
Transgenic Strategies to Develop Abiotic
Stress Tolerance in Cereals 9
Debajit Das , Trishna Konwar , Sangeeta Sarma ,
Gajendra M. Baldodiya , Channakeshavaiah Chikkaputtaiah ,
and Dhanawantari L. Singha

Abstract

Cereal grains are the world’s dominant contributors of raw food material and
dietary supplements for both humans and livestock. Significant yield losses in
cereals are recorded due to abiotic stresses such as extreme temperatures, water
availability, ion or physiological pH (salinity and alkalinity), UV radiation, and
anoxia/hypoxia in terms of quality and quantity. The fact that abiotic stresses are
both multigenic and quantitative complicates understanding how plants respond
to them. Plants with improved responses to environmental perturbations are being
developed worldwide using physiological, biochemical, and molecular genetic
approaches. Further, with the advent of next-generation sequencing technologies,
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numerous potential abiotic stress-responsive genes in different crop plants have
been identified. As a consequence, biologists are focusing their efforts on
elucidating the molecular basis of such genes that confer abiotic stress tolerance,
as well as investigating the downstream pathways they are involved in. Using
genetic engineering technologies including transgenics, functional validation of
various target genes involved in different biological processes such as signalling
pathways, transcriptional activation/repression, ion homeostasis, and oxidative
defence in multiple model systems has been accomplished. Several of these
attempts have been made in cereal crops, viz. rice, corn, barley, wheat, sorghum,
and millets. The current chapter summarizes the milestones established in the
transgenic research unveiling the role of important genes in different abiotic stress
responses as well as the transfer of these genes to other cereal crops to help them
thrive under such stressful conditions.
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9.1 Introduction

The productivity and yield of many agricultural plants, especially grains, are
influenced by abiotic stresses. They form the major group of yield-restricting factors
for crops (Canter 2018; Zorb et al. 2019). Extreme temperature, drought, salinity,
heavy metal stress, anoxia stress, and ultraviolet-B (UV-B) stress, among others,
affect the growth of plants and limit crop productivity causing crop failure
(Isayenkov and Maathuis 2019; Shikov et al. 2020; Kapoor et al. 2020). Approxi-
mately 90% of farmland is subjected to one or more abiotic stress factors (dos Reis
et al. 2012). Abiotic stress inflicts 70% of agricultural loss worldwide (Acquaah
2007; Mantri et al. 2012). Studies based on the amalgamation of climate change and
crop yield models have anticipated further loss of productivity in major cereals like
rice, wheat, and maize causing critical repercussions to total food security
(Tigchelaar et al. 2018). Therefore, the development of abiotic stress-resilient
crops is important to secure food supply and to establish sustainable agriculture
(Fig. 9.1).

Abiotic stresses cause a reduction in biomass production in cereals. For example,
high temperature increases the incidence of spikelet sterility and reduces the accu-
mulation of assimilates in rice (Korres et al. 2017). With every 1 �C rise in
temperature, there is a 10% loss in wheat yield (Hede et al. 1999). Temperature
above 28 �C during anthesis in oat decreases its yield (Hakala et al. 2020). Chilling
stress leads to a reduction in germination percentage and emergence efficiency in
sorghum, limiting seedling development with stunted root and shoot. It also affects
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photosynthesis, thereby decreasing dry matter accumulation in sorghum (Ercoli et al.
2004; Chinnusamy et al. 2007; Ortiz et al. 2017). In wheat, drought causes loss of
leaf area, kernel abortion, obstruction in the movement of food reserves, and a
decrease in the number of amyloplast in grains (Saini and Westgate 1999; Shah
and Paulsen 2003). Drought stress during the flowering stage in rice strongly
influences physiological characters leading to compromised grain yield (Yang
et al. 2019). Salinity causes cell damage and retarded growth in finger millets
(Satish et al. 2016). Compared to other cereals, rice is highly susceptible to
rhizospheric salinity (Maas and Hoffman 1977; Ashraf 2009; Hussain et al. 2017).
Salt stress reduces CO2 fixation, leaf development, leaf cell enlargement, dry mass
buildup, and relative growth in rice (Cramer et al. 2001; Khan and Abdullah 2003;
Amirjani 2011). Small amounts of heavy metals are required for plant growth and
development; however, their excessive amounts can lead to toxicity in plants. For
example, arsenic (As) causes a reduction in seed germination, lowering of seedling
height, decrease of leaf area, and a reduction of dry matter accumulation in rice
(Marin et al. 1993; Abedin et al. 2002). Cadmium (Cd) causes a reduction in seed
germination and a decrease in plant nutrient content in wheat (Ahmad et al. 2012;
Yourtchi and Bayat 2013). Cd also leads to reduced root and shoot growth in rice and
maize (Wang et al. 2007; Ahmad et al. 2012; Roychoudhury et al. 2012; Yourtchi
and Bayat 2013). Accumulation of zinc in the leaves of rye causes retardation in
growth, decrease in nutrient content, and reduction of photosynthetic energy con-
version efficiency (Bonnet et al. 2000). Complete absence of oxygen and UV-B
exposure can also affect crop productivity. It was observed that the seeds of barley,
wheat, rye, and oat could not synthesize α amylase under anoxia, thus affecting their
germination (Perata et al. 1993). Biotechnology provides a plethora of applications
in the improvement of cereal crops for abiotic stress tolerance. Although conven-
tional breeding and marker-assisted selection have led to the development of many
promising cultivars, transgenic approach has an upper-hand since genes governing
important agronomic traits can be sourced from any organism whether plants or
microbes and can be introgressed into the plant genome. Conventional breeding of

Fig. 9.1 Potential abiotic
factors affecting crop
productivity and yield in
cereals
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abiotic stress-resistant cereals involves random mixing of thousands of genes
together present in both resistant and susceptible varieties, while genetic engineering
allows the preferential transfer of desirable genes to susceptible plants and preserve
their agronomically important traits. Genetic transformation has been successfully
employed to produce many abiotic stress-resilient cereal crops like rice (Sahoo et al.
2012; Ganguly et al. 2020; Shim et al. 2018; El-Esawi and Alayafi 2019), wheat
(Zang et al. 2018), and maize (Wei et al. 2011).

9.2 Genetic Engineering Approaches for Plant Abiotic Stress
Tolerance

High temperatures, drought, flood, salinity, and heavy metal toxicity are the primary
abiotic conditions that hinder growth, culminating in yield declines of up to 70% in
vital agricultural crops (Mantri et al. 2012).Traditional breeding, although a strategy
of countering such abiotic stress, has several downsides, including the fact that it is a
time-consuming procedure that allows for the fertilization of plants of the same or
closely related species for hybridization. Genetic engineering technologies to cir-
cumvent such barriers are currently in use and one of the significant
accomplishments in the generation of biotic/abiotic stress-resilient agricultural
crops (Khan et al. 2011). The different genetic transformation techniques are centred
on direct and indirect transformation procedures. The gene of interest (GOI) is
introduced straightforwardly into the plant genome using direct techniques such as
microprojectile bombardment and protoplast transformation or electroporation. In
indirect approach, however, either Agrobacterium tumefaciens or Agrobacterium
rhizogenes facilitates the transfer of the binary vector harbouring the GOI into the
plant genome.

9.2.1 Direct Gene Transfer into Plant Cells

9.2.1.1 Particle Bombardment
Particle bombardment/biolistics, a direct delivery method in which high-velocity
microprojectiles are employed to introduce foreign DNA into plant tissues or cells,
was developed by John Sandford and co-workers (Sanford et al. 1987). In this
technique, the DNA-coated particles (microprojectiles) are accelerated directly into
intact cells or tissues. As the microprojectile enters the cells, the transferred DNA
dissociates from the particle and integrates into the host genome. Sandford coined
the term “biolistic”, which is taken from the words “biological and ballistic”. The
most frequently used terms, however, are particle gun or particle bombardment.

In the original gene gun, described by Sanford et al. (1987), a plastic bullet
(macrocarrier) loaded with millions of DNA-coated tungsten particles
(microcarriers) was placed in front of the 0.22 calibre barrel. When the gunpowder
was fired, microcarriers were accelerated towards a stopping disc containing a tiny
hole, through which only the microcarriers can pass and reach the target tissue

182 D. Das et al.



(Sanford 1990; Kikkert 1993). The gunpowder model was effectively utilized in the
development of transgenics of different plant species in the majority of genetic
transformation protocols. However, the uncontrollable impact of the gunpowder
caused physical damage to surrounding cells as well as the target cells, posing a
barrier to the generation of stable transformants.

Plant genetic transformation procedure could be outlined briefly as follows: The
gene of interest for abiotic stress is isolated from the original source and cloned into a
functional construct (plasmid) containing promoters and marker genes. This plasmid
is then introduced into the target plant cells using particle bombardment. Transgenic
plants are then regenerated from the bombarded cells and further tested for gene
expression at the laboratory, greenhouse, and field level. The first stable transforma-
tion using biolistics was reported in soybean. Later, maize callus tissues were
transformed with the selectable marker gene; neomycin phosphotransferase (NptII)
(Klein et al. 1988).

First-generation particle bombardment devices used gunpowder charges; how-
ever, improved devices have been developed that include the use of helium gas as a
particle propellant for the microparticles through target tissues (Biolistic® PCS-100/
He particle delivery system), high-voltage electric discharge to accelerate the gold
particles coated with DNA (ACCELLTM particle gun), syringe filter to induce a
low-pressure helium burst for acceleration of microcarriers (particle inflow gun), and
use of plastic tube that directly accelerates the microcarriers to the target tissues
(Helios® gene gun). Helios® gene gun is the most advanced design of particle
bombardment (Ibrahim and Kuaybe 2020).

9.2.1.1.1 Biolistic® PDS1000/He Particle Delivery System
Biolistic® gene gun has been commercially available in 1991 (Bio-Rad) which
symbolizes technical variants over the gunpowder device. It is an efficient and
widely utilized gene transfer method. PDS-1000/He system employs a high-pressure
helium (He) gas as a particle propellant for the microparticles through target tissue
(Fig. 9.2). The bombardment chamber placed at the top of the device is continuously
fed by the gas and held by a “rupture disc”, which is designed to break as
microparticles move and pass inside the target cells. The advantage of using this
delivery system is that it regulates different bombardment parameters and uniformly
distributes microcarriers throughout the target cell, resulting in higher transformation
efficiency (Kikkert 1993). In recent years many agriculturally important crops have
been transformed using biolistics. Sarangi et al. (2019) bombarded embryogenic
calli of a high-yielding scented indica rice variety, Pusa Basmati 1, with AmSOD
gene under the control of a ubiquitin promoter against salt stress. Particle bombard-
ment has also been successfully used for plastid transformation, gene silencing,
proteolistic, minichromosome delivery, fluorescent dye delivery, and precision
genome engineering (Ibrahim and Kuaybe 2020).

9.2.1.2 Protoplast Transformation
Protoplast transformation is based on the use of plant protoplasts (plant cells without
a cell wall) in which the naked DNA is treated with polyethylene glycol (PEG) in the
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presence of divalent cations (usually calcium) that facilitates integration and trans-
formation. The PEG is a polyether compound that has high affinity towards DNA
and along with Ca2+ penetrates through the membrane and facilitates transfer of
DNA into the target. In this method usually, leaf mesophyll is used to prepare
protoplasts. The leaf disc is treated with cellulose and protease enzymes to degrade
the cell wall (Sahab et al. 2019). After enzymatic degradation, the protoplast is
purified with a mannitol solution. The prepared protoplast is suspended in the
solution of PEG/Ca2+ and the DNA solution of concentration 60 μm. The solution
of DNA and protoplast is incubated for a brief period of time. The DNA penetrates
into the protoplast then enters the nucleus and integrates into the genome. Finally,
the protoplast treated with DNA is spread over a suitable medium and the protoplast
containing the transferred DNA is isolated by using a marker. Thus, regeneration of
the whole plant from the transferred protoplast results in the transgenic (Fig. 9.3).
Though the methodology is simple and devoid of costly equipment, it suffers
difficulty in the regeneration of plants from a protoplast. The concentration of
various chemicals and DNA is standardized based on the target.

9.2.1.3 Electroporation
Electroporation is a transformation technique that applies a high electrical field to
facilitate pore formation on the cell membrane as a result of polarity shifts induced
by the applied electrical field (alternated or pulsed). When electric field is applied,
the hydrophobic lipid bilayer of the cell membrane gets charged which results in the
alignment of positive charge on the outer membrane and negative charge towards the
inner membrane leading to a pore formation in the cell membrane called hydropho-
bic pore which mediates insertion of the foreign DNA into the target cells or tissues.

Fig. 9.2 Plant genetic transformation using biolistic technique
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The DNA gets aligned to the anode pole and gains entry into the cell by the pore,
resulting in the formation of protoplast with the transgene from which transgenic
plants can be generated (Fig. 9.4).

An electroporator device is used for electroporation. It is divided into three major
components, including (1) a pulse power supply (it houses control units such as
electrical pulse settings, field strength, and time), (2) electroporation cuvettes (these
are glass cuvettes in which the target cell suspension is transformed and
electroporated), and (3) electrodes (electrodes are electrical conductors that facilitate
the direct contact between the cell suspension and the electrodes. Upon application
of the adjusted electric pulse settings to the cells via electrical conductors and
electrodes, a direct contact between cell suspension and electrodes facilitates inte-
gration of foreign DNA into the target cells (Bullmann et al. 2015)). The electro-
permeabilization of the cell membrane is mediated by different pulse characteristics
(including voltage, resistance, and capacitance) and an optimum field strength
implicated in transmembrane voltage. During the electro-transformation of nucleic
acids, three distinct types of electrical wave pulses (time constant, square wave, and
exponential decay) are often applied to electroporators. The two important variables,
viz. field strength (kV cm�1) and time constant, distinguish the pulse that is being
delivered. These variables can be altered to achieve ideal efficiency in transfection of

Fig. 9.3 Protoplast transformation

Fig. 9.4 Electroporation technique in plant genetic transformation. (a) A DNA of interest is
introduced into the protoplast. (b) Application of electric field facilitates integration of DNA into
the genome
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various cell types (Ibrahim and Kuaybe 2020). The electroporation technique is
accurate, generative, swift, extremely effective, and easy to use and results in stable
transgenics. Nevertheless, one of its key drawbacks is that the cells may die when
subjected to elevated electric voltage.

9.2.2 Indirect Gene Transfer into Plant Cells

9.2.2.1 Agrobacterium-Mediated Genetic Transformation
Agrobacterium tumefaciens is a soil-dwelling gram-negative bacterium that infects
plant wound sites. This bacterium triggers crown gall disease in plants by transfer-
ring (T)-DNA into target plant cells via the type IV secretion system (T4SS) of
bacteria. The oncogenes in the T-DNA region of Ti plasmid can be replaced with the
desired gene to perform plant genetic transformation. The Ti plasmid consists of two
genetic components—the T-DNA region which is transferred to the host cell and the
Vir region that helps in transferring T-DNA into the target host. The border
sequences of T-DNA, namely, left border (LB) and right border (RB), are described
by the presence of conserved 25 base pair imperfect repeats towards the end of the
T-region. The genes that code for auxin, cytokinin, and opine are present in T-DNA.
Auxin and cytokinin produce uncontrolled cell division that results in tumour
formation and opines act as a nutrient to bacterial growth. The Vir region consists
of Vir genes (virulence genes) that code for Vir proteins involved in tumour
formation. The Vir protein recognizes the LB and RB sequence and creates nick to
produce a single strand of linear T-DNA that gets transferred to the host cell to
produce pathogenicity. This natural mechanism was exploited to transfer a gene of
interest to the target cell by inserting the sequence to be transferred in place of
T-DNA (Christine Desfeux and Bent 2000).

In nature, injured plant tissues exude chemical substances such as high levels of
various phenolics, including lignin and flavonoid precursors, which serve as chemo-
tactic agents. These chemicals draw A. tumefaciens to the injured areas and trigger
infection in the plants. Plant phenolics directly or indirectly interact with the
transmembrane sensory protein VirA/VirG and initiate the signalling pathway
which promotes the coding of Vir protein to plant phenols. The peak expression of
Vir genes takes place when chromosomal virulence (chvE) gene attaches to mono-
saccharide released by plants.

The T-DNA is produced by a complex of proteins called the relaxosome protein
complex. The protein complex consists of VirD2, VirD1, VirC1, and VirC2 attached
to the border sequence of T-DNA. The linear single-strand T-DNA is produced by
VirD2 and it remains covalently attached to 50 end of T-strand (single strand of
T-DNA) to produce VirD2-T-DNA nucleoprotein complex. The action of VirD1 is
to cleave Vir D2 from superhelical T-border (type I DNA topoisomerase). VirC1 and
VirC2 act as T-DNA production enhancer (Meyer et al. 2018). A. tumefaciens adhere
to the host cell by two types of binding system—unipolar polysaccharide (UPP)-
dependent polar attachment and T pilus-mediated attachment.
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For the transport of T-DNA, a pore channel across cell envelope is produced by
type IV secretion system (T4SS) (Lacroix and Citovsky 2018) that consists of 11 Vir
B proteins and Vir D4 represented as VirB/VirD4 T4SS. The VirD2 T-DNA
nucleoprotein complex is transferred via VirB/VirD4 T4SS along with four Vir
proteins (VirD5, VirE2, VirE3, and VirF). The VirE2 acts as a single-strand binding
protein and protects the complex from host nucleases (Fig. 9.5). The VirD2-T-DNA
nucleoprotein complex along with VirE2 coat is called “T-complex” and together
with other translocated Vir protein called “super T-complex” (Guo et al. 2019). The
integration of T-DNA into the host genome is through the use of the host DNA repair
mechanism but it is not proved completely. The T-DNA containing the only exon
gets integrated into the actively transcribed region of the host genome. The 30 end of
T-DNA has a promoter of eukaryotes called microhomologies that helps in the
expression of T-DNA. The integrated T-DNA shows two types of expression: One
is a transient expression in which the gene is transcribed without integration into the
genome due to which the gene is not transferred to progeny and the second is a stable
transformation, that is, the transferred DNA can be passed to progeny and this is
through the integration of the transferred DNA into the host genome. Plant genetic
transformation mediated by Agrobacterium tumefaciens is summarized in Fig. 9.6.
Transgenic rice with highly tolerant to severe drought stress in both the vegetative
and reproductive stages was developed using the AtDREB1A transcription factor
through Agrobacterium-mediated transformation (Ravikumar et al. 2014). Recently,
success has been achieved in developing in planta transformation methods against
abiotic stress (Varalaxmi et al. 2015). An alternative approach, pyramiding of two or
more genes through Agrobacterium-mediated transformation, is now in application
to enhance the resistance in plants (Ahmad et al. 2010).

Fig. 9.5 Agrobacterium-mediated genetic transformation
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9.2.3 RNAi Technology

The RNA interference or RNAi is the mechanism of suppression of gene expression
at post-transcriptional or translational level mediated through small non-coding
RNAs such as small interfering RNA (siRNA), short hairpin RNA (shRNA), and
microRNA (miRNA). This technique has been successfully used for engineering
plants for abiotic stress tolerance such as drought, salt, cold, and heat in many
important cereal crops. The RNAi technology is not only used for developing abiotic
stress tolerance in plants but also to understand the specific function of a gene
involved in abiotic stress (Fig. 9.7).

(a) Transgenic approach for siRNA-mediated abiotic stress tolerance
The small non-coding RNAs are the resulting product of double-stranded RNA
breaks. The dsRNA is cleaved by the enzyme known as dicer in plants into
siRNAs (Kumar et al. 2012).

(b) Transgenic approach for abiotic stress tolerance by regulating stress-
responsive miRNAs
miRNAs are small RNAs that regulate gene expression post-transcriptionally.
During abiotic stress conditions, the stress-responsive miRNAs genes undergo
transcriptions into primiRNAs. The primiRNAs are cleaved into premiRNAs by
endonucleases such as Drosha and exported into cytoplasm by Exportin 5 pro-
tein. Dicer then cleaves the premiRNAs into miRNAs. The matured miRNAs
are then loaded into RISC complex and activate AGO1. The microRNA-RISC
complex then complements with target gene mRNA, leading to either degrada-
tion or translational repression of the target mRNA.

(c) RNAi-mediated gene regulation for abiotic stress tolerance in major cereals
Overexpression of stress-responsive miRNAs in cereal crops results in abiotic
stress tolerance. Many miRNAs have been reported to be abiotic stress respon-
sive. Small RNAs antagonistically work with transcription factors during abiotic

Fig. 9.6 Schematic representation of Agrobacterium-mediated genetic transformation against
abiotic stress. (a) Insertion of gene into plasmid using restriction enzyme and DNA ligase. (b)
Introduction into plant cell. (c) Regeneration of plant
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stresses. In rice, plants overexpressing miR156 showed negative regulation of
SPL9 to increase abiotic stress tolerance such as salinity and drought (Cui et al.
2014). miR166 drives the enlargement of roots in plants overexpressing
OsNAC10, resulting in drought tolerance with increased yield (Jeong et al.
2010), whereas the knockdown of miRNA166 in rice conferred drought toler-
ance by reducing transpiration rate (Zhang et al. 2018). Overexpression of
another rice miRNA, Osa-MIR319, resulted in cold tolerance in rice by chang-
ing the leaf morphology (Yang et al. 2012). In wheat, nutrition partitioning and
grain yield were improved under abiotic stress by decreasing the expression of
TaNAM through RNAi (Guttieri et al. 2013). mir169 controlled the expression
of transcription factor NUCLEAR FACTOR-Y subunit A coding genes in
maize leaves in response to abiotic stress such as drought, abscisic acid, or
salt stress (Luan et al. 2015).

9.2.4 Genome Editing

Genome editing techniques such as zinc finger nucleases (ZFNs), transcription
activator-like effector nucleases (TALENs), and clustered regularly interspaced
short palindromic repeats/CRISPR-associated system (CRISPR/Cas) have been
utilized for improving various traits such as cold, heat, drought, and salt in cereals.
More extensive applications in cereal crop improvement were observed using
TALEN and CRISPR/Cas9. Further availability of more advanced variants of

Fig. 9.7 Simplified procedure of RNAi in plants against abiotic stress. (a) Plant is susceptible to
abiotic stress. (b, c) The RNAi construct is transferred to the plant through direct (gene
gun-mediated plant transformation) or indirect (Agrobacterium-mediated transformation) or
through the foliar spray of RNA. (d) The transferred RNA is recognized by DICER enzyme and
cleaves into 21–25 small nucleotide RNAs known as the siRNA. The siRNA along with the RISC
complex degrades the target mRNA. (e, f) The silencing signal is locally and systematically
transferred to the entire plant resulting in expected plant tolerance to the said abiotic stress
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CRISPR/Cas such as CRISPR/Cpf1 and Cas9-derived DNA base editors provides
possibility of wider application of these techniques.

9.2.4.1 Zinc Finger Nucleases (ZFNs)
ZFNs are sequence-specific nucleases that enable targeted mutation. ZFN is in
general zinc finger protein (ZFP) which is fused to the cleavage domain of FokI
restriction enzyme (Fig. 9.8a). Target-specific ZFN can be designed by manipulating
ZFP. The designed ZFN induces cleavage in the targeted genomic region and repair
through either non-homologous end joining (NHEJ) or homology-directed repair
(HDR), thereby creating indels or new transgene insertion, respectively. ZFN has not
been extensively used for cereal crop improvement against abiotic stress.

9.2.4.2 Transcription Activator-Like Effector Nucleases (TALENs)
TALEN is the next advanced technique of genome editing after ZFN. The basic
structural assembly is similar to ZFN where a DNA binding protein domain (TAL) is
fused with the cleavage domain of FokI restriction enzyme resulting in targeted
double-strand break (Fig. 9.8b). This TAL region is the naturally occurring region
unlike ZFN. Manipulating the TAL region of interest which consists of repeat
variable diresidues (RVD) enables a target of different sequences for customized
nucleases. The application of TALEN technology was not explored for abiotic stress
tolerance in cereals.

9.2.4.3 CRISPR-Related Endonuclease Cas9 (CRISPR/Cas9)
Clustered regularly interspaced short palindromic repeats/CRISPR-associated sys-
tem (CRISPR/Cas) is the most advanced and effective GE technique. Since its
discovery, it has been extensively used in various fields including crop improvement
due to its ability to edit genes at a precise location. It is an RNA-guided nuclease
system and often engineers to modify specific sequences in the target genome
(Fig. 9.8). Previously, its use was limited to model plants like Arabidopsis and
tobacco; however, it is currently being expanded to cereal crops like as rice, maize,
and wheat. Initially, CRISPR/Cas9 system was used to identify the function of a
gene by generating mutant lines in cereal crops. Gene-specific targeting of rice genes
such as OsPDS, OsMPK2, OsBADH2, OsMPK5, OsMPK2, OsDEP1, OsDERF1,
OsPMS3, OsMYB5, OsAOX1a, and OsAnn3 was reported to be involved in various
abiotic stresses through CRISPR/Cas technique (Shan et al. 2014; Zhang et al.
2014a, b; Xu et al. 2015; Shen et al. 2017). The mutants of miRNA gene
OsMIR528 generated through CRISPR/Cas9 in rice revealed its role as a positive
regulator in salt stress (Zhou et al. 2007). CRISPR/Cas9 technique was used for
multiple abiotic stress tolerance in rice where the gene drought and salt tolerance
(DST) were targeted resulting in moderate tolerance to osmotic stress and salt stress
in the seedling stage (Kumar et al. 2020). Another gene, OsRR22, was targeted
through CRISPR/Cas9 which conferred salt stress tolerance in rice (Zhang et al.
2019). In maize, drought stress tolerance was achieved with increased crop yield by
targeting ARGOS8 through CRISPR/Cas9 (Shi et al. 2017). The guidelines for the
GE regulations are still to be designed clearly in India as generation of GE through
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CRISPR/Cas introduces Cas9 transgene in the target genome. However, Cas9 can be
removed in the subsequent generation through self- or back-crossing (Huang et al.
2016).

9.2.5 Cisgenic Approach

The cisgenic approach for gene transfer is genetic manipulation through recombinant
DNA technology between the same species or closely related sexually compatible
groups of plants. Cisgenic is one of the genetic engineering strategies to increase
abiotic stress tolerance in crop plants. The cisgenic approach is considered safer and
one of the techniques for food security in future as compared to transgenics crops
and conventional breeding. Despite its tremendous potential for crop improvement,
GM crops are linked with societal concerns about human health and the environ-
ment. Cisgenics overcome the problem such as linkage drag associated with con-
ventional breeding. On the other hand, due to its similar way of selecting gene as
classical breeding, cisgenic plants should be treated as classical bred plants. There-
fore, cisgenic crops provide a future new generation of genetically modified crops
with the possibility of wider acceptance.

Fig. 9.8 Targeted double-stranded DNA break and repair either through NHEJ or HDR pathway
with genome editing techniques. (a) ZFN, (b) TALEN, and (c) CRISPR/Cas9
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9.3 Abiotic Stress Tolerance in Cereal Crops

Plants are incessantly exposed to a range of environmental stressors due to their
sessile nature (Suzuki et al. 2014). Nonetheless, there remained a dearth of insights
of the mechanisms by which crops uphold production in the face of abiotic stresses
until recently. Climate change has a multifaceted impact on the consequences of
abiotic stresses, putting agriculture's long-term sustainability and production at risk.
Drought, heat, low temperature, and salinity are some of the most significant abiotic
stresses that have had a significant impact on agricultural output in recent years
(Tardieu and Tuberosa 2010). Numerous techniques have been devised regularly to
maximize agricultural output while minimizing pre-harvest and post-harvest losses
inflicted by abiotic challenges (Gust et al. 2010). Plants react to multiple stresses
through intricate and specialized cellular and molecular mechanisms to prevent loss
and increase survival. In response to each stimulus, these mechanisms cause mor-
phological and growth pattern alterations, as well as changes in biochemical and
physiological processes.

9.3.1 Drought Stress

Drought, caused by inadequate precipitation or an undersupply of irrigation water, is
a significant hazard to plant productivity throughout the globe (Khan et al. 2016).
Owing to paucity of water, 33% of the world’s farming land is dry or semi-arid
(Rady 2011). Drought stress, in conjunction with other environmental changes,
results in a substantial diminution in agricultural production (Huang et al. 2018).
Researchers have been studying structural, physiological, biochemical, and molecu-
lar underpinnings for more than 20 years in attempt to understand the mechanisms of
plants’ drought stress responses. In attempt to discover prospective genes implicated
in drought stress resilience, genetic engineering or breeding methodologies are
crucial (Mishra et al. 2017; Noman et al. 2017). To uncover potential genes
(which might govern a specific trait), several molecular methods such as marker-
assisted selection (MAS), genomic selection (GS), and QTL mapping are being
used, and CRISPR/Cas9 has been exploited to establish transgenic lines for drought
stress tolerance in cereals.

The impacts of drought stress on cereal crops have been discussed in a number of
study papers. Drought stress repercussions vary significantly from anatomical to
subcellular level and are witnessed at all stages of development, regardless of when
the moisture shortage occurs. Drought stress, in general, has a detrimental effect on
germination of seeds, resulting in subpar agricultural productivity (Anjum et al.
2011). Drought stress lowers the plant’s cellular water potential and turgor pressure,
resulting in higher solute concentration gradient in the cytosol and extracellular
matrix. As a consequence of the drop in turgor pressure, cell development is
hindered (Lisar et al. 2012). Furthermore, plant wilting is caused by an increased
accumulation of abscisic acid (ABA) and compatible osmolytes like proline. At the
same time, reactive oxygen species (ROS) such as H2O2 are overproduced.
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Overproduction of ROS, despite their role as signalling molecules, may inflict
significant cellular oxidative damage and photosynthetic slowdown.

Plant drought stress adaption is a multifaceted phenomenon featuring many genes
and signalling networks. In order to adapt to drought conditions, plants have evolved
many interwoven networks of signalling pathways to regulate different groups of
drought-responsive genes and generate various classes of proteins, such as enzymes,
molecular chaperones, TFs, and other functional proteins. These proteins function in
a particular manner to aid plants in coping with drought. Hundreds, if not thousands,
of genes that modulate plant stress response pathways have been discovered using
different functional genomics methods. Single function genes and regulatory genes
are two types of genes involved in drought stress responses, based on their biological
function (Shinozaki and Yamaguchi-Shinozaki 2007). Osmolyte-accumulating
enzymes, reactive oxygen species (ROS) scavengers, ion and water transporters
and channels, and lipid biosynthesis enzymes are all coded for by single-function
genes (Reguera et al. 2012). Transcription factors (TFs), protein kinases, protein
phosphatases, and proteinases are examples of regulatory genes that are involved in
signalling pathways and transcriptional or post-transcriptional regulation of gene
expression (Shinozaki and Yamaguchi-Shinozaki 2007; Roychoudhury et al. 2008).
Additionally, regulatory genes have been shown to play a crucial role in plant
drought stress acclimation. As a consequence, changing the transcription of a
regulatory gene is more advantageous and is anticipated to be increasingly used in
GM crops that can survive abiotic stress (Reguera et al. 2012). Ectopic expression or
inhibition of regulatory genes may cause a variety of stress tolerance responses.
Furthermore, transcription factors are an important family of proteins that control
gene expression at the transcriptional level, enabling plants to endure drought.
Multiple transcription factors implicated in drought responses in plants include
APETALA2/ethylene-responsive element-binding protein (EREBP),
NAM-ATAF1/2-CUC2 (NAC), MYB, basic leucine zipper (bZIP), and zinc finger
(Ariel et al. 2007; Ciftci-Yilmaz and Mittler 2008; Fang et al. 2008; Yamaguchi-
Shinozaki and Shinozaki 2006; Fang and Xiong 2015). ARBs/ABFs
(ABA-responsive element-binding proteins/factors) are bZIP TFs that have been
shown to operate in ABA-dependent regulatory pathways during drought stress
(Banerjee and Roychoudhury 2017). Employing transgenic strategies such as
overexpression and knockdown, many of these genes are being genetically modified
(GM) or altered to study their effect on increasing drought resistance in crops.
Table 9.1 provides a list of genes that have been transferred to several cereal crops
to enhance drought stress tolerance utilizing genetic engineering methods.

9.3.1.1 Rice (Oryza sativa)
As the impacts of drought stress become more pronounced, a greater number of rice
genes alter expression, with about 5000 transcripts being upregulated and 6000
transcripts being downregulated (Bin Rahman and Zhang 2016). The vast majority
of these genes belong to three categories: those that influence the membrane
transport, those that affect signalling, and those that regulate transcription
(Upadhyaya and Panda 2019; Kim et al. 2020). During drought conditions, their
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Table 9.1 List of transgenic cereal crops developed through genetic engineering for improved
abiotic stress tolerance

Crop name
Gene of interest (GOI) and
source

Response of transgenic
cereals References

Drought stress
Rice (Oryza
sativa)

OsCDPK1 from rice Drought stress tolerance Ho et al. (2013)

OsLEA3-2 from rice Drought and salt stress
tolerance

Duan et al.
(2012)

TSRF1 from tomato Drought and osmotic stress
tolerance

Quan et al.
(2010)

CaMSRB2 from pepper Drought and salt stress
tolerance

Kim et al.
(2014a, b)

OsCPK4 from rice Drought and salt stress
tolerance

Campo et al.
(2014)

OsAREB1from rice Drought and heat stress
tolerance

Jin et al. (2010)

BvMTSH from
Brevibacterium velvovum

Drought stress tolerance Joo et al. (2014)

AtDREB1A from
Arabidopsis thaliana

Drought and salinity stress
tolerance

Ravikumar et al.
(2014)

OAT from rice Drought and oxidative
stress tolerance

You et al. (2012)

OsSIK2 from rice Drought and salt stress
tolerance

Chen et al.
(2013a, b)

Wheat
(Triticum
aestivum)

GmbZIP1 from soybean Drought and salt stress
tolerance

Gao et al. (2011)

TaDREB2/TaDREB3 from
wheat

Drought stress tolerance OGTR (2008)

TaNAC69 from wheat Drought stress tolerance Xue et al. (2011)

TaERF3 from wheat Drought and salinity stress
tolerance

Rong et al.
(2014)

SNAC1 from rice Drought and salinity stress
tolerance

Saad et al. (2013)

SeCspA from Escherichia
coli

Drought stress tolerance Yu et al. (2017)

P5CS from wheat Drought stress tolerance Pavei et al.
(2016)

TaSHN1 from bread wheat Drought stress tolerance Bi et al. (2018)

Barley
(Hordeum
vulgare)

OsMYB4 from rice Cold and drought stress
tolerance

Soltész et al.
(2012)

TaDREB2/TaDREB3 from
wheat

Drought and frost tolerance Morran et al.
(2011)

Maize (Zea
mays)

TsCBF1 from
Thellungiella salsuginea

Drought stress tolerance Zhang et al.
(2010)

LOS5 from A. thaliana Drought stress tolerance Lu et al.
(2013a, b)

betA and TsVP from E. coli
and Thellungiella
halophila, respectively

Drought stress tolerance Wei et al. (2011)

(continued)
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Table 9.1 (continued)

Crop name
Gene of interest (GOI) and
source

Response of transgenic
cereals References

Sorghum
(Sorghum
bicolor L.)

mtlD from E. coli Drought and salinity stress
tolerance

Maheswari et al.
(2010)

Salinity stress
Rice
(O. sativa)

OsTPS1 from rice High salinity and drought
stress tolerance

Li et al.
(2010a, b)

P5CS from Vigna
aconitifolia

Salinity stress tolerance Karthikeyan
et al. (2011)

P5CSF129A from
V. aconitifolia

Salinity stress tolerance Kumar et al.
(2010)

OsNAP from rice High salinity, drought, and
low temperature stress

Chen et al.
(2014)

ZFP182 from rice Salt, drought, and cold
stress tolerance

Huang et al.
(2012)

kanE from E. coli Enhanced production of
catalase and increased
salinity stress tolerance

Moriwaki et al.
(2008), Prodhan
et al. (2008)

OsPP1 from rice High salinity and drought
stress tolerance

Ge et al. (2008)

GSMT and DMT from
Aphanothece halophytica

Salt and cold stress
tolerance

Niu et al. (2014)

Wheat
(T. aestivum)

betA from E. coli Salinity stress tolerance He et al. (2010)

BADH from A. hortensis Salinity stress tolerance Tian et al. (2017)

TaERF3 from wheat Salinity and drought stress
tolerance

Rong et al.
(2014)

Maize
(Z. mays)

BADH from Atriplex
micrantha

Improved salinity stress
tolerance

Di et al. (2015)

Heat stress
Rice
(O. sativa)

mtHsp70 from rice Improved heat tolerance in
rice

Qi et al. (2011)

Wheat
(T. aestivum)

TaFER from wheat Heat stress tolerance Zang et al.
(2017)

TaHsfA6f from wheat Enhanced thermotolerance Xue et al. (2015)

TaHsfC2a from wheat Enhanced thermotolerance Hu et al. (2018)

TaMBF1c from wheat Enhanced thermotolerance Qin et al. (2015)

ZmPEPC from maize Heat stress tolerance Qi et al. (2017)

Maize
(Z. mays)

OsMYB55 from rice Heat stress tolerance Casaretto et al.
(2016)

Cold stress
Rice
(O. sativa)

OsMYB2 from rice Enhanced thermotolerance Yang et al.
(2012)

OsMYBS3 from rice Enhanced thermotolerance Su et al. (2010)

ZmCBF2 from maize Enhanced thermotolerance Xu et al. (2011)

OsWRKY76 from rice Cold stress tolerance Yokotani et al.
(2013)

(continued)
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transcription regulates the majority of biochemical, physiological, and molecular
processes in rice (Gupta et al. 2020). Multiple genes/transcription factors have been
reported to be differentially expressed in rice and are being incorporated in trans-
genic plants to significantly improve drought stress responses (Kumar et al. 2017;
Upadhyaya and Panda 2019). ABA-independent and also ABA-dependent regu-
latory mechanisms influence the majority of genes affected by drought (Gupta et al.
2020). OsJAZ1 reduces drought tolerance in rice by regulating ABA signalling,
which concocts growth and development of plants under drought stress
circumstances (Fu et al. 2017). Various genes associated with osmotic adjustment
and late embryogenesis abundant (LEA) proteins have been described as being
important in drought stress resilience in rice (Roychoudhury and Nayek 2014).
Overexpression of Rab16A (group 2 LEA) gene in transgenic rice developed salinity
and drought tolerance (Ganguly et al. 2012, 2020). In GM rice, the gene DRO1
stimulates lengthening of roots and deeper rooting (Uga et al. 2013). Certain genes,
like EcNAC67 and OsPYL/RCAR5, slow down leaf rolling and increase root and
shoot volume in water-stressed rice (Kim et al. 2014a, b; Rahman et al. 2016).
Overexpression of OsDREB1F, CYP735A, and OsDREB2B improves root architec-
tural plasticity in rice plants during drought stress (Kim et al. 2020). DREB2-like
gene OsDRAP1 imparts drought resilience in rice, according to Huang et al. (2018).
Enhanced grain production in rice during the episodes of water scarcity is critical,
and it may be accomplished through transgenic strategies involving the
incorporation of genes like OsWRKY47 (Raineri et al. 2015), OsbZIP71 (Liu et al.
2014), OsbZIP46 (Tang et al. 2012), OsNAC10 (Jeong et al. 2010), OsLEA3-1 (Xiao
et al. 2007), andOsNAC5 (Hu et al. 2006). Introgression of genes like EDT1/HDG11
(Yu et al. 2013), AtDREB1A (Ravikumar et al. 2014), OsMIOX (Duan et al. 2012),
and OsTPS1 (Duan et al. 2012) results in relatively high water use efficiency,
cumulation of osmolytes, elevated antioxidant enzymatic activity, and augmented
photosynthetic activity in transgenic rice (Li et al. 2011). In transgenic plants,
OsCPK9 enhances drought stress tolerance via improving stomatal conductance

Table 9.1 (continued)

Crop name
Gene of interest (GOI) and
source

Response of transgenic
cereals References

OsNAC5 from rice Cold stress tolerance Song et al.
(2011)

OsTPS1 from rice Cold stress tolerance Li et al. (2011)

OsRAN2 from rice Cold stress tolerance Chen et al.
(2011)

Wheat
(T. aestivum)

GhDREB from cotton Cold stress tolerance Gao et al. (2009)

Barley
(H. vulgare)

HVA1 from barley Enhanced thermotolerance Checker et al.
(2012)

Maize
(Z. mays)

ZmDREB1 from maize Enhanced thermotolerance Hu et al. (2011)
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and maintaining osmotic pressure (Wei et al. 2014). Transgenic plants
overexpressing OsDREB2A have been shown to thrive better in conditions of severe
drought and salinity (Cui et al. 2011). CDPK7 and CIPK03/CIPK12 modulate a
number of regulatory enzymes, signalling pathways, and protein kinases in rice
(Xiang et al. 2007). The WRKY proteins perform key functions in plant growth by
responding to drought stress (Sahebi et al. 2018). Multiple genes are being studied in
the laboratory or under glass house settings to understand if they may impart drought
tolerance in rice. Nevertheless, prior to actually integrating such genetic traits in
molecular breeding approaches, they should indeed be validated in the field.

9.3.1.2 Wheat (Triticum aestivum)
The diminution of resistance genes induced by genetic deterioration must be
compensated for by using such efficient and consistent methods, which can transfer
genes in a short span of time. It is worth noting that recombinant DNA technology
has emerged as a potent tool for accomplishing this objective. It also has the
advantage of stripping away genetic barriers, enabling genes from any wild relatives,
land race, or other species to be introduced in the target species (Hussain 2015). TFs
that control the primary enzymes of signal transduction pathways; genes that
produce defensive chemicals including reactive oxygen species (ROS), proline,
JA, and SA; and genes that manufacture defence protein are indeed strong candidates
for dehydration stress resistance in wheat (Yang et al. 2010). It has been
demonstrated that dehydration-responsive element-binding (DREB) transcription
factors improve drought resilience in GM wheat (Saint Pierre et al. 2012). Using
the RD29A and ubiquitin promoters, a DREB gene (GmDREB) from soybean
(Glycine max) was particle bombarded into wheat, and transgenic plants with both
promoters exhibited improved drought and salinity stress tolerance (Shiqing et al.
2005). Such heightened drought resilience has been ascribed to twice as much
proline synthesis, the stay-green phenomena during drought, and survival and
recovery on re-watering (SURV) following a dry period (Wang et al. 2006), imply-
ing a role for the signal transduction cascade downstream of proline biosynthesis.
Owing to enhanced accumulation of soluble sugars and photosynthetic pigments
(chlorophyll) in leaves, wheat engineered with a cotton-derived DREB (GhDREB)
enhanced drought, salt, and cold tolerance (Gao et al. 2009). In greenhouse
conditions, genetically engineered wheat plants containing the DREB1A gene
showed substantially greater tolerance to dehydration stress than wild type, as
indicated by slower wilting and leaf discolouration when water was discontinued
(Pellegrineschi et al. 2004). HDG11, an HDZip IV transcription factor, was
identified to improve drought tolerance by enhancing the expression of a multitude
of drought-responsive proteins, notably genes implicated in calcium signalling
pathway and the ABA biosynthesis (Cao et al. 2009). Following 30 days of exposure
to drought stress environments, transgenic wheat overexpressing the AtHDG11 gene
was analysed. Not only did transgenic plants overexpressing AtHDG11 gene
improve physiological parameters, but they also significantly increased production,
had a reduced water loss rate and stomatal density, and synthesized more proline.
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Many crops have been genetically engineered with osmolytes including treha-
lose, mannitol, and glycine betaine to strengthen abiotic stress tolerance by
stabilizing essential macromolecules. Proline, which is produced under stress,
protects biomolecules from denaturation, helps reduce oxidative stress by scaveng-
ing ROS, and modulates cytosolic activity (Hayat et al. 2012). Drought tolerance has
been documented in transgenic wheat plants overexpressing proline biosynthesis
genes (Sawahel and Hassan 2002). GM wheat has been developed in yet another
research by incorporating the betA gene, which encodes choline dehydrogenase,
under the control of maize ubiquitin promoter (He et al. 2011). Although wheat
crops do not generally cumulate mannitol, transgenic wheat developed via
overexpressing mtlD gene transferred from the bacteria Escherichia coli cumulated
it (Abebe et al. 2003). Drought, salt, and ABA stimulate late embryogenesis abun-
dant (LEA) proteins, which are hydrophilic in nature. In barley, one of these proteins
is called late embryogenesis abundant 3 (LEA3), which is transcribed by the
Hordeum vulgare abundant protein 1 (HVA1) gene. GM crops that have the HVA1
gene and have been treated with ABA exhibited increased dehydration and salinity
stress tolerance (Nguyen and Sticklen 2013). Genetic engineering approaches have
been extensively utilized for introduction/incorporation of multiple genes including
SNAC1, TaFER-5B, PEPC (phosphoenolpyruvate carboxykinase), and PPDK
(pyruvate orthophosphate dikinase), AtOTS1 (OVERLY TOLERANT TO SALT-
1) and TaPEPKR2 (phosphoenolpyruvate carboxylase kinase-related kinases) into
transgenic wheat which showed increased tolerance to drought stress environments
(Saad et al. 2013; Zang et al. 2017; Zhang et al. 2014a, b; Le Roux et al. 2019;
Krugman et al. 2010).

9.3.1.3 Barley (Hordeum vulgare)
The prime end goal of genetic modification is to generate drought-tolerant plants
with a single or many desirable traits that would be transmitted down through
generations. Overexpression of TaDREB2 and TaDREB3 in barley transgenic
lines, for example, improved drought tolerance by safeguarding cells from dehydra-
tion and damage (Morran et al. 2011). The HvP5CS gene, which encodes delta-1-
pyrroline-5-carboxylate synthase (P5CS), has previously been cloned in barley as
the principal drought-tolerant gene (Abu-Romman et al. 2011). The relative expres-
sion profile of HvP5CS gene was examined in the transgenic plants using semi-
quantitative reverse transcription-PCR assay following drought, salinity stress, and
abscisic acid (ABA) treatments. HvP5CS expression was shown to be elevated in
leaf tissue following exposure to drought and salt stress, and this expression was
greater in both scenarios than it was in response to just ABA treatment. Additionally,
overexpression of HvSNAC1 in barley improved drought resistance and tolerance to
other biotic stressors, like fungal infection of Ramularia collo-cygni, as per another
study (Al Abdallat et al. 2014).

9.3.1.4 Maize (Zea mays)
Maize is one of the most essential crops; however, escalating drought stress across
the globe is putting its production at risk. Regardless of the fact that there have been
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relatively few reports of drought-tolerant transgenic maize to date, research
conducted in the private sector, in particular, seem to be very compelling. The
very first drought-resilient GM crop is MON 87460, a maize (Zea mays L.) variety
engineered by Monsanto Company in 2009 and reportedly planted in the United
States in 2013. From then on, plantings have grown 5.5-fold, from 50,000 ha in 2013
to 275,000 ha in 2014 (http://www.isaaa.org/resources/publications/briefs/49/
toptenfacts/default.asp). Drought tolerance is imparted by the inclusion of cold
shock protein B (CSPB) from Bacillus subtilis in transgenic maize variety MON
87460. Furthermore, increased expression of a Nicotiana protein kinase (NPK1)
gene with a potential function in oxidative stress management was shown to improve
photosynthesis process and hence drought stress resilience in GM maize (Shou et al.
2004a, b). Overexpression of maize transcription factor, ZmNF-YB2, improved
dehydration stress tolerance and productivity under drought conditions, as per a
Monsanto Company study (Nelson et al. 2007). Virlouvet et al. (2011) showed that
under both well-watered and drought-stressed circumstances in the field,
overexpressing the ZmASR1 is manifested in higher dry leaf mass and total chloro-
phyll content and also enhanced maize kernel production. The study of Li et al.
(2008) showed that integration of TsVP gene (vacuolar H+-pyrophosphatase (V-H+-
PPase) from the dicotyledonous halophyte (Thellungiella halophila) into the maize
(Z. mays L.) crop resulted in enhanced drought resistance of genetically engineered
plants. In yet another genetic modification method, bacterial RNA chaperones
imparted dehydration stress resilience in maize plants (Castiglioni et al. 2008).
Wang et al. (2016) demonstrated that GM maize with ZmVPP1 gene overexpression
is more drought resilient than untransformed counterparts.

9.3.1.5 Sorghum (Sorghum bicolor L.)
In response to environmental stress, sorghum exhibits physiological changes such as
a deeper and more pervasive root system, leaf curling, and reduced stomatal con-
ductance, as well as decreased metabolic activity, allowing it to withstand drought
conditions (Schittenhelm and Schroetter 2014). As a result, sorghum is significantly
tolerant to drought compared to other cereal crops. There have been barely a few
reports of transgene introduction in sorghum to generate drought-tolerant cultivars.
For instance, to initiate the mannitol biosynthetic cycle, the mtlD gene from E. coli,
which encodes mannitol-1-phosphate dehydrogenase, was introduced into S. bicolor
L. Moench cv. SPV462. Leaf samples from GM sorghum exhibited enhanced leaf
water potential when challenged to polyethylene glycol 8000 (�2.0 MPa) and 1.7- to
2.8-fold greater shoot and root multiplication when subjected to NaCl stress
(200 mmol/L) as compared to control plants (Maheswari et al. 2010). Nevertheless,
a variety of drought stress tolerant genes originating from sorghum have been
introduced to other model and agricultural crops. SbER2-1, a leucine-rich repeat-
receptor-like kinase gene from sorghum (Sorghum bicolor L.), has been found to
improve drought tolerance in maize (Li et al. 2019). Analogously, overexpression of
SbSNAC1, a sorghum NAC transcription factor, conferred drought tolerance in
transgenic Arabidopsis thaliana (Lu et al. 2013a, b). Furthermore, utilizing a
population from BT � 642 and RT � 7000, four QTLs (stg1, stg 2, stg 3, and stg
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4) for the stay-green phenotype were identified in sorghum. Under drought stress
environments, RT� 7000 NILs with the stg2 gene from BT� 642 had greater green
leaf area than other NILs, as per physiological analysis (Harris et al. 2007).

9.3.1.6 Pearl Millet (Pennisetum glaucum)
There have been no published studies on the establishment of a GM pearl millet
variety that is resistant to abiotic stress. As a result, despite its economic importance,
the development of GM pearl millet cultivars is still in its early stages, necessitating a
concerted effort to produce and evaluate transgenic lines under a range of stress
conditions (Shivhare and Lata 2017).

9.3.2 Salinity Stress

Cereals are cultivated in essentially every region of the world, and they are exposed
to a multitude of environmental stressors that obstruct their growth and productivity.
One of the most detrimental abiotic threats cereal crops face is salinity. Food security
requires the deployment of countermeasures to this challenge. Plant scientists have
leveraged a variety of approaches for improving crop yields on salt-affected soils. In
the development of salt stress adaptable agricultural crops, traditional breeding,
genetic engineering, marker-assisted selection, and, lately, genome editing have all
proven effective. Improvements in salinity tolerance have been observed in rice and
wheat, but there are few good instances for other cereals. Challenges to the genera-
tion of salt-tolerant cultivars/lines have been reported as a dearth of understanding
regarding crop genetic structure, biochemical and physiological characteristics, vast
diversity in environmental circumstances, and the intricate polygenic nature of the
salinity tolerance trait. The application of transgenic methods to create salt-tolerant
grain crops is discussed further below. A list of genes that have been incorporated to
various cereal crops to enhance salt stress tolerance utilizing genetic engineering
methods is shown in Table 9.1.

9.3.2.1 Rice (O. sativa)
In the large portion of studies, scientists introduced genes for vacuolar Na+/H+

transporters from various sources into rice and observed increased salt stress resil-
ience (Zhao et al. 2006; Verma et al. 2007). The introduction of the vacuolar Na+/H+

antiporter AgNHX1 gene from Atriplex gmelinii, for instance, contributed in an
eight-fold increase in the activities of the vacuolar-type Na+/H+ antiporter, improv-
ing rice seedling survivability from 50% to 100% under salinity environments (Ohta
et al. 2002). PgNHX1 from Pennisetum glaucum (L.) R. Br., another vacuolar Na+/
H+ antiporter gene, demonstrated expansive root architecture in GM rice seedlings
and exhibited approximately 81% greater shoot and root lengths compared to
untransformed control seedlings (Verma et al. 2007). Analogously, in salinity
environments, GM rice seedlings with the yeast Na+/H+ antiporter SOD2 gene
thrived effectively (Zhao et al. 2006). The second important approach that has
been employed is genetic transformation to produce higher concentrations of

200 D. Das et al.



compatible solutes. Proline over-accrual is also regarded as a considerable selection
criterion for salinity tolerance. The P5CS, an essential proline biosynthesis interme-
diate gene isolated from moth bean (Vigna aconitifolia), was incorporated into rice,
resulting in GM rice with higher proline contents than wild types in both control and
salinity environments (Su and Wu 2004). Trehalose overproduction is another
essential feature of salt-tolerant plants. Transgenic rice bearing the yeast trehalose
gene (TPS1) exhibited improved salt tolerance as well as dehydration and cold stress
tolerance (Garg et al. 2002). Furthermore, the chimeric gene Ubi1::TPSP in another
GM rice variety led to significant concentrations of trehalose, thus providing salinity
tolerance (Jang et al. 2003). The salt tolerance potential of GM rice lines was
improved by overexpression of wheat TaSTRG in rice (Zhou et al. 2009). Recently,
the A. thaliana AtDREB1A TF was introduced into rice under the control of two
distinct promoters, CaMV35S and Lip9. The resulting transgenic plants were
exposed to both normal and drought-stressed conditions. Plants with the Lip9-
DREB1A and 35S-DREB1A genes were more fertile than wild-type plants; however,
when salt stress was applied, Lip9-DREB1A plants outperformed 35S-DREB1A
plants in terms of grain production (Hussain et al. 2018).

9.3.2.2 Wheat (T. aestivum)
On moderately saline soils, wheat productivity losses are significant (Shahbaz et al.
2012), and growth is considerably retarded (Perveen et al. 2012). GM crops,
generated with the use of a range of genetic engineering techniques, have been
described as a speedy way to produce crops that are resistant to unfavourable
environmental conditions. Despite the fact that few experiments on the efficacy of
stress-tolerant GM plants in natural settings have been undertaken, scientists are
holding out hope to make headway in this area (Ashraf and Akram 2009). Salt
tolerance is a multifaceted characteristic governed by a multitude of quantitative
traits. Researchers have attempted to introduce specific genes to generate resistant
GM varieties/lines of wheat to enhance salinity tolerance. For example, in wheat,
higher expression of the vacuolar Na+/H+ antiporter gene AtNHX1 (from A. thaliana)
boosted germination, biomass production, and productivity (Xue et al. 2004). Upon
being exposed to salinity stress, the transgenic lines accumulated less Na+ in the
leaves and more K+ in the leaves and had a 68% greater shoot dry mass and a 26%
higher root dry weight than control plants (Xue et al. 2004). Bread wheat has a
greater Na+ ion exemption capacity than durum wheat, which enhances its salinity
tolerance capability. The TmNax2 locus from T. monococcum was transferred into
durum wheat, which escalated salinity tolerance and production by up to 25%
compared to control plants grown in high salinity soil (Munns et al. 2012). In
wheat, high-affinity K+ transporters (HKTs) play a pivotal part in regulating Na+

accumulation (Munns and Gilliham 2015). Salinity tolerance was bolstered in GM
wheat and Arabidopsis lines with high expression levels of TaAOC1, an allene oxide
cyclase implicated in the α-linolenic acid metabolism pathway (Zhao et al. 2014).
Indeed, genetically engineered wheat genotypes with higher TaCHP (a zinc finger
protein) expression levels are more salt tolerant than the salinity-sensitive cultivar
Jinan 177 (Li et al. 2010a, b). In genetically engineered wheat varieties, with higher
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expression level of TaOPR1, a 12-oxo-phytodienoic acid reductase, improves salin-
ity stress tolerance (Dong et al. 2013).

9.3.2.3 Barley (H. vulgare)
Barley is an excellent model crop plant for understanding the physiological and
molecular mechanisms underpinning salt stress tolerance in crop plants, because it is
one of the most resistant crops when it comes to salt stress. Remarkably, there are
few instances of transgenes being incorporated into barley to strengthen salt stress
endurance. Several barley-derived genes, on the other hand, have been introduced
into a variety of transgenic crops with the purpose of investigating salt stress
resistance. Environmental stress tolerance in barley has stirred up interest in
uncovering stress-responsive genes, which might be achieved using a number of
omics methods, such as comparative genomics and genetic transformation to express
stress-responsive genes (Gürel et al. 2016). Numerous barley transcription factors,
including HvWRKY38 (Xiong et al. 2010), HvCBF4 (Oh et al. 2007), and HvDREB1
(Xu et al. 2009), are being constitutively overexpressed in transgenic plants,
resulting in a significant increase in drought and salt stress tolerance, perhaps by
modulating the transcription levels of stress tolerance genes, which have a greater
affinity for DNA (Gürel et al. 2016). In addition, it has been shown that introducing
the Arabidopsis vacuolar H+-pyrophosphatase gene (AVP1) into genetically
engineered barley enhances shoot biomass and grain production under salinity stress
conditions (Schilling et al. 2014). AVP1 gene is primarily engrossed in the produc-
tion of compatible solutes (like glycine betaine and proline) and also enzymes
implicated in the elimination of ROS, all of which contribute to improved crop
salt stress tolerance (Roy et al. 2014). Similarly, it has been demonstrated that
calcineurin-B-like interacting protein kinases (CIPK) are crucial in the modulation
of Na+ buildup in Arabidopsis shoots. The A. thaliana CIPK gene has been
overexpressed in barley, which resulted in decreased accumulation of Na+ ion in
shoot and increased biomass yield under salt stress (Roy et al. 2013).

9.3.2.4 Maize (Z. mays)
Maize is grown under a variety of environmental situations. Genetic engineering has
been used effectively in maize to incorporate salt stress-tolerant/stress-resistant
genes from multiple sources. For instance, Yin et al. (2004) incorporated the
vacuolar Na+/H+ antiporter AtNHX1 gene from A. thaliana into Z. mays, and the
putative transgenic seedlings demonstrated significantly increased germination effi-
ciency (80%) under salinity conditions (0.5% NaCl) than parental wild-type plants
(13–57%). Li et al. (2010a, b) found that abolishing the als genes in AtNHX1
transgenic maize (marker-free transgenic maize) resulted in surprisingly high salinity
tolerance, as evidenced by increased grain production, and boosted many important
physiological features when compared to their respective control parental plants.
Chen et al. (2007) had previously succeeded in developing salt-resilient maize by
transferring the rice Na+/H+ antiporter gene (OsNHX1) into maize. When compared
to non-engineered control plants, the GM line produced more biomass at a salt
concentration of 200 mM. BADH gene originating from Suaedaliaotungensis Kitag
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and Atriplex micrantha has been incorporated into the maize genome through the
pollen tube pathway and under the control of the maize ubiquitin promoter, sepa-
rately, and conferred salinity stress tolerance (Wu et al. 2008; Di et al. 2015). Beltagi
(2008) reported that GM maize containing a gene from Bacillus thuringiensis
(Bt Corn) exhibited improved salt stress tolerance when subjected to varying
concentrations of NaCl (50 mM, 100 mM, and 150 mM). The chlorophyll a
concentration and chlorophyll stability index (CSI) of Bt transgenic maize were
shown to be unaltered when compared to non-transgenic control plants.

9.3.2.5 Sorghum (S. bicolor L.)
Owing to the slow pace of advancement in developing transformation
methodologies, the literature on genetically engineered sorghum to strengthen saline
stress tolerance is limited (Shahbaz and Ashraf 2013). Primarily due to tissue culture
constraints, a dearth of reference genomes, poor regeneration efficiency, and the
difficulty to maintain regenerated plantlets via sub-cultures, progress in developing
transgenic sorghum has lagged behind that of other cereals (Madhusudhana et al.
2015). Nevertheless, genetic modification has presented modest achievement in
generating salt-tolerant sorghum. The mtlD gene, which encodes mannitol-1-phos-
phate dehydrogenase from E. coli, was introduced into the sorghum cv. SPV462
with the objectives of increasing tolerance to salt stress conditions (Maheswari et al.
2010). When exposed to NaCl stress (200 mmol L�1), the mtlD gene harbouring
transgenic plants showed a 1.7–2.8-fold increase in root and shoot growth, respec-
tively, compared to non-transgenic controls, exemplifying that integrating the man-
nitol biosynthetic process into sorghum can bestow elevated salt stress tolerance.
SbDREB2, a dehydration response element-binding (DREB) transcription factor
gene from sorghum, was identified by Bihani et al. (2011) and was found to be
activated particularly during drought/salt stress.

9.3.2.6 Pearl Millet (P. glaucum)
Pearl millet (P. glaucum) is a staple grain and the world’s sixth most commonly
cultivated cereal grain. It is acclaimed for its remarkable abiotic stress resistance and
nutritional composition. Shinde and colleagues identified PgNAC21 TF as a poten-
tial salt stress-responsive candidate gene in P. glaucum. Plants with enhanced levels
of expression of the PgNAC21 TF exhibited a greater germination rate, fresh weight,
and root length under salt stress than their non-transgenic counterparts (Shinde et al.
2019). Higher levels of PgNAC21 TF expression in Arabidopsis plants enhanced
transcription of stress-responsive genes like GSTF6 (GLUTATHIONE-S-TRANS-
FERASE 6), COR47 (COLD-REGULATED 47), and RD20 (RESPONSIVE TO
DEHYDRATION 20). PgNAC21 functions as a stress-responsive NAC TF,
according to Shinde et al. (2019), and may be utilized in GM techniques to improve
salinity stress tolerance in agricultural plants.
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9.3.3 Heat Stress

While traditional plant breeding methods and popular molecular biological
strategies, such as molecular markers and genetic modification, have helped to
functionally validate and/or revitalize plants with improved heat stress tolerance,
documentation on the genetic core principle of heat stress tolerance is largely
lacking. Transcriptional activation of specific proteins has been shown to enhance
high temperature tolerance. Several GM plants with different degrees of heat stress
tolerance are being developed, alongside scientific knowledge of the expression of
heat shock proteins (HSPs)/chaperones and the manipulation of HSF expression
patterns. Nonetheless, in comparison to experiments aimed at reconfiguring drought,
salt, or cold stress tolerance, such investigations have been limited (Hemantaranjan
et al. 2018). Table 9.1 shows a list of transgenes introduced into various cereal crops
for heat stress tolerance.

9.3.3.1 Rice (O. sativa)
A substantial number of genes are involved in the synthesis of heat shock proteins
(HSPs), which are activated by high temperature and play an essential role in heat
stress recovery (Liu et al. 2007). Engineering of HSPs in GM plants has the ability to
enhance temperature stress resilience and has a major effect on rice’s intrinsic
genetic potential (Zou et al. 2011). Rice varietal reinforcement for thermotolerance
via genetic engineering is a prospective methodology for rice production under
undulating environmental circumstances (Zou et al. 2011). Nevertheless, high tem-
perature tolerance in transgenic rice has been reported in just a few instances.
Heightened thermotolerance has indeed been witnessed in engineered plants consti-
tutively expressing HSPs. The significance of HSPs in conferring heat stress toler-
ance was substantiated by empirical observations from mutants and genetically
engineered species (Queitsch et al. 2000). The cDNA of A. thaliana HSP101
(AtHSP101) was adeptly integrated into the indica rice variety Pusa basmati-1
(Katiyar-Agarwal et al. 2003). In terms of sustenance and development at high
temperatures, T2 generation GM lines outperformed non-transformed plants. Anal-
ogously, the GM rice variety ‘Hoshinoyume’ that overexpresses HSP (sHSP17.7)
exhibited enhanced thermal stress tolerance (Murakami et al. 2004). High tempera-
ture resilience has been seen in transgenic rice harbouring the FAD7 (dienoic fatty
acid) gene, which enhanced growth rate and chlorophyll pigment concentration
(Sohn and Back 2007). Thermal resistance was bolstered in GM rice plants with
higher levels of expression of the mtHsp70 (mitochondrial gene), as evidenced by
diminished programmed cell death and significantly lower ROS generation (Qi et al.
2011).

9.3.3.2 Wheat (T. aestivum)
Elevated temperature tolerance may be improved through genetic engineering,
which can aid in mitigating the negative consequences of thermal stress (Chapman
et al. 2012). It involves introducing beneficial traits into target plants in order to
strengthen the plants’ adaptability to heat stress (Zheng et al. 2012). However, wheat
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genetic engineering efforts are difficult due to the complexity of the genomic
architecture. Persistent heat stress increases elongation factor (EF-Tu) protein syn-
thesis in chloroplasts, which is related to wheat’s resistance to severe temperatures.
Overexpression of EF-Tu in GM wheat reduced leaf proteins from thermal agglom-
eration, reduced thylakoid membrane disintegration, enhanced photosynthetic effi-
ciency, and safeguarded the plant from devastating microbial invasion (Fu et al.
2012). Wheat cultivars having higher EF-Tu levels tolerated temperature distress
better than those with lower EF-Tu levels (Ristic et al. 2008). Overexpression of the
maize phosphoenolpyruvate carboxylase gene (ZmPEPC) in wheat increased
photocatalytic and antioxidant enzymatic activities, induced photosynthesis-related
gene expression, slowed chlorophyll degeneration, altered proline and other metab-
olite concentrations, and improved heat tolerance (Qi et al. 2017). Plants that
synthesize more glycine betaine after being transformed with the BADH gene
have been suggested as a potential method for improving plant heat tolerance
(Yang et al. 2005). Better osmotic adjustments and an improved antioxidative
defence response have been shown to augment heat tolerance in GM wheat line
T6 due to glycine-betaine overproduction (Wang et al. 2010).

9.3.3.3 Barley (H. vulgare)
One of the most significant abiotic stress factors influencing the production capacity
of temperate cereal crops like barley is temperature. Certain heat shock factors
(HSFs) and heat shock response regulators (HSRs) stimulate heat-responsive gene
transcription in plants, enabling them to tolerate thermal stress. A recent study has
shown that overexpression of a wheat heat shock factor (TaHSFA6b) in barley is
linked with heat stress resilience (Poonia et al. 2020). Aside from incorporating
genes from other origins into barley to strengthen heat stress tolerance through
transgenic approach, a handful of H. vulgare genes have indeed been studied in
various model plants, including tobacco. Higher levels of HvSHN1 [APETAL2/
Ethylene Responsive Factor (AP2/ERF) family] expression in GM tobacco plants
under the regulation of the 35S promoter bolstered resilience to salt, water, and heat
stress (Djemal and Khoudi 2021). The resulting transgenic lines exhibited altered
cuticle permeability and reduced stomatal density. HvSHN1 transgenic lines had
enhanced catalase (CAT) and superoxide dismutase (SOD) activity and decreased
MDA and H2O2 levels when challenged to thermal stress compared to
non-transformed control plants (Djemal and Khoudi 2021). Increased expression
levels of the HvAPX1 (ascorbate peroxidase 1) gene from barley elevated high
temperature tolerance in A. thaliana (Shi et al. 2001).

9.3.3.4 Maize (Z. mays)
Numerous strategies have been undertaken to generate heat-tolerant transgenic
maize by modulating (upregulation/downregulation) known pertinent genes
obtained from various crop species, including maize. For instance, the
overexpression of OsMYB55 in GM maize resulted in the upregulation of stress-
responsive genes and improves heat and drought tolerance (Casaretto et al. 2016).
Furthermore, a variety of maize-derived genes were tested using a transgenic
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approach by expressing them in various model plants to verify their potential role in
heat stress endurance. When subjected to drought stress conditions, increased levels
of ZmWRKY106 expression drastically enhanced drought and heat resilience in GM
A. thaliana by inducing stress-related genes via the ABA signalling cascade and
curbing ROS generation, which was accompanied by increases in SOD, peroxidase
(POD), and CAT activities (Wang et al. 2018). Analogously, compared to untrans-
formed plants, overexpression of ZmHSP16.9 in transgenic tobacco imparted heat
and oxidative stress tolerance, as shown by higher seed germination rate, root length,
and antioxidant enzyme activities (Sun et al. 2012).

9.3.3.5 Sorghum (S. bicolor L.)
Grain sorghum tolerates not only droughts but also severe temperatures better than
other crops. Temperature stress has been shown to have a negative impact on
sorghum reproductive development. However, at the time of drafting this book
chapter, we have been unable to pinpoint any published literatures describing the
use of genetic engineering techniques for the introgression of genes from other
species into grain sorghum in order to enhance thermotolerance.

9.3.3.6 Finger Millet (Eleusine coracana L.)
Agricultural production is diminished as a consequence of the occurrence of numer-
ous unfavourable circumstances as a result of global climate change. The identifica-
tion and eventual transfer of genes from stress-tolerant plant species to cultivated
cultivars may aid in agricultural production stabilization and improvement. Finger
millet (E. coracana L.), a climate-resilient crop, could be a potential source of novel
stress-tolerant cereal genes. Ramakrishna et al. (2018) reported EcbZIP17, a novel
endoplasmic reticulum (ER) membrane-anchored bZIP transcription factor from
finger millet. Transgenic tobacco plants overexpressing this gene exhibited greater
vegetative growth and seed production than wild-type (WT) plants under optimal
growth conditions, indicating activation of brassinosteroid signalling genes. The
engineered plants outperformed WT plants in terms of germination rate, biomass
production, primary and secondary root growth, and recovery rate when subjected to
abiotic stressors such as water deprivation, heat stress, 400 mM mannitol, 250 mM
NaCl, and 10% PEG6000 (Ramakrishna et al. 2018). In a similar line, EcDREB2A
gene expression in transgenic tobacco increased resilience to heat stress 42 �C
lasting up to 7 days by altering physiology and biochemical processes (Singh et al.
2021). EcDREB2A transgenics exposed to heat stress had higher stomatal conduc-
tance, chlorophyll and carotenoids levels, and other photosynthetic indices than WT
plants (Singh et al. 2021).

9.3.4 Cold Stress

Plants’ gene expression patterns and protein product levels change significantly
when they are exposed to cold temperatures. Non-freezing cold damages or kills a
variety of tropical and subtropical plant species, including cereals, with symptoms
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such as discolouration, necrosis, and reduced development. Plants that are cold
tolerant, on the other hand, may flourish in such conditions. Traditional breeding
methods, such as inter-specific or inter-generic hybridization, have made little
headway in improving the cold tolerance of important agricultural crops.
Researchers have gained a better grasp of the complex mechanism that occurs
under cold stress, thanks to recent study that combines whole genome profiling/
sequencing, mutagenesis, and analyses of GM plants. When challenged to freezing
conditions, changes in gene expression are accompanied by increases in the synthe-
sis of hundreds of compounds (metabolites), the most of which have been shown to
defend against the negative effects of cold stress. A number of low temperature
inducible genes have been uncovered in plants. The bulk of the genes involved in
cold stress endurance have been revealed, and many of them are controlled by
transcription factors (TFs) called C-repeat binding factor/dehydration-responsive
element-binding (CBF/DREB1). Significant modifications occur at the physiological
and molecular levels during cold adaptation, implying that cold tolerance is a more
complicated process entailing more than one mechanism. A list of transgenes
incorporated into different cereal crops for cold stress tolerance is shown in
Table 9.1.

9.3.4.1 Rice (O. sativa)
Genetic engineering, which involves the incorporation or disruption of certain gene
sequences in rice plants, is a potential strategy to enhance cold stress resilience. The
application of effective gene transfer methods and breakthroughs in recombinant
DNA technology have culminated in speedy transformation and development of
transgenic plants (Sanghera et al. 2011). The overexpression of a number of
low-temperature stress-inducible genes resulted in GM rice plants with stress-
tolerant characteristics. CBF/DREB1 TFs are among the most significant findings
in the area of low-temperature acclimatization and signalling pathways (Sanghera
et al. 2011). Overexpression of OsDREB1 or AtDREB1 in GM rice plants enhanced
resilience to cold temperature, dehydration, and salt stress, as well as the accumula-
tion of osmoprotectors like free proline and other soluble sugars (Ito et al. 2006). The
rice DREB1 gene (OsDREB1D) was overexpressed in A. thaliana plants, producing
GM plants with a link between cold stress and OsDREB1D transcription (Zhang
et al. 2009). Increased levels of expression of a maize CBF gene (ZmCBF3) in rice
plants resulted in GM plants that exhibited growth deceleration only at the nursery
stage and had no production loss in outdoor environments. GM plants, as envisaged,
were indeed cold stress resilient (Xu et al. 2011). TFs from a variety of families have
indeed been introduced into rice plants in an effort to create transgenics that are more
resistant to cold stress. In GM rice plants, expression of OsCOIN (O. sativa cold
inducible), a TF from the bZIP zinc finger protein family, is manifested in improved
tolerance to cold, salt, and drought stress treatment, as well as increased proline
levels following cold treatment, than WT plants (Liu et al. 2007). Table 9.1 shows a
list of genes that have been incorporated into rice through genetic engineering to
improve cold stress resilience.
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9.3.4.2 Wheat (T. aestivum)
Unexpected temperature fluctuation is linked to a high probability of devastating
low-temperature episodes. Wheat is an important crop for addressing world food
demands. Extreme temperatures caused by climate change significantly impact
wheat’s vegetative and reproductive development, resulting in a reduction in pro-
ductivity. Cold temperatures cause a variety of changes in the morphophysiological,
biochemical, and molecular composition of wheat (Hassan et al. 2021). Crop plants
power up their cold tolerance regimes in response to these changes which include the
accumulation of soluble sugars, signalling pathways, and transcription of cold
tolerance genes (Hassan et al. 2021). Among the various methods used for develop-
ment of cold/freezing stress-tolerant wheat, transgenic approach is the most widely
used. The transgenic strategy is the most routinely adopted of the many approaches
used to produce cold/freezing stress-resilient wheat. Not only have genes from other
sources been used to develop GM wheat, but a variety of wheat-derived genes have
also been transferred to other crops. For instance, drought, high salt, and cold stress
tolerance were substantially enhanced in GM wheat harbouring the cotton
DRE-binding TF (GhDREB) maintained under the regulation of the ubi1 or rd29A
promoters (Gao et al. 2009). Analogously, cold stress endurance was improved in
GM wheat plants containing the barley lipid transfer protein, BLT101 (Choi and
Hwang 2015). Huang et al. (2014) documented that the wheat aquaporin gene
TaAQP7 imparts cold stress resilience in transgenic tobacco. Under cold exposure,
TaAQP7 overexpression in tobacco plants culminated in enhanced root extension
and growth in comparison to the wild-type (WT) plants. In GM strawberry leaves,
overexpression of the wheat WCOR410, an acidic dehydrin gene, increases freezing
stress resilience. In GM A. thaliana, overexpression of the wheat MYB TF gene
TaMYB56-B improves resilience to chilling and salinity stress conditions (Zhang
et al. 2012).

9.3.4.3 Barley (H. vulgare)
Strengthening the cold hardiness of winter grains is one of the most important
challenges confronting plant breeders today. Therefore, analysing the genes that
regulate cold acclimatization processes is critical. In a few instances, transgenic
methodologies have been seamlessly used for functional studies of different cold
stress-responsive regulatory genes. Many studies in a number of plant species have
shown the involvement of CBF genes in cold adaptation. For example, GM barley
with enhanced level of expression of TaCBF14, TaCBF15, and OsMYB4 boosts
frost resilience and germination efficiency in cold environments (Soltész et al. 2012,
2013). In a related research, the cold-inducible expression of wheat TaDREB3 in
barley and rice was optimized using two stress-inducible gene promoters,
OsWRKY71 and TdCor39, with the intent of enhancing cold stress tolerance in
barley. The promoters exhibited varying characteristics, such as activation period,
strength, and ABA sensitivity (Kovalchuk et al. 2013). The stress-inducible
promoters HDZI-3 and HDZI-4 were used to drive the transcription of two DREB/
CBF genes, TaDREB3 and TaCBF5L, in GM wheat and barley. The promoters were
obtained from durum wheat genes encoding HD-Zip class I subfamily c-clade TFs.
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Dehydration and cold resilience of GM barley seedlings increased with expression of
the DREB/CBF genes under both promoters, as did frost endurance of GM wheat
seedlings (Yang et al. 2019).

9.3.4.4 Maize (Z. mays)
Based on the existing literature, it can be inferred that relatively few researches have
been conducted to date utilizing transgenic technology to improve cold stress
tolerance in maize. According to oxidative stress and growth rate evaluations,
evidence suggests that introgression and overproduction of A. thaliana iron super-
oxide dismutase (FeSOD) may result in higher methyl viologen concentrations as
well as enhanced freezing tolerance in maize (Van Breusegem et al. 1999). When the
E. coli-derived beta gene was introduced into maize via Agrobacterium-mediated
plant transformation, the majority (four out of five) of the maize lines tested showed
decreased cell membrane damage; increased photosynthetic activity; increased
levels of amino acids such as alanine, glutamic acid, glycine, and serine; and
improved survival rates under freezing stress as compared to their untransformed
counterparts (Quan et al. 2004). In GM maize, low-level yet constitutive heterolo-
gous expression of a tobacco active mitogen-activated protein kinase (NPK1) gene is
manifested in heightened freezing stress tolerance (Shou et al. 2004a, b). Drought
and cold stress tolerance in A. thaliana transgenic plants were improved by enhanced
expression of the maize ZmDBP3 gene, a candidate of the A-1 subgroup of the
CBF/DREB subfamily (Wang and Dong 2009).

9.3.4.5 Sorghum (S. bicolor L.)
In temperate zones, soil temperatures<15 �C impede germination and establishment
of sorghum seedlings during early-season planting. Producing short-duration sor-
ghum cultivars is an essential breeding objective for temperate regions since low
spring temperatures result in a protracted juvenile development (Anami et al. 2015).
The dearth of relevant literature indicated that just a few efforts had been undertaken,
with limited success in improving cold/freezing stress tolerance in grain sorghum
crops thus far.

9.3.4.6 Pearl Millet (P. glaucum) and Finger Millet (E. coracana L.)
We did not find any noteworthy publications on the use of genetic engineering
technology for transferring cold stress-responsive genes from other sources into
pearl millet and finger millet at the time of preparing this book chapter.

9.3.5 Heavy Metal Tolerance

Among the various abiotic stresses to plants, heavy metal contamination is a serious
environmental problem which affects the growth, productivity, and genome stability
(Saini and Westgate 1999). The major cause of heavy metal contamination is the use
of urban waste for crop production. In Asia, the urbanized or nearby urban areas are
under major concern of increasing heavy metal toxicity because of soil and water
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contamination (Simmons et al. 2010). Exposure to high level of heavy metals results
in the overproduction of ROS and ultimately leads to oxidative stress in crops.

Hyperaccumulation of heavy metal inside the plants and hypertolerance to it are
the most practical means of combating heavy metal toxicity without affecting their
viability (DalCroso et al. 2013). Though the research findings of heavy metal stress
tolerance are majorly limited to the model plants such as tobacco, Arabidopsis, etc.,
the major outcomes of transgenic development in the case of cereals are limited in
number. The transgenes or transcription factors used in these research findings are of
great importance to understand the heavy metal tolerance and their downstream
pathways. The major breakthrough achieved using transgenic approaches to develop
heavy metal tolerance is summarized in Table 9.2.

9.3.6 Anoxia Stress/Oxygen Deficiency Stress Tolerance

Since plants are obligate aerobes, the deficiency of oxygen (hypoxia) or its absence
(anoxia) causes various ecological stresses. The reason of stress condition may be
due oxygen deprivation on hydromorphic and flooded soils leading to the poor
solubility of oxygen and low diffusion rate in the water (Jackson et al. 2009;
Vissere et al. 2003). Anoxia stress may cause the wilting and even can lead to the
total damage of the crop. It appears that increased flooding tolerance is likely to
result from ethanolic fermentation pathway upregulation in rice which is evident
from several studies. The use of transgenic approach to oxygen deficiency has been
employed in various cereals as well as in model plants. Important transgenic cereals
targeting the ethanolic fermentation pathways and several other genes/TFs with
improved hypoxia tolerance/resistance have been summarized in Table 9.3.

9.3.7 Ultraviolet-B (UV-B) Stress Tolerance

Plants respond to ultraviolet-B light (UV-B), which is one of the significant abiotic
stresses and triggers their genetic programme and decrease in biomass production
(Ulm and Jenkins 2015; Yin and Ulm 2017). The UV-B exposure induces an
oxidative burst produced by higher level of ROS (Brosché and Strid 2003;
Frohnmeyer and Staiger 2003). In the UV-B stress conditions plants accumulate
ROS in the apoplast which is triggered by NADPH oxidase AtRBOHD and
AtRBOHF subunit activation. The accumulation happens in the chloroplast as well
because of the effect of UV-B on photosystem (PS) II function (Kulandaivelu and
Noorudeen 1983; Larkum et al. 2001). The UV-B stress in crops has been mostly
studied in combination with other abiotic stresses, and there is very limited informa-
tion available on the development of transgenic cereals targeting UV-B stress
tolerance. In some model plants and other plant species, transgene expression and
their impact on the ROS and other oxidative accumulation have been elucidated. A
few examples of transgenic approach used for UV-B stress tolerance development
have been comprised in this section. In the report of Nagy et al. (2016), the
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Table 9.2 Examples of transgenic cereals for heavy metal tolerance and accumulation

Transgenic
cereals Gene/TF and its source

Response of target transgenic
cereal/improved trait References

Rice
(Oryza
sativa)

MTH1745 from
Methanothermobacter
thermoautotrophicum, protein
disulphide isomerase-like
protein (PDIL)

Increase in Hg tolerance,
photosynthesis rate, activity of
SOD and POD, and decrease in
superoxide radicals, H2O2, and
lipid peroxidation compared to
the wild type

Chen et al.
(2012)

TaCNR2 (cell number regulator
2 from common wheat
(Triticum aestivum))

Enhanced stress tolerance to
Cd, Zn, and Mn and increased
translocation from roots to
shoot due to overexpression in
Arabidopsis and rice

Qiao et al.
(2019a, b)

TuCNR10 from diploid wheat,
Triticum urartu

Overexpression in Arabidopsis
and rice leads to enhanced
tolerance and translocation
from root to shoot of Cd, Zn,
and Mn

Qiao et al.
(2019b)

OsLEA4 late embryogenesis
abundant (LEA) proteins

Suppress the oxidative stress
associated with drought, salt,
and heavy metal stresses

Hu et al.
(2016)

TaPCS1 Cd hypersensitivity Wang
et al.
(2012)

OsMT1 Zn accumulation Yang et al.
(2009)

Oryza
sativa
L. cv.
Zhonghua
No.11

GST (glutathione-S-transferase)
and CAT1 (catalase1)
transgene

In particular, co-expression of
GST and CAT1 had a
significant effect on the whole
glutathione-ascorbate cycle.
The GST and CAT1
transgenes, as well as the
coordination of the whole
glutathione-ascorbate cycle,
contributed to low oxidative
damage in the transgenics
induced by Cd and the
combined stress

Zhao et al.
(2009)

HsCIPK from Tibetan Plateau
annual wild barley (Hordeum
spontaneum C. Koch)

In rice (Oryza sativa L. cv
Nipponbare), ectopic
expression of multiple
HsCIPKS led to enhanced root
tolerance to salt, heavy metal
(Hg, Cd, Cr, and Cu), and
drought stress in transgenic
plants

Pan et al.
(2018)

(continued)
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Table 9.2 (continued)

Transgenic
cereals Gene/TF and its source

Response of target transgenic
cereal/improved trait References

Wheat
(Triticum
aestivum)

NAC Tfs from Ae. markgrafii Overexpression of AemNAC2
in the wheat cultivar
‘Bobwhite’ led to reduce Cd
concentration in the root, shoot,
and grains

Du et al.
(2020)

Isopentenyltransferase (ipt)
gene

Under Cd stress, transgenic
wheat isoline shows less
seminal root growth
impairment and a different
metabolite profile

Gomez
Mansur
et al.
(2021)

MATE gene named HvAACT1
(codes for a membrane-bound
citrate transporter)

Wheat, barley, and rice
displayed increased HvAACT1
expression which leads to a
faster citrate efflux from roots
and increased Al (3+) tolerance

Zhou et al.
(2013)

Maize (Zea
mays)

ZmAT6 (a novel protein) Transgenic plants show
increased root growth and
reduced Al accumulation, lower
levels of malondialdehyde, and
reactive oxygen species (ROS)
in the roots, but higher levels of
proline. Compared with wild-
type plants, they have a reduced
absorption of Evans blue in
their roots

Du et al.
(2020)

Barley
(Hordeum
vulgare L.)

AKR enzymes derived from
either thale cress (A. thaliana)
(AKR4C9) or alfalfa
(Medicago sativa) (MsALR)
aldo-keto reductase (AKR4C9)
from A. thaliana

Improved heavy metal (Cd) and
salt tolerance compared to WT,
which was considered to be an
effect of the reduction of
reactive aldehyde molecules.
Enhances tolerance of barley to
oxidative stress and cadmium
stress by detoxifying reactive
aldehydes in vivo

Éva et al.
(2016)

ALMT1 gene of wheat
(Triticum aestivum) encodes for
malate transporter

An Al-activated efflux of
malate was found with similar
properties to the Al-tolerant
wheat. Transgenics showed
high Al tolerance in hydroponic
as well as acid soils

Delhaize
et al.
(2004)

Two MATE genes (which
encode for citrate transporters:
SbMATE (major Al(3+)
tolerance gene from sorghum
and FRD3 (Fe nutrition in
Arabidopsis))

In hydroponic and short-term
soil trials, lines expressing
SbMATE exhibited Al(3+)-
activated citrate efflux from
root apices as well as greater
tolerance. FRD3 transgenic
lines revealed phenotypic
similarities except that citrate
release from roots was
constitutive

Zhou et al.
(2014)
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transgenic barley lines expressing Medicago sativa aldose reductase (MsALR) gene
showed accumulation of MsALR in the cytosol as well as chloroplast, which can
increase the abiotic stress tolerance caused by ROS in the plants. The report of Wang
et al. (2006) elucidates the enhanced tolerance to UV-B and heat stress
overexpressing the cytosolic ascorbate peroxidase (cAPX) in transgenic tomato.
While exposing the plants to UV-B, heat, and drought stresses, a several-fold higher
level of APX activity was observed in the leaves of cAPX transgenic plants. The
presence of higher APX activity in plants suggests the enhanced tolerance to the
ROS as plant develops antioxidant enzymes such as SOD and APX to detoxify the
ROS. Another interesting study on carrot by Jayaraj and Punja (2008) has been
demonstrated to understand the expression of an algal β-carotene ketolase gene (bkt).
The constitutive expression of pigments like astaxanthin, adonirubin, canthaxanthin,
echinenone, adonixanthin, and β-cryptoxanthin in transgenic plants resulted in

Table 9.3 Examples of transgenic cereals for improved hypoxia/oxygen stress tolerance

Transgenic
cereal Gene/TF and its source

Response of target transgenic
cereal/improved trait References

Rice
(Oryza
sativa)

SmAPX ascorbate
peroxidase (APX) (Solanum
melongena, SmcDNA
(eggplant)

Transgenic rice seedlings
exhibited higher flood tolerance
and less oxidative injury and
grew faster than non-transgenic
plants upon exposure to flood
treatment

Chiang et al.
(2015)

Pyruvate decarboxylase
(PDC) and alcohol
dehydrogenase (ADH)

PDC1 polypeptide level increased
in shoots but not in roots and
shoots of transgenic lines
expressing the rice Pdc1 CDNA
derived from an anaerobic
promoter (6XARE). An increase
in PDC activity and ethanol
production was observed in
shoots of these lines under anoxic
conditions, as well as decreased
growth when submerged in water

Rahman
et al. (2001)

Transformants with reduced adh1
showed reduced ethanol
production and coleoptile growth
under hypoxia

A transgenic line expressing
cotton adh2 cDNA showed three
to four-fold more ADH activity

Barley
(Hordeum
vulgare L.)

Rice Osmyb4 gene Germination under hypoxia
conditions is improved and
tolerance to frost is enhanced

Soltész et al.
(2012)

Wheat
(Triticum
aestivum)

Isopentenyltransferase (ipt)
gene from Agrobacterium
tumefaciens

Ipt-transgenic wheat plants
(Triticum aestivum L.) were more
tolerant to flooding than wild-
type plants

Tereshonok
et al. (2011)
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significant better growth than the wild type while exposed to the UV-B radiation.
The transgenic tissue also accumulated lower amount of H2O2 following exposure to
oxidative stresses, which suggests the quenching of ROS by the ketocarotenoids.
Thus, it is well understood that the UV-B stress and oxidative stress caused by it
have been attempted using transgenic plants, though it has not been studied in
cereals.

9.4 Major Challenges of Transgenic Approach

The major challenge in the development of abiotic stress-tolerant transgenic cereal
crops is the changing environmental condition. A particular genotype compatible in
one particular environment may not be compatible in another. Moreover, all abiotic
stresses can affect a plant depending upon its genetic makeup and adaptive response.
The specific genotype � environment interaction leads to varied effects in response
to different environments. Molecular genetic analysis of specific genes conferring
tolerance against different abiotic stresses has produced many successful transgenic
cereals. The challenge ahead lies in the identification of the natural variation in wild-
type populations and using them to develop promising transgenic climate-resilient
cereals. Another bottleneck in the development of future-ready abiotic stress-tolerant
transgenic cereals lies in the crosstalk between many of the abiotic stresses.
Combinations of these stresses like heat and drought can occur in the field causing
unique effects that cannot be predicted individually (Suzuki et al. 2014). This may
lead to varied physiological interactions which need novel interventions. Transgenic
pyramiding can be a viable approach to solve this problem. For example, stacking of
candidate genes for drought as well as salinity has been successfully done in rice
(Gupta et al. 2018; James et al. 2018) and maize (Nguyen et al. 2013). Another
challenge in the development of abiotic stress tolerant transgenic cereals is to
understand the stress-responsive signalling pathways and the genes involved
(Yoshida et al. 2014). Overexpression of transcription factors and other regulatory
genes has been successfully used to develop transgenic cereals with improved stress
tolerance and productivity (Mickelbart et al. 2015). Nevertheless, overexpression
analysis might not fully represent the natural function of genes in the plant which
may pose another difficulty.

9.5 Conclusion

Abiotic stresses will continue to be a challenge in agriculture. In the present scenario,
with competing uses of land and the ever-increasing world population, the challenge
is to produce the maximum in a limited area with depleting natural resources,
confronted with climate change adversely affecting crop productivity. The trans-
genic approach has been successfully employed to engineer climate-resilient cereals.
There are many instances where genetic engineering has come handy in producing
environmentally stable crops that can yield more. Recent techniques like RNAi and
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CRISPR are now being used to develop future-ready cereals that can remain stable
under changing climatic conditions. The challenge before us in crop improvement is
to integrate information on abiotic stress response pathways, identify and fish out the
different candidate genes, and use these to engineer environmentally stable cereals
that can yield more under climatic constraints, to feed the growing population.
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