chiba, 1998). The ER degrada-
tion machinery’s ubiquitin-proteasome system has been discovered to extend 
into the cytoplasm. The ubiquitin-protein degradation mechanisms have also 
been discovered in the nucleus (Sommer & Wolf, 1997). Two types of stress-
responsive proteins that interact directly with target proteins include proteo-
lytic proteins and molecular chaperones. Proteolysis-related protein activity 
might be thought of as the cell’s final effort to survive in stressful situations. 
Organelles are designed to work together with other compartments to carry 
out cellular activities (Hieng et al., 2004). 

13.4.2 CHAPERONE PROTEINS 

Chaperone proteins are found in nearly every region of a cell participate 
in the correct protein folding and assembly of secretory proteins (Cascardo 
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FIGURE 13.2 Defense related protein expression in plant organelle to regulate negative 
effect of abiotic stress. The main locations of the proteins are represented in brackets. (Nu: 
nucleus; Mt: mitochondria; Ct: chloroplast; CW: cell wall; PM: plasma membrane; T: 
tonoplast). 
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et al., 2000). Most of the chaperone proteins are located in the ER, which 
folds newly synthesized glycoproteins. They contain calreticulin, binding 
immunoglobulin protein, calnexin, and the majority of heat shock proteins 
(Williams, 2006). The expression of molecular chaperone proteins helps 
the cell adapt to adverse environmental conditions by preventing protein 
aggregation. Various studies have demonstrated that chaperone proteins are 
regulated differently in response to abiotic stress (Ahsan et al., 2010b). The 
expression of molecular chaperones in response to stress does not abide by 
a set of rules. The expression of molecular chaperones is influenced by the 
plant’s age, the consequence, and time of exposure could influence several 
proteins which would be up or downregulated. Moreover, the expression of 
molecular chaperones might differ between organelles. As a result, investiga-
tions on the molecular chaperone sub-proteome must be carefully designed 
concerning the stressful circumstances as well as the cells and organelles 
involved (Wang et al., 2004; Komatsu et al., 2009; Ahsan et al., 2010). 

13.4.3 ROS SCAVENGER PROTEINS 

Abiotic stress causes cells to produce reactive oxygen species (ROS), such 
as hydroxyl radicals, hydrogen peroxide (H2O2), and superoxide anions, 
which together induce oxidative stress. The stress response of the cell 
varies depending on the degree of the oxidative stress and can vary from 
antioxidant defense systems activation to programmed cell death. The major 
defense against oxidative stress is the creation of ROS scavenger proteins. 
The predominant scavenging proteins found in plant cells are superoxide 
dismutase (SOD), ascorbate peroxidase (APX), glutathione peroxidase 
(GPX), and catalase (CAT) (Blokhina et al., 2003; Apel et al., 2004; Hossain 
et al., 2009). In organelles like mitochondria and chloroplasts, the production 
of reactive oxygen species (ROS) is a common biological activity. Stress, 
on the other hand, induces oxidative damage by increasing the generation 
of reactive oxygen species (ROS). The presence of scavenger proteins in 
different plant organelles and subcellular compartments during abiotic stress 
has been documented, including the nucleus, mitochondria, chloroplasts, 
plasma membrane, and cell wall. ROS may act as signaling molecules in 
organelles and compartments, based on the distribution of scavenger proteins 
throughout the cell (Bae et al., 2003; Qiu et al., 2004; Kotchoni et al., 2006; 
Giacomelli et al., 2006; Komatsu et al., 2009; Nanjo et al., 2010). 
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13.4.4 OSMOPROTECTANT REGULATORS 

Osmolyte molecules like sugar, mannitol, or amino acids (proline) and their 

N-methyl derivatives can be controlled by osmoprotectant regulator proteins 

(betaines). The solutes raise the cell’s osmotic pressure, preventing further 
water loss and preserving turgor (McNeil et al., 1999). Plant responses to 
abiotic stress have indicated that the expression of genes for sugar syntheses 
and sugar transporters is frequently up-regulated during abiotic stress, 
and that buildup of proline and glycine-betaine helps plants overcome the 
stressed condition, improving tolerance capacity. Commonly osmoprotec-
tants were found majorly in the cytoplasm and all organelles except vacuoles 
(Maruyama et al., 2004; Ashraf et al., 2006; Aghaei et al., 2009). Soybeans 
under osmotic stress and stress affecting the ER have been found to have the 
osmoprotectant biosynthetic protein 1-pyrroline-5-carboxylate synthase, as 
well as other enzymes including sucrose synthase and sugar transporters. 
Under stress, osmoprotectants, and water channels are typically responsible 
for maintaining cell water content. 

13.4.5 ION TRANSPORTER PROTEINS 

The changes in the passage of H+, K+, Cl–, and Ca2+ ions via the plasma 
membrane impact cytosolic pH and transmembrane electrical potential. 
Accumulation of these ions in plant tissues might cause stress. Na+ and Cl– 

ions are usually retained at low concentrations in plant cells, whereas nutri-
tionally essential components like K+ are stored at high quantities (Munns 
& Tester, 2008; Sun et al., 2009). Ion balance is maintained by the plasma 
membrane and vacuoles, which are two important subcellular components 
of cells. Regulator proteins, tonoplast Na+/H+ antiporters, and plasma 
membrane Na+/H+ antiporters all play a role in adsorbing Na+ in vacuoles or 
extruding it to the external environment (Xiong & Zhu, 2002; Waditee et al., 
2006). Under drought stress, Proton pumps coupled with the cell membrane 
regulate the outflow of K+ and other anions from guard cells that facilitates 
stomatal closure. Ca2+ ions are involved in maintaining the outflow of anions 
by regulating the activity of plasma membrane H+-ATPase (Kinoshita et al., 
1995). Plasma membrane proton pumps are essential membrane proteins 
that help the cell maintain its ion balance during osmotic stress. Because 
intracellular ion homeostasis is critical for the functioning of many cellular 
enzymes, effective ion efflux control is essential during stressful conditions 
(Hossain et al., 2012). 
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13.4.6 WATER CHANNELS 

Because water is involved in so many cells signaling, biological pathways, 
and changes in the cell’s water content have a negative impact on the cell’s 
operations. Aquaporins (AQP) (plasma membrane and vacuoles) are water 
channel proteins that allow water and small neutral solutes to pass across 
the cell membrane (Maurel & Chrispeels, 2001; Vera-Estrella et al., 2004). 
Plasma membrane-intrinsic AQP and tonoplast-intrinsic AQP are the two 
types of AQP found in plant cells based on their location and sequence 
homology. Tonoplast has a high-water permeability; the vacuolar space 
can act as a buffer against osmotic variations. When a cell is exposed to an 
excessive amount of water, such as flooding or submersion, the cytoplasmic 
pH drops, causing protonation of the conserved aquaporin residue (Fischer 
& Kaldenhoff, 2008). The principal regulators of water balance in plant 
cells are water channel proteins in the tonoplast and plasma membrane, 
and water-related stress is the most prevalent and significant environmental 
factor influencing plants. If a plant cell is exposed to water-related stress, 
these proteins regulate its water content to ensure that proteins and enzymes 
in organelles and other cellular compartments continue to function properly. 

13.5 FUTURE PERSPECTIVE 

In agriculture, abiotic stress influences the potential yield decrease in the crop 
plants which encourages the study related to how plants respond towards the 
abiotic stress. The influence of numerous abiotic stresses on the plant cell 
organelle proteome is discussed in this chapter. Future efforts are made to 
discover and describe such organelle proteins, which might open up a new 
path for abiotic stress research based on the proteome. Finally, we hope that 
this chapter has provided fresh perspectives into plant stress responsiveness, 
which will be useful in the future development of genetically altered stress-
tolerant crop plants for human benefit, as well as emphasizing the impor-
tance of examining levels of protein abundance within cellular organelles in 
response to abiotic stress. 
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ABSTRACT 

Abiotic stress is one of the major limiting factors that significantly hampers 
the development of plants and also negatively affects the quality and 
quantity of crop yield. To overcome the negative effects of abiotic stresses, 
plants reprogram their metabolic pathway which in turn enhances the level 
of primary and secondary metabolites. Metabolomics is an important tech-
nique for deciphering the unknown metabolites or quantification of known 
metabolites in plants formed on being exposed to such limiting factors. 
Metabolome refers to the total metabolite constituent of any plant species 
that can be analyzed to further explore the changes that take place in plants 
on being exposed to environmental stresses. Metabolomics is a promising 
tool that helps in the proper identification of metabolic networks linked with 
abiotic stress that might help in the identification of stress-specific marker 
in plants. Advanced metabolomics tools such as non-destructive nuclear 
magnetic resonance (NMR), gas chromatography-mass spectrometry 
(GS-MS), liquid chromatography-mass spectrometry (LC-MS) and direct 
flow injection mass spectrometry have enhanced the rate of metabolome 
profiling of plants. Presently, integration of metabolomics with other omics 
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tools such as genomics and transcriptomics have further enabled the dissec-
tion of genetic and phenotypic changes occurring in plants on being exposed 
to unfavorable environmental conditions. In this chapter, we try to decipher 
the major role played by metabolomics tools for crop improvement. Here, 
we describe the workflow of plant metabolomics research, focusing on the 
elucidation of biotic and abiotic stress tolerance mechanisms in plants along 
with its potential future role in plant sciences. 

14.1 INTRODUCTION 

Metabolomics is one of the upcoming and most fascinating tools of omics 
techniques that have extensively contributed towards the development of 
crops which resulted in higher survival ability of plants on being exposed to 
unfavorable environmental conditions. Metabolomics helps us to decipher the 
total metabolite pool of any plant, which is further measured to characterize 
the genetic changes occurring in plants in response to abiotic or biotic stresses 
and metabolic assisted breeding. Till date, around 2,00,000 metabolites have 
been identified in plants and a wide variety of metabolites is still unknown 
(Razzaq et al., 2019). All the identified metabolites vary in their structure 
and function and play a critical role in plant biology. Metabolome profile of 
an organism refers to all the low weight metabolites. According to Deborde 
et al. (2017), metabolomics study is mostly linked with identifications and 
quantifications of small molecules and their functions and interactions 
with other metabolites in an organism. Most of the metabolites identified 
in plants are associated with their growth and development, crop yield and 
tolerance capability against stressed environment (Han & Micallef, 2016). 
Ecological metabolomics is one of the major branches of metabolomics that 
help us to understand the interconnection between plant biochemical and 
various spatial and temporal systems. Ecological metabolome study helps 
to identify any change in the metabolites level or new metabolites formed in 
plants in response to abiotic/biotic stresses. Additionally, it also explains the 
biochemical changes that occur in plants in response to biotic stresses such as 
infection, attack of parasite or disease occurrence. According to Garcia-Cela 
et al. (2018), study of variations in the concentration of several metabolites 
can help to decipher the mechanistic network that eventually explains the 
physiological, biochemical, and phenotypic changes occurring in plants in 
response to environmental fluctuations. 
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Environmental stress restricts the growth and development of plants that 
ultimately affects the quality and quantity of major food crops worldwide. 
According to Thakur et al. (2010), abiotic factors such as drought, salinity, 
heavy metal stress and extreme temperature influence the survival rate, 
biomass, and crop yield of staple food crops by up to 70% which is going 
to be an important cause of concern for the continuous growing population 
of the world. Thus, environmental stress can be defined as any change in 
surrounding factors that negatively affects the growth and development 
of plants along with alteration in the metabolic profile of plants. Abiotic 
stresses induce the formation of reactive oxygen and nitrogen species (ROS 
and RNS) in cells that eventually cause damage to various biomolecules 
like protein, carbohydrate, lipid, and DNA (Singh et al., 2020). Additionally, 
excess formation of ROS can also alter the gene expression levels that hamper 
the normal homeostasis of plants. To scavenge such cytotoxic metabolites, 
plants produce a large number of protective metabolites. Primary metabo-
lites are involved in the biosynthesis of sugars, amino acids and lipids that 
ultimately control the glycolysis and tricarboxylic acid cycle in plants which 
results in the generation of ATP that fulfill the energy requirement of plants, 
positively regulate the growth and development of plants, and also enhance 
their survival capability on being exposed to stressed environmental condi-
tions. Additionally, primary metabolites also contribute towards the forma-
tion of secondary metabolites such as flavonoids, carotenoids, anthocyanins, 
atropine, and phytic acids. Secondary metabolites do not play any critical 
role in the development of plants; however, their role in reducing the nega-
tive effects of abiotic stress in plants by scavenging the ROS in plant tissues 
is widely studied (Dawid & Hille, 2018). According to Razzaq et al. (2019), 
some specialized secondary metabolites formed in plants are alkaloids 
(~21,000), phenolics (~10,000) and terpenoids (>25,000) that enhance the 
tolerance capability of plants against both abiotic and biotic stress. 

In the past, various methods and research knowledge have been applied 
for identification and detection of both primary and secondary metabolites 
formed in plants; however, massive production, diverse chemical struc-
tures and complex nature of metabolites are the major challenges faced 
by metabolomics tools during identification of whole metabolome profile 
(Wishart, 2011). According to Piasecka et al. (2019), advanced techniques 
for deciphering the complete metabolome profile of any plant species is still 
in the non-trivial phase and a combination of various techniques comprising 
of metabolite extraction and various tools for analysis of metabolites are 
most often used. Additionally, integration of metabolomics with other 
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omics techniques like genomics and genome-wide sequencing can open a 
new horizon for the development of stress tolerance in plants. Thus, this 
chapter describes the advantages of metabolomics in enhancing the survival 
capability of plants on being exposed to stressed environment. Initially, we 
briefly describe about the advanced tools used in metabolomics research, 
followed by the application of metabolomics in plant sciences. 

14.2 TOOLS USED IN METABOLOMICS 

Choice of any metabolomics approach depends on its accuracy, speed, 
precision, selectivity, and sensitivity of analytical tools. Performing the 
complete metabolomics study of plants is a challenging task due to the 
absence of sufficient information about the connection between proteomics 
and metabolomics of plants. Along with this, lack of standard protocol, 
technical hurdles and volatile nature of plant metabolites further worsen the 
analysis (Zivy et al., 2015). Due to such hurdles, no single technique can 
provide the full metabolomics profile of any plant so that the combination 
of various techniques likes nuclear magnetic resonance (NMR), capillary 
electrophoresis mass spectrometry (CE-MS), liquid chromatography-mass 
spectrometry (LC-MS), gas chromatography-mass spectrometry (GS-MS), 
high performance thin layer chromatography (HPTLC), direct infusion mass 
spectrometry (DIMS) and Fourier transform ion cyclotron resonance mass 
spectrometry (FI-ICR-MS) have been extensively used for metabolomics 
analysis. NMR is one of the most common and widely used techniques for 
studying the metabolome profile of plants due to its non-destructive, selec-
tive, quick, and convenient nature. It is also very proficient in mapping the 
metabolic pathways (Boiteau et al., 2018). Ma et al. (2018) stated that the 
metabolic change occurring in plants in response to abiotic/biotic stresses 
can be monitored using NMR techniques. Moreover, NMR can also detect 
the structural components of any unidentified metabolites. Recent develop-
ment in NMR techniques has enabled the researchers to detection of specific 
labels present on the stable isotopes (Deborde et al., 2017). NMR is a rapid, 
non-invasive, non-biased, and highly quantitative approach for sample 
preparation without using chromatographic separation techniques. It helps to 
probe compounds that are associated with insoluble polymers via solid-state 
high-resolution NMR (Kim & Choi, 2011). However, lower resolution, poor 
sensitivity and lower dynamic range has limited the use of NMR. 

Challenges faced during the analysis of metabolites of plants using NMR 
techniques can be easily solved by using MS techniques. Mass spectroscopy 
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allows the examination of samples in their natural state (Kang et al., 2019). 
Integration of MS along with HPLC and ultra-high performance liquid chro-
matography (UPLC) provide a wide range for analysis of plant metabolome 
profile (Theodoridis et al., 2012). Moreover, GC-MS further enhances the 
importance of mass spectrometry due to its ability to detect volatile and 
thermally unstable metabolites (Jorge et al., 2016). It can further be utilized 
for probing primary metabolites such as sugar-phosphates, amino acids, 
peptides, sugars, alkaloids, organic acids, ketones, and lipids. With recent 
integration of other highly efficient mass spectroscopy techniques such as 
matrix-assisted laser desorption ionization (MALDI) and desorption electro-
spray ionization mass spectrometry (DESI), it is possible to obtain high reso-
lution images that help us to completely understand the distribution of any 
metabolite in any specific plant tissue or cell (Enomoto et al., 2018). Thus, 
with all recent advancements, the metabolomics approach has appeared as 
one of the more versatile strategies for studying the effects of abiotic stress in 
plants as compared to that of genomics and proteomics approaches. 

14.3 ELUCIDATION OF DROUGHT STRESS TOLERANCE IN PLANTS 

Water scarcity or drought is an inevitable factor that hampers plant biomass, 
energy production and grain yield. According to Brodersen et al. (2019); 
and Abbasi & Abbasi (2010), around 80–95% of fresh biomass of plants is 
mainly composed of water that plays a pivotal role in various physiological 
processes of plants such as their metabolism, and growth and development. 
Due to such wide role of water in plant physiology, some consider drought as 
one of the main environmental stresses for plants that can eventually hamper 
the food supply for the continuously growing population of the world in future 
(Okorie et al., 2019). Passioura & Angus (2010) stated that the appearance of 
drought stress depends on the uneven and undependable distribution of rain-
fall, water holding capacity of soil and evapotranspiration rate of that area. 
Additionally, in some cases, in spite of water availability, plants are unable to 
uptake that water from the soil, a phenomenon commonly known as pseudo-
drought or physiological drought (Salehi-Lisar & Bakhshayeshan-Agdam, 
2020). Environmental factors such as drought frequency and intensity, plant 
growth condition, characteristic of soil and plant species determines the 
extent of negative effects of drought stress on plants (Zoghi et al., 2019). 
Symptoms of water scarcity in plants can range from the production of ROS 
that result in higher membrane lipid peroxidation, reduced photosynthesis, 
CO2 uptake, ATP synthesis obstruction and oxidative damages in chloroplast 
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to even plant death on being exposed to sever water scarcity (Ullah et al., 
2017). 

Environmental stresses such as drought stress can trigger the accumula-
tion of large array of protective metabolites (Krasensky & Jonak, 2012). 
According to Patel et al. (2020), the survival ability of plants in the presence 
of drought stress mostly depends on the appropriate level of primary and 
secondary metabolites in plants. Analysis of these metabolites can present 
the key difference between drought tolerant and drought susceptible plant 
species which can further be utilized for enhancing the tolerance capability of 
plants (Llanes et al., 2018). Non-targeted or targeted metabolome study can 
be used to decipher the metabolic changes that occur in plants in response to 
stressed environment. Non-targeted metabolomics study helps to understand 
an overall change in the level of metabolites in plants, whereas targeted 
metabolomics study detects, analyze, and estimate the level of any known 
metabolites in plants (Roberts et al., 2012; Van Meulebroek et al., 2016). 

Drought stress directly hampers the metabolism of plants, thus forcing the 
plants to reprogram the biosynthesis and transport of primary and secondary 
metabolites (Ma et al., 2020). Regulation of metabolism is the key step for 
implicating safeguarding of cellular osmotic potential during drought stress. 
According to Liu et al. (2014), alteration in molecular pathways, activation 
of signaling network, transcription, metabolism, and regulatory response 
improve the resistance of the plants against drought stress. Kim et al. (2010); 
and Joshi et al. (2016) reported that transcription factors such as NAC, MYB, 
AP2/ERF, AREB/ABF and bZIP regulate the stomatal movement along with 
regulating the expression of drought-responsive genes which eventually 
regulate the metabolic pathways in plants. Thus, it can be mentioned that 
drought tolerance in plants is a multi-genic trait. Various metabolomics 
studies have shown the involvement of several metabolites in inducing 
drought stress tolerance in several plants. On analyzing the leaves of drought 
stressed Avena sativa via GC, Sanchez-Martin et al. (2018) reported that the 
level of mono-, di-, and triacylglycerol, free fatty acid, linoleic acid, and 
palmitic acid was induced in drought tolerant cultivar (Patones) whereas 
no significant change was noted in drought susceptible cultivar, i.e., Flega. 
They further showed that upon targeted measurements, the level of jasmonic 
and isoleucine-jasmonic acid was initially enhanced in the tolerant variety 
as compared to that of the susceptible variety. Similar studied was also 
performed by Wenzel et al. (2015); Lanzinger et al. (2015); and Hein et al. 
(2016) in Hordeum vulgare where they showed that the level of metabolites 
like mannitol, galactinol, raffinose, myoinositiol, putrescine, proline, isocitric 
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acid, α-ketoglutaric acid, glycine, aspartate, serine, and other aromatic acids 
was enhanced in kernels, grains, and fifth leaf of drought-stressed plants. 
In another study conducted by Do et al. (2013), the amino acids (arginine, 
proline, and glutamate), polyamines (spermidine, spermine, and putrescine) 
and γ-aminobutyric acid were involved in the regulation of drought stress 
tolerance in the leaves of 21 rice cultivars. On analyzing the leaves and roots 
of Triticum aestivum via GC-MS, the levels of amino acids such as valine 
and tryptophan and other metabolites, i.e., citrate, malate, and fumarate were 
enhanced and reduced, respectively in the leaf and root of drought tolerant 
plant (LA754). In contrast, the level of glyceric acid was enhanced in root 
and reduced in leaf. The results suggested that the metabolic composition of 
root and shoot respond variably on being exposed to harsh conditions and 
more variation could be noted in the shoot metabolome as compared to that 
of root (Kang et al., 2019). Along with this, various metabolome studies have 
been conducted in plant species such as Vitis vinifera, Glycine max, Cicer 
arietinum, lentils, Nicotiana tabacum, etc., which showed that drought stress 
significantly alters the metabolome profile of plants (Griesser et al., 2015; 
Silvente et al., 2012; Khan et al., 2019; Muscolo et al., 2015). 

14.4 CONTRIBUTION OF METABOLOME STUDY IN 
AMELIORATING THE EFFECTS OF SALT STRESS 

Salt can easily mix with both surface and groundwater and thus presence of 
excess salt in the environment is highly toxic for the growth and develop-
ment of plants. According to Velmurugan et al. (2020), around 20% (~900 
million ha) of land which is estimated to be half of the total cultivable land 
is contaminated with excess salt concentration. Therefore, salt toxicity is one 
the major causes of concern for the total food supply of the world. Excess 
salt stress negatively hampers the morphology and biochemical function of 
plants. Salt stress also inhibit seed germination, photosynthetic machineries, 
gaseous exchanges, and transpiration rate, as well as lower the content of 
carotenoids and chlorophyll, stomatal conductance and disintegrates the 
structure of photosystem (PS) II and chloroplast (Pan et al., 2020; Zhang & 
Dai, 2019). Plants uptake excess salt from soil via transporters that disturbs 
absorption and homeostasis of other necessary ions such as K+ and Ca2+ along 
with higher deposition of Na+ and Cl– ions which leads to ionic toxicity in 
plant tissues (Isayenkov & Maathuis, 2019). El-Ghazail (2020) reported that 
excess accumulation of Na+ and Cl– ions also enhance the formation of ROS, 
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which in turn damages the lipid membrane and also causes DNA and protein 
disintegration. 

The plant enhances their survival ability against salt stress through various 
strategies and approaches such as ion homeostasis and compartmentalization, 
osmotic adaptation, transport of ions, upregulating the formation of poly-
amines and antioxidants (de Freitas et al., 2019). Plants adapt themselves by 
enhancing the formation of protective metabolites which eventually detoxify 
the cytotoxic metabolites. The study of the metabolome profile of plants 
exposed to salt stress gives a comprehensive knowledge about the change 
in the level of these metabolites contributing towards higher tolerance level 
of plants. Plants respond to salinity stress by enhancing the level of certain 
amino acid such as phenylalanine, methionine, ornithine, glutamate, dihy-
droxy isoleucine, L-methionine, L-homomethionine, 3-methoxytyramine, 
tetra-homomethionine, 1-(3-aminopropyl)-4-aminobutanal, feruloylagma-
tine, and methionine derivatives, whereas the level of other amino acids 
like glutamine, cysteine, tyrosine, D-alanyl-D-serine, D-alanyl-D-alanine, 
L-alanyl-L-glutamate were reduced (Benjamin et al., 2019; Seo et al., 2018; 
D’Amelia et al., 2018). According to Hildebrandt et al. (2015), the higher 
level of glycine betaine, proline, and ethanolamine maintains the enzymatic 
activity and protein structure and also acts as an osmoregulator in plants 
subjected to severe salt toxicity. The other group of secondary metabolites 
like flavonoids and phenolic compounds also take part in the amelioration of 
negative effects of salt stress in plants. Benjamin et al. (2019) reported that 
the level of flavonoids (dihydroquercetin, 4’-methoxyisoflavone, flavonol 
3-O-galactoside, epicatechin-3-O-gallate, and sakuranin) was enhanced in 
the roots of halophytes on being exposed to salt stress. Additionally, GC-MS 
based metabolome profiling of salt-stressed rice seedlings showed hyperac-
cumulation of some major amino acids like valine, leucine, isoleucine, and 
proline (Gayen et al., 2019). In another study, Gupta & De (2017) demon-
strated that the level of two signaling molecules, i.e., serotonin and gentisic 
acid was enhanced in the seedlings of salt stressed-tolerant rice cultivars 
(Nonabokra and Bhutnath) as compared to that of the sensitive varieties 
(MTU, 7029 and Sujala), Thus, these two molecules are important biomarker 
compounds in the tolerant varieties. Similarly, Chang et al. (2019) reported 
that the level of mannitol and sucrose was enhanced, whereas the level of 
shikimate and quinate was lowered in the salt-tolerant rice variety. GC-MS-
based approach was followed by Shelden et al. (2016) to demonstrate the 
changes in the root metabolome profile of the salt-stressed tolerant barley 
cultivar (Clipper) and susceptible variety (Sahara). They showed that the root 
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growth was maintained in the tolerant variety due to higher accumulation 
of sugars (sucrose, maltose, and xylose), amino acid (proline) and organic 
acids (shikimate and gluconate), thus indicating the potential role of these 
metabolites in abrogation of salt toxicity. Additionally, similar reports have 
also been reported in other plant species such as maize, tomato, wheat, and 
barley (Zörb et al., 2013; Rouphael et al., 2018; Borrelli et al., 2018). 

14.5 METABOLOMICS IN ATTENUATING THE NEGATIVE IMPACT 
OF EXTREME TEMPERATURE 

Temperature is one the major factors that regulates the development of the 
plants. According to Pyl et al. (2012), plants are continuously exposed to 
changes in diurnal or seasonal temperature and thus they must continuously 
regulate their metabolism and physiology to ameliorate the negative effects 
of extreme (higher or lower) temperature. On being exposed to either heat or 
cold stress, plants can experience a severe degree of cellular, physiological, 
molecular, and metabolic dysfunction (Guy et al., 2008). Plants on being 
exposed to short-term cold stress become tolerant to freezing temperature 
via cold acclimation. Similarly, earlier exposure to short-term heat stress 
also induces the tolerance capability of plants to higher temperature known 
as acquired tolerance which requires extensive metabolic reprogramming 
(Espinoza et al., 2010; Caldana et al., 2011). 

Various metabolome studies have shown that plants adapt themselves 
according to the changes occurring in the surrounding environment by 
altering their metabolite profile. Dhatt et al. (2019) showed that heat stress 
altered the expression of 19 metabolites out of 57 metabolites as detected 
by GC-MS in rice seedlings. They further reported that the level of sugar 
molecules (glucose, fructose, and sucrose), starch biosynthesis and tricar-
boxylic acid cycle (TCA) were all enhanced in heat-stressed rice plants 
during the early phase of grain filling. Recently, Wang et al. (2020) using 
GC-MS technique, showed that the level of soluble sugar was enhanced in 
heat-shocked Arabidopsis thaliana, whereas the plants which were exposed 
to prolonged warming showed higher content of sorbitol and reduced level 
of fumaric acid, citric acid, and L-malic acid. Thus, they inferred that plants 
respond to heat by enhancing transpiration, photosynthesis, and respiratory 
electron transfer, whereas on being exposed to prolonged heat, plants gener-
ally lower stomatal conduction and TCA cycle and increase photosynthetic 
electron transfer rate. Similarly, Ren et al. (2019) analyzed the leaves of 
Populus tomentosa using GC-MS and reported that the level of proline, 
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melibiose, and raffinose was induced during heat stress which eventually 
enhanced glycolytic pathways along with significant increase in the level of 
amino acids (valine, leucine, and arginine). 

In addition to high temperature, temperature, lower than the optimum 
level can also cause significant damage to the plants. Using HPLC and NMR, 
Chen et al. (2020) reported that cold stress significantly altered the level 
of metabolites in banana. They demonstrated that cold stress enhances the 
level of proline, leucine, isoleucine, acetic acid, malic acid, linoleic acid, and 
sucrose that contributed toward higher stress tolerance in plants. Similarly, 
Jian et al. (2020) reported that 47 and 41 metabolites were significantly regu-
lated in the leaves of cold stressed winter and spring oilseed, respectively. Of 
all the metabolites identified, 83 metabolites were directed toward primary 
metabolism. Secondary metabolic pathways like flavonoid biosynthesis, 
phenylpropanoid biosynthesis, flavone and flavonol biosynthesis, and carot-
enoid biosynthesis also contributed toward stress tolerance in plants. Seeds 
of the cold stressed rice plants on being analyzed via HPLC and LC-MS/ 
MS showed that the level of 35 metabolites out of 730 metabolites were 
significantly altered that mostly participated in phenylpropanoid and amino 
acid metabolism pathways (Yang et al., 2019). Additionally, the effects 
of cold stress in the metabolome of other plant species such as Nicotiana 
tabacum, Vitis amurensis, Vitis vinifera, Hordeum distichon and Triticum 
aestivum have been reported which showed that plants significantly change 
their metabolic pathway on being exposed to lower temperature (Xu et al., 
2020; Chai et al., 2019; Yang et al., 2020; Cheong et al., 2019). 

14.6 HEAVY METAL INDUCED ALTERATION IN METABOLOME OF 
PLANTS 

During the past few decades, increased anthropogenic activities, modern 
agricultural norms and rapid industrialization have drastically increased the 
level of heavy metals in soil that causes toxicity to the plants (Miransari, 
2011; Kavamura & Exposito, 2010). According to Jarup (2003), 53 elements 
belonging to the d-block of the periodic table has been recognized as heavy 
metals due to their density (> 5 g cm–3). Of all the elements known, carbon 
(C), oxygen (O), hydrogen (H), magnesium (Mg), sulfur (S), nitrogen (N), 
calcium (Ca), phosphorus (P), and potassium (K) are regarded as macronu-
trients. Copper (Cu), zinc (Zn), manganese (Mn), iron (Fe), molybdenum 
(Mo), boron (B), nickel (Ni), cobalt (Co), and chlorine (Cl) are considered 
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as micronutrients that are required for survival of plants. Apart from these 
elements, heavy metals such as cadmium (Cd), chromium (Cr), aluminum 
(Al), lead (Pb) and mercury (Hg) are also present in soil and are taken up 
by the plants. Excess accumulation of these heavy metals in plant tissues 
can lead to severe toxicity and thus their translocation from soil is tightly 
regulated by the plants (Farias et al., 2013; Fidalgo et al., 2013). Higher 
deposition of these toxic elements in cells might lead to reduction in biomass 
and chlorophyll degradation, inhibition in the uptake of water and nutrients, 
hampering growth and photosynthesis, and enhancing senescence which 
eventually leads to plant death. Along with hampering the growth and devel-
opment of plants, heavy metal also negatively affects the health of human 
and animals. Plants growing in the contaminated metal sites uptake higher 
amount of toxic metals in their tissues that ultimately enters the food chain 
and eventually make humans prone to various diseases that includes various 
types of cancer and dermatitis (McLaughlinetal, 1999). 

To combat heavy metal stress, plants need to stabilize their protein 
structure, synchronize multi-dimensional physiological and biochemical 
processes, and also alter their metabolome accordingly for developing metal 
stress tolerance. Jahangir et al. (2008) showed that on being exposed to heavy 
metals, the level of glucosinolates and hydroxycinnamic acid was induced in 
the leaves and roots of canola plants as revealed through NMR. Similar studies 
were also performed in leaves and roots of Cr and Mo stressed sunflower and 
soybean plants, respectively (Ibarra et al., 2019; Xu et al., 2018). The level 
of fatty acid was found to be enhanced in the tissues of Cr-stressed sunflower 
plants, whereas the level of other metabolites, i.e., citric acid, gluconic acid, 
L-nicotine, and flavonoids/isoflavone was found to be enhanced in Mo 
stressed soybean plants. In another study, Manivasagaperumal et al. (2011) 
showed that the level of carbohydrate was significantly induced in the beans 
treated with higher concentration of Cu and Zn. Along with above-mentioned 
metabolites, the level of other metabolites such as α-tocopherol, glutathione, 
proline, histidine, and phenolics was also found to be enhanced in plants in 
response to heavy metal stress (Collin et al., 2008; Singh et al., 2015; Sharma 
& Dietz, 2006; Kerkeb & Kramer, 2003; Diaz et al., 2001). 

14.7 CONCLUSION 

In this chapter, the metabolomics approach adopted by the research 
community in ameliorating the negative effects of abiotic stress (drought, 
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salinity, heat, cold, and heavy metal stress) has been briefly discussed. 
Before the discovery of various metabolomics techniques, identification 
of specialized molecules formed in plants in response to abiotic stress was 
mostly unknown. Metabolomics plays a prominent role in plant biology. 
Its diverse role that ranges from quantification of the level of known 
metabolites in plants to identification of unknown smaller weight metabo-
lites formed in plants in response to abiotic stress has become a handy 
tool for both researchers and plant breeders. However, it is still an early 
branch of science and various aspects such as data mining and annotation, 
assessment, processing, and evaluation needs proper attention. Integration 
of metabolomics data with other omics techniques will proficiently dissect 
novel metabolic network for enhancing the stress tolerance capability of 
plants. 

In the future, by using metabolomics approach, specific markers can be 
identified that can eventually be linked with the nature and scale of effects 
caused by abiotic stress in plants. Approaches like metabolome assisted 
plant breeding might be very useful for the development of climate resil-
ient plants along with higher yield. Another important topic that needs 
to be addressed in coming time is higher subcellular compartmentaliza-
tion. Biosynthesis of metabolites takes place in various organelles and 
thus more sophisticated tools in sampling highly spatially and temporally 
resolved tissues will be necessary to unravel the complexity of interacting 
metabolic pathways. Combining the metabolomics with specific isotope 
labeling of metabolites can lead to the detection of metabolites in cell 
organelles along with their metabolic pathway. Taken together, our under-
standing of metabolite adaptation to abiotic stress in plants is still quite 
obscure. It is of utmost importance to further enhance our knowledge 
of metabolite adaptation to abiotic stress with targeted comprehensive 
metabolomics studies emphasizing primary and secondary metabolic 
pathways. 
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