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Abstract

Reactive oxygen species (ROS) is a necessary evil for the adaptation of plants in
an oxygen-containing environment. ROS is mainly produced by electron trans-
port system of chloroplasts (photosynthesis), mitochondria (during respiration),
peroxisomes, and plant cell membrane. ROS in low concentrations is critical in
some important plant metabolic pathways. It is estimated that beyond all the O2

absorbed, approximately 1% of it is diverted to generate ROS. Higher levels of
ROS concentration can damage plant cells, chlorophyll, lipids, proteins,
carbohydrates, and nucleic acids by oxidative damage and can cause disruption
of transport of ions, loss of enzyme activity, protein cross-linking, DNA damage,
and programmed cell death (PCD) pathway activation and death of cells. In order
to evade the oxidative damage, chloroplasts, mitochondria, and peroxisomes in
plants provide complex antioxidative defense against ROS by numerous enzy-
matic and nonenzymatic antioxidant components. Abiotic stress tolerance and
stress-induced oxidative protection/tolerance has been accomplished in several
crop plants by generation of transgenics through detoxification strategies of
overexpression of a battery of enzymatic and nonenzymatic antioxidants that
scavenge oxygen radicals.
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5.1 Introduction

An inevitable consequence of adaptation of life to an oxygen-comprising environ-
ment was the nonstop production of reactive oxygen species (ROS) as the metabo-
lism derivative in a biological system. ROS is mainly produced by electron transport
chain system of chloroplasts (photosynthesis), mitochondria (during respiration),
peroxisomes, and plant cell membrane or as a derivative of numerous cellular
metabolic pathways. ROS originates from molecular oxygen and accumulate in
plant tissues. In normal plant growth scenarios, production rate of ROS is low in
different cell compartments. Exogenous abiotic environmental stresses for instance,
chilling, drought, extreme heat, salinity, toxicity of heavy metals, pollutants, defi-
ciency of nutrients, and UV can interrupt the cellular homeostasis, cell defense, and
intra- and extracellular cell signaling and can induce the production and concentra-
tion of biochemically active reactive oxygen species (ROS) molecule through
oxygen metabolism in that plant (Zurbriggen et al. 2009; Pandita 2021). But higher
levels of ROS concentration can damage plant cells, chlorophyll, lipids, proteins,
carbohydrates, and nucleic acids by oxidative damage and can cause disruption of
transport of ions, loss of enzyme activity, protein cross-linking, DNA damage, and
programmed cell death (PCD) pathway activation and death of cells. Hence, plants
have evolved several complex mechanisms to maintain the ROS concentrations
under balance by stringent reconnaissance (Ali and Alqurainy 2006; Ahmad et al.
2011a, b; Ozgur et al. 2013; Sharma et al. 2012). The ROS consists of both free
radical (alkoxy radical (RO), superoxide radical (O2.-), hydroperoxyl radical (HO2

.),
hydroxyl radical (˙OH), and peroxy radical (ROdrogen peroxide (H2O2)). The free
radical and nonradical forms are plant cytotoxic (Dismukes et al. 2001; Pandita
2021).

Toxic and destructive ROS production in plant cell alters metabolic functions of
cell organelles like chloroplast and mitochondria. Their increased production is
destructive and causes oxidative damage to organellar membranes and other vital
biomolecules. Reactive oxygen species or reactive oxygen intermediate (ROI) are
partially a reduced form of atmospheric oxygen (O2). Their production is due to the
excitation of oxygen (O2) to form singlet oxygen (1O2) or transfer of one or two or
three electrons to O2 to form superoxide radical (O2

�) or hydroxyl radical (HO�).
ROS acts as signal molecule for the activation of stress-response and defense
mechanism in plant body. Oxygen is vital for the cell; however, under stress
conditions, it undergoes a series of reactions to form reactive oxygen species and
jeopardize survival of cells (Ahmad et al. 2010a, b, 2011a, b; Ahmad and Umar,
2011; Choudhury and Panda 2013). ROS and antioxidant balance completely
scavanges ROS. This leads to the loss of ROS, which is a significant second
messenger in intracellular signaling cascade. Disturbance of this balance leads to
oxidative stress (Dalton et al. 1999; Tuteja, 2007; Khan and Singh, 2008; Tuteja,
2010; Ahmad et al. 2010a, b, 2011a, b; Ahmad and Umar, 2011). To avoid the
oxidative damage, chloroplasts, mitochondria, and peroxisomes in plants provide
complex antioxidative defense against ROS by producing numerous enzymatic and
nonenzymatic antioxidant components (Sharma and Dubey, 2007; Zurbriggen et al.
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2009; Gill and Tuteja, 2010; Saed-Moucheshi et al. 2014). Plants accumulate
compatible solutes as well under abiotic stresses (Ashraf and Fooland 2007).

5.2 Reactive Oxygen Species (ROS) and Oxidative Stress

Molecular reduction of O2 results in the production of ROS containing O2�, H2O2,
OH, and 1O2 (Asada, 1999; Ahmad et al. 2008, 2010a, b, 2011a, b; Ahmad and
Prasad 2012a, b; Ahmad et al. 2013). ROS free radicals comprise of oxygen with at
least one unpaired electron. Unpaired electrons pair with other electrons for a stable
conformation. These free radical forms swiftly react with other molecules and
generate supplementary free radicals (Foyer and Halliwell, 1976).

Abiotic stresses increase generation and assemblage of very reactive reactive
oxygen species. This sequentially leads to oxidative stress. Compounds responsible
for tolerance, e.g., heat shock proteins (HSP) in temperature stress, also activate
oxidative bursts (Panchuk et al. 2002; Lee et al. 2000). Advancement of ROS
detoxification is emblematic of the reaction to abiotic and biotic stresses (Munn-
é-Bosch et al. 2004). Disruption in cellular homeostasis reduces molecular oxygen
and changes it into ROS by high energy electrons (Rizhsky et al. 2002a, b; Mittler,
2002). In living conditions, 1O2, H2O2, O2

.�, and ˙OH reactive oxygen species
damage all organic components (Snider et al. 2008). ROS generates at low levels in
chloroplasts, mitochondria apoplasm, and peroxisomes and endoplasmatic reticulum
(Polle 2001; Ashraf 2009; Ahmad and Umar 2011; Ahmad and Prasad 2012a, b;
Ahmad et al. 2013). Under normal conditions of growth, ROS production increases
during environmental stress conditions (Laloi et al. 2004; Ahmad and Umar 2011;
Ahmad and Prasad 2012a, b; Zare and Pakniyat 2012; Ahmad et al. 2013; Rasool
et al. 2013) and reacts directly with numerous metabolites for instance, lipids
(peroxidation), proteins (degradation, inactivation) and nucleic acids (DNA/RNA
disruption) pigments, and other vital cellular molecules causing cell membrane
injury and cell death (Apel and Hirt 2004; Bencze and Veisz 2005; Gao et al.
2008; Ashraf 2009; Mittler et al. 2011).

Abiotic or biotic stresses produce ROS by NADPH oxidases (Pei et al. 2000).
Plants have three main pathways for ROS generation:

1. Electron transport chain (ETC) in photosynthetic chloroplasts and powerhouses
of mitochondria.

2. A number of peroxidases and oxidase processes (glycolate oxidase, NADH
oxidase, NADPH oxidase, amine oxidase, xanthine oxidase, and lipoxygenase).

3. Photosensitizer molecules holding chlorophyll (Blokhina et al. 2003).

Inadequate CO2 fixation along with reduced ETC is the principal goal of ROS
generation in chloroplasts. During photorespiration, glycolate oxidation into
glyoxylic acid produces H2O2 in plant peroxisomes (Mittler et al. 2004). Stress
disturbs functions of mitochondria, resulting in accumulation of ROS and in turn
oxidative damage to lipids of membranes (Vacca et al. 2004; Suzuki and Mittler
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2006). Electrons from NADH produced by enzymes of Krebs cycle reduce O2 to
reactive oxygen intermediates (ROI) by ETC (Davidson and Schiestl 2001). This
process suppresses ROI production during stress conditions and induces several
defense genes, e.g., scavenging enzymes of ROI (Mittler 2002). The ROS signaling
molecule has roles in growth, development, biotic and abiotic stress, and the
programmed cell death of plants. ROS overproduction causes oxidative stress. In
oxidative stress, capability of cellular defense system to eliminate ROS molecules is
lesser than ROS generation. The balance between the production of ROS and the
consumption of ROS shifts toward higher generation of ROS (Ahmad et al. 2008,
2010a, b, 2011a, b; Ahmad and Umar 2011). The swift ROS production known as
oxidative burst is an indispensable process. Respiratory burst oxidase homolog
(Rboh) genes, which encode NADPH oxidases, are key producers of signal
transduction-associated ROS (Miller et al. 2009). Certain signaling pathways expo-
nentially enhance the ROS amount to battle against infection and stress in plants.
This exponentially increased ROS is labeled as the oxidative burst. The positive
power of ROS in low concentrations is decisive in certain vital plant pathways. The
estimations state that beyond all the O2 absorbed, approximately 1% of O2 is side-
tracked to ROS production (Tuteja 2010; Sharma et al. 2012). The localized and
temporal ROS production and ROS scavenging are probably very critical in cellular
and intracellular transduction of ROS signals (Panchuk et al. 2002). Therefore, two
slightly opposite functions of ROS highlight the necessity to regulate steady state
level of ROS in plant cells. This provides an extra potent approach for improving
crop tolerance to various stresses (Suzuki and Mittler 2006). ROS-scavenging
mechanisms protect plants (Yabuta et al. 2002; Yoshimura et al. 2004).

5.3 Scavenging of Reactive Oxygen Species (ROS)

Stress factors induce oxidative stress and antioxidative enzyme expression in bacte-
ria, yeast, and plants (Morgan et al. 1986; Davidson et al. 1996; Jaleel et al. 2007;
Esfandiari et al. 2007). ROS is a by-product of stress in plants, which damages
cellular organelles (Xiaozhong and Huang 2000; Polle 2001). For protection of
cellular and subcellular systems from oxidative damage, plant’s responses have
developed various ROS scavengers consisting of functionally interlocked protective
detoxification systems of enzymatic and nonenzymatic antioxidants for neutralizing
cytotoxic effects of ROS (Sairam and Tyagi 2004). The detoxification systems
include protective molecules like isoprene, glycine betaine, α-tocopherol (vitamin
E), and carotenoids and antioxidant metabolites, for instance, ascorbic acid and
glutathione (Sakamoto and Murata 2001; Young et al. 2004; Markovska et al.
2009). Several plants under stressed condition synthesize and accumulate antioxi-
dant enzymes as defensive mechanism. Antioxidant system consists of a battery of
enzymes that scavenge oxygen radicals, for instance, dehydroascorbate reductase,
ascorbate peroxidase (APX), superoxide dismutase (SOD), catalase (CAT), gluta-
thione reductase, glutathione peroxidase (GPX), and peroxiredoxin (PrxR) (Kubo
et al. 1999; Sairam et al. 2000; Shah et al. 2001; Iba 2002; Mittler et al. 2004).
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Antioxidants in excess bind to ROI molecule and detoxify or scavenge
it. Antioxidative activities of antioxidants upregulate under stress, but their activities
are diverse in different species (Smirnoff 2005).

5.3.1 Nonenzymatic Antioxidants

The nonenzymatic antioxidants include glutathione (GSH), tocopherols,
carotenoids, ascorbate (AsA), flavonoids, flavones, and anthocyanins (Fig. 5.1)
(Schafer et al. 2002; Gupta et al. 2005; Ahmad et al. 2008, 2010a, b, 2011a, b;
Ahmad and Umar 2011; Ahmad and Prasad 2012a, b; Ahmad et al. 2013; Rasool
et al. 2013). These antioxidants function as redox buffers, which show ROS interac-
tion and acts as metabolic interface that modulates proper induction of acclimation
responses (Foyer and Noctor 2005). Ascorbate and glutathione are vital nonenzy-
matic antioxidants of ascorbate-glutathione cycle (Rasool et al. 2013; Ahmad et al.
2013).

Nonprotein
amino acids

Non-enzymatic
Antioxidants

Ascorbic acid
(AsA)

Phenolic acids

Alkaloids

Flavonoids

Carotenoids

α-tocopherol

Glutathione
(GSH)

Fig. 5.1 Nonenzymatic antioxidants
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5.3.1.1 Glutathione (GSH)
Glutathione (GSH) is tripeptide γ-glutamylcysteinylglycine (γ-glu-cys-gly) metabo-
lite with significant role in plants. GSH appears in reduced form in tissues of plant.
GSH is localized in cytosol, apoplast, chloroplasts, peroxisomes, mitochondria,
vacuoles, endoplasmic reticulum, and scavenges peroxides (Noctor and Foyer
1998; Jimenez et al. 1998; Asada 1999; Gill and Tuteja 2010; Szarka et al. 2012;
Ramírez et al. 2013). Inside plant cells, GSH exists in reduced form (GSH) and
oxidized disulfide form (GSSG) (Shu et al. 2011).

GSH is the most important antioxidant and plays a vital function in antioxidative
defense system and pathogen tolerance and detoxifies ROS by the regeneration of
ascorbic acid through ascorbate-glutathione cycle and protects plants from oxidative
damage (Foyer and Halliwell 1976; Noctor and Foyer 1998; Ogawa 2005; Shiu and
Lee 2005; Shan et al. 2011). GSH is a substrate of glutathione S-transferase (GST)
and detoxifies dehydroascorbate reductase (DHAR) and xenobiotics (Mendoza-
Cozatl and Moreno-Sanchez 2006). GSH conserves cellular redox equilibrium by
combining with its GSSG under stressful or normal conditions (Wang et al. 2008).

5.3.1.2 Ascorbate (Ascorbic Acid)
Ascorbate is a water soluble metabolite, ubiquitous antioxidant, and enzyme cofactor
molecule, with localization in different organelles of cell, such as apoplast, chloro-
plast, cytosol, mitochondria, and peroxisome, has roles in photosynthesis, photo
protection, growth of cell wall, and development, and fights against stress,
biosynthesizes ethylene, gibberellins, hydroxyproline and anthocyanins (Wolucka
and Van Montagu 2003; Mellidou et al. 2012). It plays central role in the removal of
H2O2 and singlet oxygen (Noctor and Foyer 1998; Asada 1999). Ascorbic acid
frequently occurs in reduced state (ascorbic acid/vitamin C) in plant leaves and
chloroplasts under normal conditions and two oxidized ascorbate forms of mono-
ascorbic acid and dehydroascorbic acid. The ratio of reduced and oxidized ascorbate
forms is a principal factor that influences plant tolerance to oxidative stress (Conklin
et al. 2000; Zechmann 2011; Cruz-Rus et al. 2012). Concentration of ascorbic acid in
cells increases to millimolar range (Smirnoff 2005).

Ascorbate is the most powerful compound for detoxification of reactive oxygen
species due to its capability to provide electrons in various nonenzymatic or enzy-
matic reactions. Ascorbic acid directly quenches O2

�, 1O2, and hydroxyl radicals,
reduces H2O2 via glutathione-ascorbate cycle, and takes part in redox signaling,
gene expression modulation, and enzymatic activity regulation (Foyer et al. 1997;
Zechmann 2011). Ascorbate on reaction with reactive oxygen species produces
monodehydroascorbate (MDHA), which disproportionates into dehydroascorbate
(DHA) and ascorbate (Smirnoff et al. 2001). Ascorbic acid recovers tocopherols
from tocopheroxyl radical and offers protection of membrane. Consequently,
increased ascorbic acid levels in plants balance detrimental influences of oxidative
stress (Smirnoff 2005).
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5.3.1.3 Proline
Proline accumulates safeguard cellular redox potential and protects plants as ROS
detoxification molecule. It maintains integrity of cell membranes and stabilizes
antioxidant enzymes. Proline over accumulation has toxic effect on plant cells
(Rizhsky et al. 2004a, b).

5.3.1.4 Tocopherols
Tocopherols (α-tocopherol) are lipid soluble metabolites with antioxidant and
nonantioxidant potential, present in all plant parts produced by photosynthetic
organisms with localization in biological membranes (Munné-Bosch 2005;
Holländer-Czytko et al. 2005; Maeda and DellaPenna 2007; Ashraf 2009; Quadrana
et al. 2013). Tocopherols detoxify lipid radicals and ROS (Holländer-Czytko et al.
2005). Plant tocopherols have four isomers (α-, β-, γ-, and δ-) (Ashraf 2009). It
removes. OH radicals, superoxide radical, and singlet oxygen (Asada and Takahashi
1987). Leaves store most abundant form of α-tocopherol, and seeds store
γ-tocopherol. The β-tocopherols and δ-tocopherols are less copious in plants. The
α-tocopherol is biosynthesized from γ-tocopherol in green chloroplasts by
γ-tocopherol methyl transferase (γ-TMT, VTE4) (DellaPenna 2005; Lichtenthaler
2007; Szymanska and Kruk 2008; Gill and Tuteja 2010; Szarka et al. 2012; Velasco
et al. 2013). The α-tocopherol changes during stress into two phases. In initial phase,
α-tocopherol content enhances under stress and reduces ROS levels. In second
phase, under severe stress, α-tocopherol degradation is more than biosynthesis.
Stress-tolerant plants face first phase, and stress sensitive plants have second
phase. In photosynthetic biological organisms, fluctuations in tocopherol content
were confirmed under drought, salinity, heavy metal, or high radiation stresses
(Collakova and DellaPenna 2003; Ledford et al. 2004; Munné-Bosch 2005;
Tounekti et al. 2011a, b).

5.3.1.5 Carotenoids
Carotenoids are lipophilic isoprenoids derived from organic pigment antenna
molecules, localized in plant chloroplasts with multiple functions in plant metabo-
lism and tolerance to oxidative stresses (Taiz and Zeiger 2006; Fraser et al. 2007). It
scavenges singlet oxygen and protects chlorophyll from photoxidation (Demmig-
Adams and Adams III 1992; Neubauer and Yamamoto 1992). The chlorophyll to
carotenoid ratio is the indicator of seed tolerance to stress (Smolikova et al. 2011).

5.3.1.6 Flavonoid
Flavonoid phenolic pigments found floral parts; pollens and leaves of plants have
antioxidant properties against various oxidizing compounds. Innumerable
flavonoids act as potential inhibitors of lipoxygenase enzyme. Lipoxygenase enzyme
transforms polyunsaturated fatty acids to oxygen comprising derivatives (Nijveldt
et al. 2001).
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5.3.2 Enzymatic Antioxidants

Enzymatic antioxidants take part in ROS detoxification in abiotic stress (Jiang and
Huang 2001; Vacca et al. 2004). Peroxidase (POD), catalase (CAT), superoxide
dismutase (SOD) and GR, monodehydroascorbate reductase (MDHAR or MDAR),
ascorbate peroxidase (APX), dehydroascorbate reductase (DHAR or DAR), and
glutathione reductase (GR) scavenge superoxide and H2O2 and MDAR and GR
regenerate ascorbate (Fig. 5.2) (Mittler 2002; Nagesh-Babu and Devaraj 2008;
Ahmad et al. 2008, 2010a, b, 2011a, b; Ceylan et al. 2013). Accumulation of
ROS, for instance, H2O2 under various environmental stresses, increased CAT and
POX activities.
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Glutathione S–
transferase
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peroxidase
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Enzymatic
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Gutathione
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Fig. 5.2 Enzymatic antioxidants
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5.3.2.1 Superoxide Dismutase (SOD)
The main and universal multimeric metalloprotein enzymatic antioxidant defense
system in plants is SOD localized in chloroplast, cytsol, mitochondria, peroxisome,
apoplast (Gür et al. 2010). SOD catalyzes dismutation/scavenging of two superoxide
radicals O2� into molecular oxygen and hydrogen peroxide (H2O2) (Abedi and
Pakniyat 2010; Zare and Pakniyat 2012) and thus reduces hydroxyl radical
(OH) formation, which is very toxic (Bowler 1992; Scandalios 1993). SOD
isoforms, localized within cell apoplast, are differentially expressed in plants
(Wingsle et al. 1999). According to SOD metal cofactor existing at their active
sites, plants contain different types like manganese (Mn) (MnSOD), copper/zinc
(Cu-Zn) (CuZnSOD), iron (Fe) (FeSOD), and nickel (Ni-SOD) in chloroplasts and
mitochondria (Alscher et al. 2002; Halliwell 2006; Abedi and Pakniyat 2010; Zare
and Pakniyat 2012).

Bacteria also contain these four SODs (Halliwell and Gutteridge 2006). After
SOD changes superoxide radical to H2O2, then either CAT, APX, or POD reduce
H2O2 to H2O and O2 in cytoplasm and cell organelles (Howarth 2005). Stress
increases SOD enzyme activity for the detoxification of superoxide radicals
(Abedi and Pakniyat 2010; Zare and Pakniyat 2012).

5.3.2.2 Catalase
Catalases (CATs) are tetrameric iron porphyrins. In plants, CATs generate inside
peroxisomes and glyoxisomes. CAT catalyzes redox reaction in which H2O2

changes into oxygen and water. CAT specifically detoxifies H2O2. It also reacts
with various organic hydroperoxides, for instance, methyl hydrogen peroxide
(MeOOH) (Mittler 2002; Ali and Alqurainy 2006).

5.3.2.3 Ascorbate Peroxidase
Peroxidases remove the scavenging of H2O2 through oxidization of various
cosubstrates. Various peroxidases are not specific and use various cosubstrates
(Mano et al. 2001). Ascorbate peroxidase (APX) is a vital antioxidant enzyme
having different isoforms in chloroplasts, mitochondria, cytosol, peroxisome,
apoplast, and microsomes. These ascorbate isoforms detoxify H2O2 (Asada and
Takahashi 1987; Asada 1999; Rasool et al. 2013; Ahmad et al. 2013). APX converts
toxic H2O2 on reaction with ascorbate substrate to monodehydroascorbate (MDHA)
(Payton et al. 2001; Blokhina et al. 2003). In plant cells, four classes of APX are
chloroplast thylakoid bound (tAPX), glyoxisome membrane (gmAPX), chloroplast
stromal soluble (sAPX), and cytosolic (cAPX). The ascorbic acid antioxidant plays a
positive role for plant defense against oxidative stress. Ascorbic acid recovers by
MDAR, DHAR, and GR, oxidized by APX. The stress increased APX gene expres-
sion in chloroplasts of tobacco plants and in turn increases resistance to salt stress
and drought (Rizhsky et al. 2002b; Abedi and Pakniyat 2010; Zare and Pakniyat
2012). APX increases during stress and recovery from stress in tolerant genotypes
approves that glutathione-ascorbate cycle is extra proficient in tolerants and provides
tolerance to seedlings (Pang and Wang 2010). Plant glutathione peroxidases (GPXs)
have Cys instead of seleno-Cys at their active sites. This decreases their catalytic

5 Genetic Engineering Applications in Inducing Stress Tolerance in Plants. . . 79



action. Actually, some enzymes favor thioredoxin to GSH (Rodriguez-Milla et al.
2003).

5.3.2.4 Monodehydroascorbate Reductase (MDHAR)
Chloroplast, mitochondria, and cytosol cause the reduction of MDHA to ascorbate
(Jimenez et al. 1997).

5.3.2.5 Dehydroascorbate Reductase (DHAR)
DHAR localized in chloroplast, mitochondria, and peroxisomes plays an important
function in defense system and regenerates ascorbate from dehydroascorbate (Asada
1994).

5.3.2.6 Glutathione Reductase (GR)
GR is another enzyme localized primarily in chloroplasts or in low amounts in cell
cytosol and mitochondria, which inhibits oxidation of enzymes and cell membranes
from HTS and protects plants (Creissen et al. 1994; Almeselmani et al. 2006). It
helps in reducing the glutathione (Edwards et al. 1990; Creissen et al. 1994).

Peroxiredoxins are homodimers with significant H2O2-scavenging systems (Rhee
et al. 2005) and are 2-Cys peroxiredoxins, atypical 2-Cys peroxiredoxins, and 1-Cys
peroxiredoxins (Georgiou and Masip 2003).

5.4 Genetic Engineering-Based Stress Tolerance in Plants
Through Antioxidants

Most types of abiotic stress factors, for instance, high light, water deficiency,
salinity, flooding, and temperature extremes, interrupt the metabolic balance of
plant cells, resulting in highly stress-induced overproduction of ROS, which causes
cellular damages and damage to lipids, nucleic acids, proteins, and carbohydrates
(Kanofsky and Sima 1991; Mittler 2002; Mano 2002; Mittler et al. 2004; Foyer and
Noctor 2005; Rodriguez and Redman 2005; Ahmad et al. 2009, 2010; Sharma et al.
2012; Suzuki et al. 2012a). Abiotic stress tolerance and stress-induced oxidative
protection/tolerance have been accomplished in several crop plants by the generation
of transgenics through detoxification strategies of overexpression of glutathione
peroxidase, ascorbate peroxidase, superoxide dismutase, and glutathione reductase
and other enzymatic and nonenzymatic antioxidants (Roxas et al. 1997; Zhu et al.
1999; Lee et al. 2007a, b; Zaefyzadeh et al. 2009; Kosová et al. 2011). The low
molecular nonenzymatic antioxidants, for instance, carotenoids, ascorbate,
tocopherols, and glutathione, play key role to survive with oxidative stress (Xie
et al. 2008; Liu et al. 2009; Ahmad et al. 2010; Gill and Tuteja 2010; Miller et al.
2010; Shu et al. 2011; Mostafa and Ibrahim 2012).

A number of forms of nuclear-encoded SOD have been cloned in plants. FeSOD
genes (FSD1, FSD2, and FSD3), Cu/ZnSOD genes (CSD1, CSD2, and CSD3), and
MnSOD gene (MSD1) with an amino terminal targeting sequence occur in
Arabidopsis thaliana (Scandalias 1990; Kliebenstein et al. 1999). CAT isozymes
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such as CAT1 and CAT2 are restricted to peroxisomes and cytosol and CAT3 to
mitochondria in Helianthus annuus and Brassica (Polidoros and Scandalios 1999;
Azpilicueta et al. 2007). CAT isozymes show temporal and spatial regulation and
respond differentially to light (Scandalias 1990; Willekens et al. 1994). CAT1 is
associated with genes of β-oxidation of fatty acids and superoxide dismutase. CAT3
is a senescence-associated gene (SEN2), whereas CAT1 displays mainly higher
expression in male flower parts. H2O2 accumulation dramatically reduces in the
transgenic cassava plants with upregulated CAT expression (Xu et al. 2013). The
plants with knocked down catalase show correlation between the availability of
intracellular H2O2 and GSH-GSSG ratios. The improved availability of H2O2

declines the status of GSH pools (Queval et al. 2009; Mhamdi et al. 2010).
Catalase-deficient barley, tobacco, and Arabidopsis plants show distressed glutathi-
one status because of the higher load on catalase-independent pathways for
metabolizing H2O2 at intracellular levels (Smith et al. 1984; Rizhsky et al. 2002a;
Queval et al. 2007). In tobacco and barley, Cat1 deficiency of Cat1-deficient plants
produced white necrotic lesions on plant leaves after exposure to higher light
intensities due to reduced ability to eliminate exogenous H2O2 and disturbs other
defense system components (Kendall et al. 1983; Willekens et al. 1997). APX, CAT,
and GPX central players remove H2O2 in plants. CAT deficiency induces APX
mitAOX, MDA reductase, and GPX to compensate for CAT suppression (Mittler
2002). Decline in peroxisomal catalase activity increases sensitivity to ozone, and
H2O2 induced cell death in Arabidopsis thaliana. Deleterious effects of salinity
reduce by pretreatment with H2O2 and raised catalase activity in maize (Gondim
et al. 2012). Modifications in grade of thiol–disulfide balance catalase deficiency and
create an oxidized cellular redox in mutants (Queval et al. 2009). High light induces
photorespiration and APX and GPX accumulation in catalase-deficient Nicotiana
tabacum (Willekens et al. 1997). GPX induction in Cat2 deficient mutants acts as a
well-defined alternate pathway to manage decomposition of H2O2 in catalase defi-
ciency Arabidopsis (Queval et al. 2007; Mhamdi et al. 2010). Overexpression of
BjCAT3 gene in Brassica juncea increased CAT activity by twofolds, which
boosted Cd tolerance (Guan et al. 2009). Transgenic rice overexpressing CAT
gene (katE) from Escherichia coli was salinity tolerant (Nagamiya et al. 2007;
Moriwaki et al. 2008). ABA-induced expression of CAT1 is mediated by MAPK
cascade-mediated ABA signaling in Arabidopsis. Therefore, close-fitting connection
of H2O2 and ABA signaling due to CAT1 may be part of H2O2 signaling (Xing et al.
2008; Michelet et al. 2013). GST and CAT1 gene co-expression increased CAT and
SOD activity in transgenic rice seedlings on exposure to both salinity and paraquat,
whereas increased GST activity in transgenics took place only in plants stressed with
paraquat (Zhao and Zhang 2006). Site-specific modifications in the activity of
antioxidant enzymes have been reported. CAT stimulates in root and shoot; APX
in endosperm and GR and POD are upregulated in shoots of drought-tolerant wheat
genotypes (Devi et al. 2012).

The modification of DHAR expression is imperative for genetic engineering
plants with property of stress tolerance (Amako and Ushimaru 2009). MDHAR
overexpression reduces damaging consequences of ecological stresses (Eltayeb et al.
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2007). In transgenics, overexpression of DHAR tolerates Al stress, tolerates salinity
in Arabidopsis, and results in water deficiency and tolerance to ozone toxicity in
tobacco plants by maintaining high ASC pool (Yin et al. 2010; Chen and Gallie
2005; Ushimaru et al. 2006; Eltayeb et al. 2006). DHAR overexpressing plants show
enhanced growth of roots and lesser content of H2O2, less peroxidation of lipids, and
levels of oxidative damage to DNA in Al stress (Yin et al. 2010). Transgenic tobacco
overexpresses AtMDAR1 and showed 2.1-fold higher MDHAR activity and 2.2-
fold higher level of reduced AsA and enhanced tolerance to O3, salinity, and drought
stress (Eltayeb et al. 2007). Tobacco transformants express DHAR, GR, and GST
genes and display changed antioxidant metabolism and better resistance to salt and
chilling stress (Martret et al. 2011). Tomato fruits having enhanced MDAR activity
showed improved chilling tolerance (Stevens et al. 2008). Salt and osmotic stress-
tolerant transgenic tobacco plants showMDAR overexpression (Eltayeb et al. 2007).

APX family has four different isoforms, i.e., chloroplast stromal soluble form
(sAPX), thylakoid (tAPX), glyoxisome membrane form (gmAPX), and cytosolic
form (cAPX) (Noctor and Foyer 1998). In response to water deficit, salt, or ozone,
APX expression increases in plants (Noctor and Foyer 1998; Yoshimura et al. 2000).
In chloroplasts of tobacco, overexpression of APX enhances tolerance of plants to
salinity and water deficiency (Badawi et al. 2004a, b). The ascorbate-glutathione
cycle enzymes, for instance, APX and GR, were upregulated under high temperature
in lily plants. These enzymes play an indispensable role in the alleviation of H2O2

accumulation. At transcriptional level, APX upregulation and generation of novel
thermostable APX isoforms in Arabidopsis thaliana alleviate H2O2 accumulation
(Panchuk et al. 2002).

Heat-tolerant genotype of cabbage exhibited higher GSH content. Due to increase
in expression of APX, DHAR, and GR enzymes in apple leaves on exposure to heat
stress, content of AsA, total glutathione, GSH, and GR also increase (Ma et al.
2008). APX and GR stop the oxidation of enzymes and cell membranes and
henceforth play an imperative part in the protection of plants from heat
(Almeselmani et al. 2006). The pAPX (peroxisomal type ascorbate peroxidase)
scavenges H2O2 in peroxisomes (Shi et al. 2001). A gene pAPX (HvAPX1) from
Hordeum vulgare was transferred to transgenic Arabidopsis thaliana plant against
oxidative stress (Shi et al. 2001). Both CAT and APX enzymes detoxify H2O2 into
H2O and O2. In oxidative stress conditions, CAT activity is declined in peroxisomes
(Shi et al. 2001). In normal conditions, total APX enzyme activity does not fluctuate.
Overexpression of HvAPX1 transgenic against salt tolerance only affects single
APX isoenzyme instead of improving total APX enzyme activity (Tsugane et al.
1999). The cytosolic APX mRNA increases under ozone stress and causes detoxifi-
cation of ROS (Kubo et al. 1995; Örvar et al. 1997). Antisense version of cytosolic
APX reduced tolerance to ozone in tobacco plants (Örvar et al. 1997). OsAPXa
overexpressing rice plants exhibited improved APX activity and lower levels of
H2O2 and MDA in cold stress (Sato et al. 2011). Two different signals were likely
generated in thylakoid ascorbate peroxidase (tylapx) and cytosolic ascorbate peroxi-
dase 1 (apx1) gene knockout double mutants. The absence of chloroplastic H2O2

removing enzymes enhances heat tolerance in plants (Miller et al. 2007). The
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thylakoid-bound APX genes (LetAPX) from tomato on overexpression in tobacco
lead to enhanced salinity tolerance (Sun et al. 2009).

Heavy metals cause oxidative stress because of better ROS production (Dietzk
et al. 1999). SbMYB15 transgenic tobacco displayed heavy metal tolerance.
SbMYB15 overexpression improved CAT and SOD activities, MnSOD (twofold),
and CdCl2 (three- or ninefold), and CAT1 (62-fold) (Sapara et al. 2019).
Overexpression of CaGrx from chickpea increased heavy metal tolerance into
A. thaliana. Transgenics exhibited enhanced activities of GRX, GST, GR, GPX,
CAT, APX, SOD, and MDHAR in AsIII and Cr stress (Kumar et al. 2020). The gene
expression for GSH biosynthetic enzymes was enhanced in Cd-tolerant transgenic
Brassica juncea (Zhu et al. 1999). Yeast cadmium factor (YCF1) is a glutathione-S-
conjugate transporter. In yeast, it transports Cd21 GSH in a vacuolar membrane
protein (YCF1) and confers tolerance to Cd21 (Decottignies and Goffeau 1997;
Morgan et al. 2013). GS or g-ECS overexpression in B. juncea showed improved
stress resistance to various HMs (Cd, Zn, As, and Pb) because of higher capacity of
GSH and PC biosynthesis (Reisinger et al. 2008). Aluminum (Al+3) toxicity inhibits
root growth (Tabaldi et al. 2009). Tolerant lines showed Al+3 tolerances because of
improved GST activity (Darkó et al. 2004). Ascorbate-glutathione enzymes
increased in Al+3-stressed rice seedlings to cope with oxidative stress (Sharma and
Dubey 2007). MDHAR or DHAR transgenic tobacco plants tolerate Al+3 stresses by
regeneration of reduced AsA (Yin et al. 2010). Higher proline synthesizing trans-
genic plants showed better resistance to several abiotic stresses and oxidative
damage. Transgenic green microalga Chlamydomonas reinhardtii overexpressing
P5CS show tolerance to toxic cadmium heavy metal stress by accumulation of above
twofold free proline content and GSH redox state (Siripornadulsil et al. 2002).

GR overexpression increased tolerance to plant oxidative stress because of
increased antioxidant capacity. Transgenic plants produced by manipulation of
various antioxidant enzymes of ascorbate-glutathione cycle show tolerance to salin-
ity (Ashraf 2009; Kocsy et al. 2001). The cold tolerant coffea sp. shows higher level
of Cu/Zn-SOD, APX, ascorbate, and tocopherol molecules for controlling oxidative
stress produced during chilling (Fortunato et al. 2010). Acerola PMM transgenic
tobacco has threefold more ascorbate content (Badejo et al. 2009b). In Arabidopsis
thaliana, mutations in genes of D-Man/L-Gal pathway decreased AsA content
(Dowdle et al. 2007; Linster et al. 2007). Overexpression of these genes improved
AsA levels (Dowdle et al. 2007; Linster et al. 2008). Arabidopsis ERF (AtERF98)
gene regulates AsA synthesis through the activation of synthesis associated genes
(Zhang et al. 2012). The ascorbate content enhanced twofolds in transgenic tobacco
transformed with GME and GGP than individual gene. The expression of acerola
was 5- to 700-fold higher than in Arabidopsis (Badejo et al. 2009a). In Solanum
lycopersicon, overexpression of GDP-Man-3, 5-epimerase gene (SlGME) increases
AsA content and tolerance to salinity and cold (Zhang et al. 2011). Overexpressed
GDP-D-mannose pyrophosphorylase (GMPase) gene of acerola shows a two- to
threefold rise in ascorbate content in Solanum lycopersicon (Badejo et al. 2008).
The GMPase levels change due to the change in AsA content on the basis of the
presence or absence of light (Wang et al. 2011, 2013). GMPase gene shows
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overexpression in transgenics in normal conditions and heat stress. The activities of
GMPase, DHAR, MDHAR, and APX and contents of DHA and AsA increase. Thus,
potato and Solanum lycopersicon tolerate temperature stress because of
overexpression of GMPase, which in turn increase AsA levels (Li et al. 2011a, b).
During stress, expression of AsA induces and increases AsA biosynthesis in Sola-
num lycopersicon (Ioannidi et al. 2009). There is an association between the rise in
content of AsA and expression of GDP-L-galactose phosphorylase (GGP) and
GDP-D-mannose, 30, 50-epimerase (GME) in kiwifruit (Bulley et al. 2009).

Overexpression of either Gly I or Gly II glyoxalase system enzymes increases
tolerance to abiotic stress in plants (Singla-Pareek et al. 2003, 2006, 2008; Lin et al.
2010; Wu et al. 2012; Viveros et al. 2013). GalUR overexpression in transgenic
potato plants shows better tolerance to salinity and salinity-induced oxidative stress,
accumulation of AsA, restricted increase in MG levels, higher GSH/GSSG ratio, and
increased activities of APX, DHAR, GR, GST, GPX, and Gly I and Gly II. Increased
ROS, MG detoxification, changes in GSH, and AsA redox state enhanced salinity
tolerance in transgenics (Upadhyaya et al. 2011). The induction of plant-specific Tau
class GSTU genes by various abiotic stresses provides improved protection of plants
to oxidative damage (Jha et al. 2011). The effect of heat on glutathione and ascorbic
acid levels was reported (Kocsy et al. 2002, 2004; Kumar et al. 2012; Dai et al.
2012). The transgenic tomato showed higher GPX activity and more resilience to
abiotic stress but more susceptibility to biotic stress (Herbette et al. 2011). Tobacco
GST with GPX overexpression in Nicotiana tabacum L. improved seedling growth
in heat and salinity stress (Roxas et al. 2000). The proline biosynthesis suppression
in transgenic plants with inducible gene coding for P5CR in the antisense direction
improved drought sensitivity (de Ronde et al. 2000, 2001). Salt hypersensitive
Arabidopsis mutant (p5cs1) had reduced root growth, proline content, and NADP1
to NADPH ratio and enhanced ROS production, severe chlorophyll destruction,
elevated H2O2, and level of lipid peroxidation under severe oxidative stress (Szekely
et al. 2008; Sharma et al. 2011). Nicotiana tabacum transformed with P5CS gene
exhibited an increase in activities of APX, CAT, and proline accumulation and
salinity tolerance (Razavizadeh and Ehsanpour 2009). “Swingle” citrumelo
rootstocks were transformed with P5CSF129A gene encoding for proline biosyn-
thesis (De campos et al. 2011). APX, CAT, SOD, and GR exhibited differential
regulation in leaves of Swingle citrumelo transgenics with high endogenous accu-
mulation of proline under drought stress and normal conditions (De Carvalho et al.
2013). P5CS gene overexpression in both sense and antisense directions was done in
transgenic soybean plants. Antisense transgenics showed severe H2O2 and lipid
hydrogen peroxide levels, higher GSH pool, and ROS injury. The sense transgenics
showed slightest injury due to lower accumulation of H2O2 and higher proline and
AsA pool in drought or combined heat and water deficiency stress (Kocsy et al.
2005). Transgenic sugarcane plants overexpress P5CS gene with 2.5-fold higher
proline content but no osmotic adjustment under drought (Molinari et al. 2007). A
rice transgenic overexpressing P5CSF129A gene showed higher salinity tolerance
and reduced lipid peroxidation (Kumar et al. 2010). Salinity leads to excessive ROS
generation and oxidative stress in plants produced as a derivative of aerobic
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metabolism (Chaparzadeh et al. 2004; Parida and Das 2005; Noreen et al. 2009;
Ashraf 2009; Wang et al. 2012a, b).

OsOAT gene transgenic rice showed higher GSH pool, enhanced activities of
GPX and POD, ROS scavenging activity, proline accumulation, and better water
deficiency and osmotic stress tolerance (You et al. 2012). Transgenic Solanum
tuberosum overexpressing l-gulono-c-lactone oxidase (GLOase) gene boosted
basal levels of AsA content and showed improved persistence under various abiotic
stresses (Hemavathi et al. 2010). The a-tocopherol overexpression increases plant
tolerance to oxidative stress. Tocopherol cyclase (VTE1) catalyzes second last step
of tocopherol biosynthesis. VTE1 overexpressing transgenic tobacco exhibited
declined lipid peroxidation, electrolyte leakage, and H2O2 content in water defi-
ciency conditions (Liu et al. 2008).

Synchronized overexpression of Cu/Znsod and apx or only apx in transgenic
tobacco plants lessened the damage of drought stress (Faize et al. 2011). SOD
(SOD-OX) overexpression in leaves enhanced tolerance to both acute and longer-
term high temperatures (Artlip et al. 2009). In Ipomoea batatas, expression of
Cu/ZnSOD and APX improved water deficiency resistance and the recovery rate
from water deficiency stress (Lu et al. 2010). Expression of CuZnSOD, APX, and
DHAR in transgenic tobacco plants was extra effective than single or double
expression with improved tolerance to various stresses (Lee et al. 2007a, b).

Overexpression of MuWRKY3 gene from horse gram into groundnut plants leads
to lower contents of MDA, H2O2, and O2˙� and improved SOD (three- to fivefolds)
and APX (three- to sevenfolds) activities and increased water deficiency tolerance
(Kiranmai et al. 2018). MdATG18a overexpression in apple increased the activities
of CAT and POD and improved tolerance to drought stress by high frequency of
autophagy and restriction of oxidative damage (Sun et al. 2018). Overexpression of
chrysanthemum DgNAC1 gene lowered the accumulation of MDA, H2O2, and
O2• � and significantly improved SOD, CAT, and POD activities and salinity
tolerance in transgenics (Wang et al. 2017). PaSOD (Potentilla atrosanguinea)
and RaAPX (Rheum australe) were overexpressed in potato dual transgenic. Trans-
genic potato increased activities of SOD and APX positive regulators to enhance
tolerance to salinity by ROS regulation and lignin biosynthesis signaling (Shafi et al.
2017). DaAPX overexpression and supplementation of transgenic plants with H2O2

improved APX activity and improved flooding and cold tolerance (Chen et al. 2019).
AtDREB1A overexpression in tomato plants increased activities of SOD and CAT
and superior chilling stress tolerance (Karkute et al. 2019). Overexpression of
StSOD1 gene improved SOD, POD, and CAT activities and improved cold tolerance
in transgenic plants (Che et al. 2020). Chrysanthemum CmSOS1 overexpression
enhanced SOD and CAT in transgenic plants (Wang et al. 2019). A summary of
transgenic plants with increased antioxidant defense system activities under various
stresses is documented in Table 5.1.
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Table 5.1 Transgenic plants tolerant to oxidative stress

Mutant/
transgenic plant Gene Stress response Reference/s

Arabidopsis
thaliana

CaMT Enzyme activities of
APX, POD, GPX, and
GRX enhance in
transgenic plants

Dubey et al.
(2019)

Arabidopsis
thaliana

MpDGK2 Enzyme activities of
CAT, APX, and POD
enhance in transgenic
plant.

Tan and
Wang (2020)

Arabidopsis
thaliana

OsSultr1;1 Enzyme activity is
enhanced, i.e., GSH
with As (III) toxicity

Kumar et al.
(2019)

Arabidopsis
thaliana

BnERF2.4 Enzyme activities of
SOD, POD, and CAT
enhanced in under
waterlogging

Lv et al.
(2016)

Arabidopsis
thaliana

MaRAP2-4 Enzyme activities of
CAT, GPX, and SOD
enhance in transgenic
plants under
waterlogging

Phukan et al.
(2018)

Arabidopsis
thaliana

DaAPX Enzyme activity of APX
enhanced in transgenic
plants

Chen et al.
(2019)

Arabidopsis
thaliana

HvERF2.11 Enzyme activities of
SOD, POD, CAT,
alcohol dehydrogenases
by 2.1-, 2.3-, and 1.9-
fold enhanced in three
transgenic lines under
waterlogging

Luan et al.
(2020)

Arabidopsis
thaliana

apx1/apx2 APX2 knockout lines
produced more seeds
under prolonged heat
stress

Suzuki et al.
(2012b)

Arabidopsis
thaliana

HSF3/APX2 Enhanced ROS
accumulation in plants

Panchuk et al.
(2002)

Arabidopsis
thaliana

CAM3 Thermotolerance
reduced in CAM3
mutants and rescued/
enhanced in CAM3
overexpression

Zhang et al.
(2009)

Arabidopsis
thaliana

CAM3 AtCaM3 is involved in
NO signal transduction
as a downstream factor
and is dependent on
increased HS
transcription factor
DNA-binding activity
and HSP accumulation

Xuan et al.
(2010)

(continued)
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Table 5.1 (continued)

Mutant/
transgenic plant Gene Stress response Reference/s

Arabidopsis
thaliana

Apx1/Apx2 H2O2 takes part in heat
stress signaling pathway
and in HSF activation
during the early phase of
heat stress

Volkov et al.
(2006)

Arabidopsis
thaliana

Mammalian L-gulono-lactone
oxidase

Four- to sevenfold
increase in ascorbate

Jain and
Nessler
(2000)

Arabidopsis
thaliana

DHAR Increased Salinity
tolerance

Ushimaru
et al. (2006);
Chen and
Gallie (2005)

Arabidopsis
thaliana

GPX-2 Salinity, heavy metal,
drought, cold, oxidative,
and MV

Gaber et al.
(2006)

Arabidopsis
thaliana

APX2 and APX 3 Heat tolerance Chiang et al.
(2015)

Arabidopsis
thaliana

MDHAR+ DHAR Freezing oxidative
tolerance

Shin et al.
(2013)

Arabidopsis
thaliana

AtERF98 Activation of ascorbic
acid biosynthesis

Zhang et al.
(2012)

Arabidopsis
thaliana

VvWRKY30 POD, CAT, and SOD
activities enhance in
transgenic plants

Zhu et al.
(2019)

Arachis
hypogaea

MuWRKY3 Enzyme activities of
SOD enhanced by 3–5
and APX by three- to
sevenfolds in transgenic
plants

Kiranmai
et al. (2018)

Brassica
campestris

Cu-Zn SOD + CAT Salinity and SO2 Tseng et al.
(2007)

Brassica juncea GS Heavy metal tolerance Reisinger
et al. (2008)

Chrysanthemum DgNAC1 Enzyme activities of
SOD by twofolds, CAT
by twofolds, and POD
by threefolds enhanced
in transgenic plants

Wang et al.
(2017)

Chrysanthemum
morifolium

CmSOS1 SOD and CAT activities
enhanced in transgenic
plants

Wang et al.
(2019)

E. coli GR Heat and MV Achary et al.
(2015)

Festuca
arundinacea

Mn SOD +APX Multiple abiotic stresses Lee et al.
(2007a, b)

Glycine max GmMYB84 Enzyme activities of
SOD, POD, and CAT
enhanced significantly
in transgenic plants

Zhang et al.
(2020)

(continued)
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Table 5.1 (continued)

Mutant/
transgenic plant Gene Stress response Reference/s

Gossypium
hirsutum

GR Cold and
photooxidative
tolerance

Kornyeyev
et al. (2003)

Lycopersicon
esculentum

cAPX Drought, heat, cold, and
UV light

Wang et al.
(2005a)

Malus domestica MdATG18a Enzyme activities of
CAT and POD
enhanced by 1.57–2.05-
fold in transgenic plants

Sun et al.
(2018)

Malus domestica MdATG18a Enzyme activities of
SOD, POD, CAT, AsA,
and GSH enhanced in
transgenic plants, and
decrease in ratio of
GSH/GSSG under
extreme temperature

Huo et al.
(2020)

Manihot
esculenta

APX and Cu-Zn SOD MV and cold Xu et al.
(2014)

Nicotiana
tabacum

ZmSO Increased activity of
GSH in transgenic
plants

Xia et al.
(2018)

Nicotiana
tabacum

SbMYB15 Enzyme activities of
CAT and SOD
enhanced in transgenic
plants and increase the
expression of MnSOD,
CdCl2 and CAT1

Sapara et al.
(2019)

Nicotiana
tabacum

TaFBA1 Enzyme activities of
SOD, POD, and APX
enhanced and CAT
activity decreased in
transgenic plants under
heat stress

Li et al.
(2018)

Nicotiana
tabacum

Cu-Zn SOD Salinity and drought Badawi et al.
(2004c)

Nicotiana
tabacum

katE Salinity Al-Taweel
et al. (2007)

Nicotiana
tabacum

AtMDHAR1 Salinity, ozone and
drought

Eltayeb et al.
(2007)

Nicotiana
tabacum

swpa4 Salinity, osmotic and
oxidative

Kim et al.
(2008)

Nicotiana
tabacum

DHAR Salinity and drought;
ascorbic acid
biosynthesis; aluminum

Eltayeb et al.
(2007), Zhou
et al. (2015b),
Yin et al.
(2010)

(continued)
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Table 5.1 (continued)

Mutant/
transgenic plant Gene Stress response Reference/s

Nicotiana
tabacum

GPX Salinity, cold and
oxidative stress
tolerance

Yoshimura
et al. (2004)

Nicotiana
tabacum

VTE1 Drought tolerance Liu et al.
(2008)

Nicotiana
tabacum

Drought and ozone
tolerance

Ushimaru
et al. (2006)

Nicotiana
tabacum

APX and Cu-Zn SOD Methyl viologen and
oxidative damage;
salinity tolerance

Kwon et al.
(2002),
Negi et al.
(2015)

Nicotiana
tabacum

Cu-Zn SOD MV and cold tolerance;
oxidative and salinity
tolerance; drought
tolerance

Gupta et al.
(1993), Jing
et al. (2015),
Negi et al.
(2015)

Nicotiana
tabacum

APX, Cu-Zn SOD and DHAR Salinity and paraquat
tolerance

Xu et al.
(2014)

Nicotiana
tabacum

EsSPDS1 Drought tolerance Zhou et al.
(2015a)

Nicotiana
tabacum

CAT3 Heavy metal tolerance Gichner
(2004)

Nicotiana
tabacum

SoCYP85A1 Enhanced activity of
POD by 1.3- to 1.5-
folds and SOD by 1.36-
to 1.39-fold

Duan et al.
(2017)

Nicotiana
tabacum

GDP-L-galactose guanylyl
transferase and
GDP-mannose3’,50-epimerase

Sevenfold Bulley et al.
(2009)

Nicotiana
tabacum

Arabidopsis cytosolic DHAR Tolerance to water
deficiency and ozone
stresses

Eltayeb et al.
(2006)

Nicotiana
tabacum

sHSPs H2O2 is required for
activation of sHSP
synthesis

Konigshofer
et al. (2008)

Nicotiana
tabacum

BADH Overexpression
increased
thermotolerance
induced by
accumulation of glycine
betaine and repair of
PSII from heat-
enhanced photo
inhibition in transgenic
plants

Yang et al.
(2007)

Nicotiana
tabacum

MDHAR MDHAR
overexpression
increased tolerance to
salt and osmotic stresses

Eltayeb et al.
(2007)

(continued)
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Table 5.1 (continued)

Mutant/
transgenic plant Gene Stress response Reference/s

Nicotiana
tabacum

Human DHAR gene Tolerance to cold and
salinity stress

Kwon et al.
(2003)

Nicotiana
tabacum

Wheat DHAR gene Tolerance to ozone Chen and
Gallie (2005)

Oryza sativa Cu-Zn SOD Salinity, drought, and
oxidative tolerance

Prashanth
et al. (2008)

Oryza sativa P5CS Drought and salinity
tolerance in transgenic
plants

Su and Wu
(2004)

Oryza sativa MDHAR Salinity tolerance in
transgenic plants

Sultana et al.
(2012)

Oryza sativa Cytosolic GR Photooxidative stress
tolerance

Kouril et al.
(2003)

Oryza sativa MnSOD Salinity tolerance Tanaka et al.
(1999)

Oryza sativa CAM1-1 CaM1-1 Isoform interpret a Ca21
signature regulating
transcription of
nucleoplasmic small
HSP gene during heat
stress

Wu and Jinn
(2012)

Petunia hybrida P5CS Drought tolerance Yamada
(2005)

Populus
davidiana X
Populus
bolleana

MnSOD Salinity tolerance Wang et al.
(2005b)

Prunus
domestica
cv. Claudia
Verde

SOD +APX Salinity tolerance Diaz-
Vivancos
et al. (2013)

Solanum
lycopersicum

DREB1A/CBF3 Drought stress tolerance Rai et al.
(2013)

Solanum
lycopersicum

AtDREB1A Enzyme activities of
SOD and CAT
enhanced in transgenic
plants

Karkute et al.
(2019)

Solanum
lycopersicum

CodA Overexpression of
choline oxidase shows
higher levels MT-sHSP,
HSP70, and HSC70
during heat stress in
transgenic plants

Li et al.
(2011c)

Solanum
lycopersicum

GDP-L- galactose Several fold Bulley et al.
(2012)

(continued)
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Table 5.1 (continued)

Mutant/
transgenic plant Gene Stress response Reference/s

Solanum
lycopersicum

cAPX cAPX overexpression
enhanced resistance to
heat in transgenic plants

Wang et al.
(2006)

Solanum
lycopersicum

Increased MDHAR Chilling tolerance Stevens et al.
(2008)

Solanum
tuberosum

GDP-L- galactose Several fold Bulley et al.
(2012)

Solanum
tuberosum

StSOD1 Enzyme activities of
SOD enhanced by 1.38-
folds, POD by 1.24-
folds, and CAT by 1.37-
folds in transgenic
plants

Che et al.
(2020)

Solanum
tuberosum

GLOase Accumulation of
vitamin C with
enhanced abiotic stress

Hemavathi
et al. (2010)

Solanum
tuberosum

APX and Cu-Zn SOD Heat, oxidative stress
and MV

Tang et al.
(2006)

Solanum
tuberosum

GLOase L-ascorbic acid
accumulation and
tolerance to salinity and
MV

Hemavathi
et al. (2010)

Solanum
tuberosum

P5CS Accumulation of proline
in response to salinity

Hmida-Sayari
et al. (2005)

Solanum
tuberosum

PaSOD, RaAPX SOD enhanced by two-
to sixfolds in PaSOD
and one- to threefolds in
double transgenic plants
(DTP); APX enhanced
by 5- to 11-fold in APX
and four- to eightfold in
DTP

Shafi et al.
(2017)

Strawberry fruits D-galacturonic acid Two- to threefolds Agius et al.
(2003)

Triticum
aestivum

MnSOD Oxidative and
photooxidative
tolerance

Melchiorre
et al. (2009)

Triticum
aestivum

P5CS Drought tolerance Vendruscolo
et al. (2007)
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5.5 Conclusions

Stress from their neighboring environment affects plants in a complex modus. The
schedule and localization of ROS production and scavenging during stress play
strategic roles. Identification and characterization of synchronization of signaling
events between ROS and oxidative stress will enable the generation of stress resilient
crop plants. The findings stated above evidently validate pivotal functions of enzy-
matic and nonenzymatic antioxidants in inducing oxidative stress tolerance.

References

Abedi T, Pakniyat H (2010) Antioxidant enzyme changes in response to drought stress in ten
cultivars of oilseed rape (Brassica napus L.). Czech J Genet Plant Breed 46:27–34

Achary VM, Reddy CS, Pandey P, Islam T, Kaul T, Reddy MK (2015) Glutathione reductase a
unique enzyme: molecular cloning, expression and biochemical characterization from the stress
adapted C4 plant, Pennisetum glaucum (L.) R. Br Mol Biol Rep 42:947–962

Agius F, Gonzalez-Lamothe R, Caballero JL, Munoz-Blanco J, Botella MA, Valpuesta V (2003)
Engineering increased vitamin C levels in plants by overexpression of a D-galacturonic acid
reductase. Nat Biotechnol 21:177–181

Ahmad P, Prasad MNV (2012a) Environmental adaptations and stress tolerance in plants in the era
of climate change. Springer Science1Business Media, LLC, New York

Ahmad P, Prasad MNV (2012b) Abiotic stress responses in plants: metabolism, productivity and
sustainability. Springer Science1Business Media, LLC, New York

Ahmad P, Umar S (2011) Antioxidants: oxidative stress management in plants. Studium Press Pvt.
Ltd., New Delhi, India

Ahmad P, Sarwat M, Sharma S (2008) Reactive oxygen species, antioxidants and signaling in
plants. J Plant Biol 51(3):167–173

Ahmad P, Jaleel CA, Azooz MM, Nabi G (2009) Generation of ROS and non-enzymatic
antioxidants during abiotic stress in plants. Bot Res Int 2:11–20

Ahmad P, Jaleel CA, Salem MA, Nabi G, Sharma S (2010a) Roles of enzymatic and nonenzymatic
antioxidants in plants during abiotic stress. Crit Rev Biotechnol 30:161–175

Ahmad P, Umar S, Sharma S (2010b) Mechanism of free radical scavenging and role of
phytohormones during abiotic stress in plants. In: Ashraf M, Ozturk M, Ahmad MSA (eds)
Plant adaptation and phytoremediation. Springer, Dordrecht Heidelberg, London, New York, pp
99–108

Ahmad P, Nabi G, Jaleel CA, Umar S (2011a) Free radical production, oxidative damage and
antioxidant defense mechanisms in plants under abiotic stress. In: Ahmad P, Umar S (eds)
Oxidative stress: role of antioxidants in plants. Studium Press Pvt. Ltd., New Delhi, India, pp
19–53

Ahmad P, Nabi G, Ashraf M (2011b) Cadmium-induced oxidative damage in mustard [Brassica
juncea (L.) Czern. & Coss.] plants can be alleviated by salicylic acid. S Afr J Bot 77:36–44

Ahmad P, Ashraf M, Azooz MM, Rasool S, Akram NA (2013) Potassium starvationinduced
oxidative stress and antioxidant defense responses in Brassica juncea. J Plant Interactions.
https://doi.org/10.1080/17429145.2012.747629

Ali AA, Alqurainy F (2006) Activities of antioxidants in plants under environmental stress. In:
Motohashi N (ed) The Lutein-prevention and treatment for diseases. Transworld Research
Network, India, pp 187–256

Almeselmani M, Deshmukh PS, Sairam RK, Kushwaha SR, Singh TP (2006) Protective role of
antioxidant enzymes under high temperature stress. Plant Sci 171:382–388

92 D. Pandita

https://doi.org/10.1080/17429145.2012.747629


Alscher RG, Erturk N, Heath LS (2002) Role of superoxide dismutases (SODs) in controlling
oxidative stress in plants. J Exp Bot 53:1331–1341

Al-Taweel K, Iwaki T, Yabuta Y, Shigeoka S, Murata N, Wadano A (2007) A bacterial transgene
for catalase protects translation of d1 protein during exposure of salt-stressed tobacco leaves to
strong light. Plant Physiol 145:258–265

Amako K, Ushimaru T (2009) Dehydroascorbate reductase and salt stress. CAB Rev Perspect Agric
Vet Sci Nutr Nat Resour 4:1–7

Apel K, Hirt H (2004) Reactive oxygen species: metabolism, oxidative stress, and signal transduc-
tion. Annu Rev Plant Biol 55:373–399

Artlip TS, Wisniewski ME, Macarisin D, Norelli JL (2009) Ectopic expression of a spinach SOD
gene in young apple trees enhances abiotic stress resistance. Acta Hort 839:645–650

Asada K (1994) Mechanisms for scavenging reactive molecules generated in chloroplasts under
light stress. In: Baker NR, Bowyer JR (eds) Photoinhibition of photosynthesis: from molecular
mechanisms to the field. Bios Scientific Publishers, Oxford, p 129142

Asada K (1999) The water-water cycle in chloroplasts: scavenging of active oxygens and dissipa-
tion of excess photons. Annu Rev Plant Physiol Plant Mol Biol 50:601–639

Asada K, Takahashi M (1987) Production and scavenging of active oxygen in photosynthesis. In:
Kyle DJ et al (eds) Photoinhibition. Elsevier, p 227287

Ashraf M (2009) Biotechnological approach of improving plant salt tolerance using antioxidants as
markers. Biotechnol Adv 27:84–93

Ashraf M, Fooland MR (2007) Roles of glycine betaine and proline in improving plant abiotic stress
resistance. Environ Exp Bot 59:206–216

Azpilicueta CE, Benavides MP, Tomaro ML, Gallego SM (2007) Mechanism of CATA3 induction
by cadmium in sunflower leaves. Plant Physiol Biochem 45:589–595

Badawi GH, Kawano N, Yamauchi Y, Shimada E, Sasaki R, Kubo A et al (2004a) Over-expression
of ascorbate peroxidase in tobacco chloroplasts enhances the tolerance to salt stress and water
deficit. Physiol Plant 121:231–238

Badawi GH, Yamauchi Y, Shimada E, Sasaki R, Kawano N, Tanaka K (2004b) Enhanced tolerance
to salt stress and water deficit by overexpressing superoxide dismutase in tobacco (Nicotiana
tabacum) chloroplasts. Plant Sci 66:919–928

Badawi GH, Yamauchi Y, Shimada E, Sasaki R, Kawano N, Tanaka K, Tanaka K (2004c)
Enhanced tolerance to salt stress and water deficit by overexpressing superoxide dismutase in
tobacco (Nicotiana tabacum) chloroplasts. Plant Sci 166(4):919–928

Badejo AA, Tanaka N, Esaka M (2008) Analysis of GDP-D-mannose pyrophosphorylase gene
promoter from acerola (Malpighia glabra) and increase in ascorbate content of transgenic
tobacco expressing the acerola gene. Plant Cell Physiol 49:126132

Badejo AA, Fujikawa Y, Esaka M (2009a) Gene expression of ascorbic acid biosynthesis related
enzymes of the Smirnoff-Wheeler pathway in acerola (Malpighia glabra). J Plant Physiol 166:
652660

Badejo AA, Eltelib HA, Fukunaga K, Fujikawa Y, Esaka M (2009b) Increase in ascorbate content
of transgenic tobacco plants overexpressing the acerola (Malpighia glabra) phosphomanno-
mutase gene. Plant Cell Physiol 50:423428

Bencze S, Veisz O (2005) Resistance to environmental stress in wheat at elevated levels of CO2.
Novenytermeles 54:467–475

Blokhina O, Virolainen E, Fagerstedt KV (2003) Antioxidants: oxidative damage and oxygen
deprivation stress: a review. Annal Bot 91:179–194

Bowler C (1992) Superoxide dismutases and stress tolerance. Annu Rev Plant Phys Plant Mol Biol
43:83116

Bulley SM, Rassam M, Hoser D, Otto W, Schunemann N, Wright M et al (2009) Gene expression
studies in kiwifruit and gene over-expression in Arabidopsis indicates that GDPL-galactose
guanyltransferase is a major control point of vitamin C biosynthesis. J Exp Bot 60:765778

5 Genetic Engineering Applications in Inducing Stress Tolerance in Plants. . . 93



Bulley S, Wright M, Rommens C, Yan H, RassamM,Wang KL et al (2012) Enhancing ascorbate in
fruits and tubers through over-expression of the L-galactose pathway gene GDP-L-galactose
phosphorylase. Plant Biotech J 10:390397

Ceylan HA, Türkan I, Sekmen AH (2013) Effect of coronatine on antioxidant enzyme response of
chickpea roots to combination of PEG-induced osmotic stress and heat stress. J Plant Gr Reg 32:
72–82

Chaparzadeh N, D’Amico ML, Khavari-Nejad R-A, Izzo R, Navari-Izzo F (2004) Antioxidative
responses of Calendula officinalis under salinity conditions. Plant Physiol Biochem 42:695–701

Che Y, Zhang N, Zhu X, Li S, Wang S, Si H (2020) Enhanced tolerance of the transgenic potato
plants overexpressing Cu/Zn superoxide dismutase to low temperature. Sci Hortic 261:108949

Chen Z, Gallie DR (2005) Increasing tolerance to ozone by elevating folia ascorbic acid confers
greater protection against ozone than increasing avoidance. Plant Physiol 138:1673–1689

Chen ZY, Wang YT, Pan XB, Xi ZM (2019) Amelioration of cold-induced oxidative stress by
exogenous 24-epibrassinolide treatment in grapevine seedlings: Toward regulating the
ascorbate–glutathione cycle. Sci Hortic 244:379–387

Chiang CM, Chien HL, Chen LFO, Hsiung TC, Chiang MC, Chen SP, Lin KH (2015)
Overexpression of the genes coding ascorbate peroxidase from Brassica campestris enhances
heat tolerance in transgenic Arabidopsis thaliana. Biol Plant 59:305–315

Choudhury S, Panda P (2013) Reactive oxygen species signalling in plants under abiotic stress.
Plant Sign Behav 8:e23681

Collakova E, DellaPenna D (2003) The role of homogentisate phytyltransferase and other tocoph-
erol pathway enzymes in the regulation of tocopherol synthesis during abiotic stress. Plant
Physiol 133:930–940

Conklin PL, Saracco SA, Norris SR, Last RL (2000) Identification of ascorbic acid-deficient
Arabidopsis thaliana mutants. Genetics 154:847–856

Creissen GP, Broadbent P, Kular B, Reynolds H, Wellburn AR, Mullineaux PM (1994) Manipula-
tion of glutathione reductase in transgenic plants: implications for plant responses to environ-
mental stress. Proc R Soc Edin 102:167–175

Cruz-Rus E, Amaya I, Valpuesta V (2012) The challenge of increasing vitamin C content in plant
foods. Biotechnol J 7:1110–1121

Dai AH, Nie YX, Yu B, Li Q, Lu LY, Bai JG (2012) Cinnamic acid pretreatment enhances heat
tolerance of cucumber leaves through modulating antioxidant enzyme activity. Environ Exp Bot
79:1–10

Dalton TP, Shertzer HG, Puga A (1999) Regulation of gene expression by reactive oxygen.
Pharmacol Toxicol 39:67–101

Darkó É, Ambrus H, Stefanovits-Bányai É, Fodor J, Bakos F, Barnabás B (2004) Aluminium
toxicity, Al tolerance and oxidative stress in an Al-sensitive wheat genotype and in Al-tolerant
lines developed by in vitro microspore selection. Plant Sci 166:583591

Davidson JF, Schiestl RH (2001) Mitochondrial respiratory electron carriers are involved in
oxidative stress during heat stress in Saccharomyces cerevisiae. Mol Cell Biol 21:8483–8489

Davidson JF, Whyte B, Bissinger PH, Schiestl RH (1996) Oxidative stress is involved in heat-
induced cell death in Saccharomyces cerevisiae. Proc Natl Acad Sci U S A 93:5116–5121

de campos MKS, de Carvalho K, de Souza FS, Marur CS, Pereira LFP, Filho JCB et al (2011)
Drought tolerance and antioxidant enzymatic activity in transgenic ‘Swingle’ citrumelo plants
over-accumulating proline. Environ Exp Bot 72:242–250

de Carvalho K, de Campos MK, Domingues DS, Pereira LF, Vieira LG (2013) The accumulation of
endogenous proline induces changes in gene expression of several antioxidant enzymes in
leaves of transgenic Swingle citrumelo. Mol Biol Rep 40:3269–3279

de Ronde JA, Spreeth MH, Cress WA (2000) Effect of antisense L-Δ1-pyrroline-5-carboxylate
reductase transgenic soybean plants subjected to osmotic and drought stress. Plant Growth
Regul 32:13–26

de Ronde JA, Cress WA, Van Staden J (2001) Interaction of osmotic and temperature stress on
transgenic soybean. S Afr J Bot 67:655–660

94 D. Pandita



Decottignies A, Goffeau A (1997) Complete inventory of the yeast ABC proteins. Nat Genet 15:
137145

DellaPenna D (2005) A decade of progress in understanding vitamin E synthesis in plants. J Plant
Physiol 162:729–737

Demmig-Adams B, Adams WW III (1992) Photoprotection and other responses of plants to high
light stress. Annu Rev Plant Physiol Plant Mol Biol 43:599626

Devi R, Kaur N, Gupta AK (2012) Potential of antioxidant enzymes in depicting drought tolerance
of wheat (Triticum aestivum L.). Indian J Biochem Biophy 49:257265

Diaz-Vivancos P, Faize M, Barba-Espin G, Faize L, Petri C, Hernández JA, Burgos L (2013)
Ectopic expression of cytosolic superoxide dismutase and ascorbate peroxidase leads to salt
stress tolerance in transgenic plums. Plant Biotechnol J 11(8):976–985

Dietzk J, Baier M, Krämer, U. (1999) Free radicals and reactive oxygen species as mediators of
heavy metal toxicity in plants: from molecules to ecosystems. SpringerVerlag, Berlin, p 7397

Dismukes GC, Klimov VV, Baranov SV, Kozlov YN, DasGupta J, Tyryshkin A (2001) The origin
of atmospheric oxygen on Earth: the innovation of oxygenic photosynthesis. Proc Natl Acad Sci
U S A 98:2170–2175

Dowdle J, Ishikawa T, Gatzek S, Rolinski S, Smirnoff N (2007) Two genes in Arabidopsis thaliana
encoding GDP-L-galactose phosphorylase are required for ascorbate biosynthesis and seedling
viability. Plant J 52(4):673–689. https://doi.org/10.1111/j.1365-313X.2007.03266.x

Duan F, Ding J, Lee D, Lu X, Feng Y, Song W (2017) Overexpression of SoCYP85A1, a spinach
cytochrome p450 gene in transgenic tobacco enhances root development and drought stress
tolerance. Front Plant Sci 8:1909

Dubey AK, Kumar N, Kumar A, Ansari MA, Ranjan R, Gautam A, Sahu N, Pandey V, Behera SK,
Mallick S (2019) Over-expression of CarMTgene modulates the physiological performance and
antioxidant defense system to provide tolerance against drought stress in Arabidopsis thaliana
L. Ecotoxicol Environ Saf 171:54–65

Edwards EA, Rawsthorne S, Mullineaux PM (1990) Subcellular distribution of multiple forms of
glutathione reductase in leaves of pea (Pisum sativum L.). Planta 180:278284

Eltayeb AE, Kawano N, Badawi GH, Kaminaka H, Sanekata T, Morishima I (2006) Enhanced
tolerance to ozone and drought in transgenic tobacco overexpressing dehydroascorbate reduc-
tase in cytosol. Physiol Plant 127:57–65

Eltayeb AE, Kawano N, Badawi GH, Kaminaka H, Sanekata T, Shibahara T, Inanaga S, Tanaka K
(2007) Overexpression of monodehydroascorbate reductase in transgenic tobacco confers
enhanced tolerance to ozone, salt and polyethylene glycol stresses. Planta 225:1255–1264

Esfandiari E, Shekari F, Shekari F, Esfandiari M (2007) The effect of salt stress on antioxidant
enzymes activity and lipid peroxidation on the wheat seedling. Not Bot Hort Agrobot Cluj 35:
48–56

Faize M, Burgos L, Faize L, Piqueras A, Nicolas E, Barba-Espin G, Clemente-Moreno MJ,
Alcobendas R, Artlip T, Hernández JA (2011) Involvement of cytosolic ascorbate peroxidase
and Cu/Zn-superoxide dismutase for improved tolerance against drought stress. J Exp Bot.
https://doi.org/10.1093/jxb/erq432

Fortunato A, Lidon F, Batista-Santos AP, Leitão AE, Pais IP, Ribeiro AI, Ramalho JC (2010)
Biochemical and molecular characterization of the antioxidant system of Coffea sp. under cold
conditions in genotypes with contrasting tolerance. J Plant Physiol 167:333342

Foyer CH, Halliwell B (1976) Presence of glutathione and glutathione reductase in chloroplasts: a
proposed role in ascorbic acid metabolism. Planta 133:21–25

Foyer CH, Noctor G (2005) Redox homeostasis and antioxidant signaling: a metabolic interface
between stress perception and physiological responses. Plant Cell 17:1866–1875

Foyer CH, Lopez-Delgardo H, Dat JF, Scott IM (1997) Hydrogen peroxide and glutathione-
associated mechanisms of acclimatory stress tolerance and signaling. Physiol Plant 100:241–
254

5 Genetic Engineering Applications in Inducing Stress Tolerance in Plants. . . 95

https://doi.org/10.1111/j.1365-313X.2007.03266.x
https://doi.org/10.1093/jxb/erq432


Fraser PD, Enfissi EMA, Halket JM, Truesdale MR, Yu D, Gerrish C (2007) Manipulation of
phytoene levels in tomato fruit: effects on isoprenoids, plastids, and intermediary metabolism.
Plant Cell 19:3194–3211

Gaber A, Yoshimura K, Yamamoto T, Yabuta Y, Takeda T, Miyasaka H, Nakano Y, Shigeoka S
(2006) Glutathione peroxidase-like protein of Synechocystis PCC 6803 confers tolerance to
oxidative and environmental stresses in transgenic Arabidopsis. Physiol Plant 128(2):251–262

Gao JG, Xiao Q, Ding LP, Chen MJ, Yin L, Li JZ et al (2008) Differential responses of lipid
peroxidation and antioxidants in Alternanthera philoxeroids and Oryza sativa subjected to
drought stress. Plant Growth Regul 56:89–95

Georgiou G, Masip L (2003) Biochemistry: an overoxidation journey with a return ticket. Science
300:592–594

Gichner T, Patková Z, Száková J, DemnerováK (2004) Cadmium induces DNA damage in tobacco
roots, but no DNA damage, somatic mutations or homologous recombination in tobacco leaves.
Mutat Res Genet Toxicol Environ Mutagen 559(1-2):49–57

Gill SS, Tuteja N (2010) Reactive oxygen species and antioxidant machinery in abiotic stress
tolerance in crop plants. Plant Physiol Biochem 48:909–930

Gondim FA, Gomes-Filho E, Costa JH, Mendes A, N.L., Prisco, J.T. (2012) Catalase plays a key
role in salt stress acclimation induced by hydrogen peroxide pretreatment in maize. Plant
Physiol Biochem 56:62–71

Guan ZQ, Chai TY, Zhang YX, Xu J, Wei W (2009) Enhancement of Cd tolerance in transgenic
tobacco plants overexpressing a Cd-induced catalase cDNA. Chemosphere 76:623–630

Gupta AS, Heinen JL, Holaday AS, Burke JJ, Allen RD (1993) Increased resistance to oxidative
stress in transgenic plants that overexpress chloroplastic Cu/Zn superoxide-dismutase. Proc Natl
Acad Sci U S A 90:1629–1633

Gupta KJ, Stoimenova M, Kaiser WM (2005) In higher plants, only root mitochondria, but not leaf
mitochondria reduce nitrite to NO, in vitro and in situ. J Exp Bot 56:2601–2609

Gür A, Demirel U, Özden M, Kahraman A, Copur O (2010) Diurnal gradual heat stress affects
antioxidant enzymes, proline accumulation and some physiological components in cotton
(Gossypium hirsutum L.). Afr J Biotech 9:1008–1015

Halliwell B (2006) Reactive species and antioxidants. Redox biology is a fundamental theme of
aerobic life. Plant Physiol 141:312–322

Halliwell B, Gutteridge JMC (2006) Free radicals in biology and medicine, 4th edn. Clarendon
Press, Oxford

Hemavathi UCP, Akula N, Young KE, Chun SC, Kim DH, Park SW (2010) Enhanced ascorbic acid
accumulation in transgenic potato confers tolerance to various abiotic stresses. Biotechnol Lett
32:321–330

Herbette S, de Labrouhe DT, Drevet JR, Roeckel-Drevet P (2011) Transgenic tomatoes showing
higher glutathione peroxydase antioxidant activity are more resistant to an abiotic stress but
more susceptible to biotic stresses. Plant Sci 180:548–553

Hmida-Sayari A, Gargouri-Bouzid R, Bidani A, Jaoua L, Savoure A, Jaoua S (2005)
Overexpression of Delta (1)-pyrroline-5-carboxylate synthetase increases proline production
and confers salt tolerance in transgenic potato plants. Plant Sci 169:746–752

Holländer-Czytko H, Grabowski J, Sandorf I, Weckermann K, Weiler EW (2005) Tocopherol
content and activities of tyrosine aminotransferase and cystine lyase in Arabidopsis under stress
conditions. J Plant Physiol 62:767–770

Howarth CJ (2005) Genetic improvements of tolerance to high temperature. In: Ashraf M, Harris
MPJC (eds) Abiotic stresses: plant resistance through breeding and molecular approaches.
Howarth Press Inc., New York

Huo L, Sun X, Guo Z, Jia X, Che R, Sun Y, Zhu Y, Wang P, Gong X, Ma F (2020) MdATG18a
overexpression improves basal thermotolerance in transgenic apple by decreasing damage to
chloroplasts. Hortic Res 7:1–15

Iba K (2002) Acclimative response to temperature stress in higher plants: approaches of gene
engineering for temperature tolerance. Ann Rev Plant Biol 53:225–245

96 D. Pandita



Ioannidi E, Kalamaki MS, Engineer C, Pateraki I, Alexandrou D, Melli-dou I et al (2009)
Expression profiling of ascorbic acid-related genes during tomato fruit development and
ripening and in response to stress conditions. J Exp Bot 60:663–678

Jain AK, Nessler CL (2000) Metabolic engineering of an alternative pathway for ascorbic acid
biosynthesis in plants. Mol Breed 6:73–78

Jaleel CA, Gopi R, Manivannan P, Panneerselvam R (2007) Antioxidative potentials as a protective
mechanism in Catharanthus roseus (L.) G. Don. Plants under salinity stress. Tur J Bot 31:245–
251

Jha B, Sharma A, Mishra A (2011) Expression of SbGSTU (tau class glutathione S -transferase)
gene isolated from Salicornia brachiata in tobacco for salt tolerance. Mol Biol Rep 38:4823–
4832

Jiang Y, Huang B (2001) Drought and heat stress injury to two cool season turfgrasses in relation to
antioxidant metabolism and lipid peroxidation. Crop Sci 41:436–442

Jimenez A, Hernandez JA, Rio LA, Sevilla F (1997) Evidence for the presence of the
ascorbateglutathione cycle in mitochondria and peroxisomes of pea leaves. Plant Physiol 114:
275284

Jimenez A, Hernandez JA, Pastori G, del Rı ´o, L.A., Sevilla, F. (1998) Role of the ascorbate-
glutathione cycle of mitochondria and peroxisomes in the senescence of pea leaves. Plant
Physiol 118:1327–1335

Jing X, Hou P, Lu Y, Deng S, Li N, Zhao R, Sun J, YangW, Han Y, Lang T, Ding M, Shen X, Chen
S (2015) Overexpression of copper/zinc superoxide dismutase from mangrove Kandelia candel
in tobacco enhances salinity tolerance by the reduction of reactive oxygen species in chloroplast.
Front Plant Sci 6

Kanofsky JR, Sima P (1991) Singlet oxygen production from the reactions of ozone with biological
molecules. J Biol Chem 266:9039–9042

Karkute S, Krishna R, Ansari W, Singh B, Singh P, Singh M, Singh A (2019) Heterologous
expression of the AtDREB1A gene in tomato confers tolerance to chilling stress. Biol Plant 63:
268–277

Kendall AC, Keys AJ, Turner JC, Lea PJ, Miflin BJ (1983) The isolation and characterization of a
catalase-deficient mutant of barley. Planta 159:505–511

Khan NA, Singh S (2008) Abiotic stress and plant responses. IK International, India. Krieger-
Liszkay, A., 2005. Singlet oxygen production in photosynthesis. J Exp Bot 56:337–346

Kim YH, Kim CY, Song WK, Park DS, Kwon SY, Lee HS, Bang JW, Kwak SS (2008)
Overexpression of sweet potato swpa4 peroxidase results in increased hydrogen peroxide
production and enhances stress tolerance in tobacco. Planta 227:867–881

Kiranmai K, Lokanadha Rao G, Pandurangaiah M, Nareshkumar A, Amaranatha Reddy V,
Lokesh U, Venkatesh B, AnthonyJohnson A, Sudhakar C (2018) A novel WRKY transcription
factor, MuWRKY3 (Macrotyloma uniflorum Lam. Verdc.) enhances drought stress tolerance in
transgenic groundnut (Arachis hypogaea L.) plants. Front Plant Sci 9:346

Kliebenstein DJ, Dietrich RA, Martin AC, Last RL, Dangl JL (1999) Regulates salicylic acid
induction of copper zinc superoxide dismutase in Arabidopsis thaliana. Mol Plant Microbe
Interac 12:1022–1026

Kocsy G, Galiba G, Brunold C (2001) Role of glutathione in adaptation and signalling during
chilling and cold acclimation in plants. Plant Physiol 113:158–164

Kocsy G, Szalai G, Galiba G (2002) Effect of heat stress on glutathione biosynthesis in wheat. Acta
Biol Szeged 46:71–72

Kocsy G, Szalai G, Sutka J, Paldi E, Galiba G (2004) Heat tolerance together with heat stress-
induced changes in glutatione and hydroxymethylglutathione levels is affected by chromosome
5A of wheat. Plant Sci 166:451–458

Kocsy G, Laurie R, Szalai G, Szilagyi V, Simon-Sarkadi L, Galiba G et al (2005) Genetic
manipulation of proline levels affects antioxidants in soybean subjected to simultaneous drought
and heat stresses. Physiol Plant 124:227–235

5 Genetic Engineering Applications in Inducing Stress Tolerance in Plants. . . 97



Konigshofer H, Tromballa HW, Loppert HG (2008) Early events in signaling hightemperature
stress in tobacco BY2 cells involve alterations in membrane fluidity and enhanced hydrogen
peroxide production. Plant Cell Environ 31:1771–1780

Kornyeyev D, Logan BA, Payton PR, Allen RD, Scott Holaday A (2003) Elevated chloroplastic
glutathione reductase activities decrease chilling-induced photoinhibition by increasing rates of
photochemistry, but not thermal energy dissipation, in transgenic cotton. Funct Plant Biol 30(1):
101

Kosová K, Vítámvás P, Prášil IT, Renaut J (2011) Plant proteome changes under abiotic stress-
contribution of proteomics studies to understanding plant stress response. J Proteome 74:1301–
1322

Kouril R, Lazar D, Lee H, Jo J, Naus J (2003) Moderately elevated temperature eliminates
resistance of rice plants with enhanced expression of glutathione reductase to intensive photo-
oxidative stress. Photosynthetica 41:571–578

Kubo A, Saji H, Tanaka K, Kondo N (1995) Expression of Arabidopsis cytosolic ascorbate
peroxidase in response to ozone or sulfur dioxide. Plant Mol Biol 29:479–489

Kubo A, Aono M, Nakajima N, Saji H, Tanaka K, Kondo N (1999) Differential responses in
activity of antioxidant enzymes to different environmental stresses in Arabidopsis thaliana. J
Plant Res 112:279–290

Kumar V, Shriram V, Kavi Kishor PB, Jawali N, Shitole MG (2010) Enhanced proline accumula-
tion and salt stress tolerance of transgenic indica rice by over-expressing P5CSF129A gene.
Plant Biotechnol Rep 4:37–48

Kumar S, Gupta D, Nayyar H (2012) Comparative response of maize and rice genotypes to heat
stress: status of oxidative stress and antioxidants. Acta Physiol Plant 34:75–86

Kumar S, Khare R, Trivedi PK (2019) Arsenic-responsive high-affinity rice sulphate transporter,
OsSultr1;1, provides abiotic stress tolerance under limiting sulphur condition. J Hazard Mater
373:753–762

Kumar A, Dubey AK, Kumar V, Ansari MA, Narayan S, Kumar S, Pandey V, Shirke PA, Pande V,
Sanyal I (2020) Over-expression of chickpea glutaredoxin (CaGrx) provides tolerance to heavy
metals by reducing metal accumulation and improved physiological and antioxidant defence
system. Ecotoxicol Environ Saf 192:110252

Kwon SY, Jeong YJ, Lee HS, Kim JS, Cho KY, Allen RD, Kwak SS (2002) Enhanced tolerances of
transgenic tobacco plants expressing both superoxide dismutase and ascorbate peroxidase in
chloroplasts against methyl viologen-mediated oxidative stress. Plant Cell Environ 25:873–882

Kwon SY, Choi SM, Ahn YO, Lee HS, Lee HB, Park YM et al (2003) Enhanced stress-tolerance of
transgenic tobacco plants expressing a human dehydroascorbate reductase gene. J Plant Physiol
160:347–353

Laloi C, Apel K, Danon A (2004) Reactive oxygen signaling: the latest news. Curr Opin Plant Biol
7:323–328

Ledford HK, Baroli I, Shin JW, Fischer BB, Eggen RIL, Niyogi KK (2004) Comparative profiling
of lipid-soluble antioxidants and transcripts reveals two phases of photo-oxidative stress in a
xanthophyll-deficient mutant of Chlamydomonas reinhardtii. Mol Gen Genomics 272:470–479

Lee BH, Won SH, Lee HS, Miyao M, Chung WI, Kim IJ et al (2000) Expression of the chloroplast-
localized small heat shock protein by oxidative stress in rice. Gene 245:283–290

Lee SH, Ahsan N, Lee KW, Kim DH, Lee DG, Kwak SS, Kwon SY, Kim TH, Lee BH (2007a)
Simultaneous overexpression of both CuZn superoxide dismutase and ascorbate peroxidase in
transgenic tall fescue plants confers increased tolerance to a wide range of abiotic stresses. J
Plant Physiol 164:1626–1638

Lee YP, Kim SH, Bang JW, Lee HS, Kwak SS, Kwon SY (2007b) Enhanced tolerance to oxidative
stress in transgenic tobacco plants expressing three antioxidant enzymes in chloroplasts. Plant
Cell Rep 26:591–598

Li C, Zhang L, Shi Q, Li Q, Guo X, Li X et al (2011a) Effect of tomato GMPase overexpression on
tolerance of potato plants to temperature stress. Sci Agri Sin 44:4952–4961

98 D. Pandita



Li C, Zhang L, Shi Q, Li Q, Guo X, Li X et al (2011b) Effects of GMPase overexpression on
ascorbic acid content and relative index to low-temperature tolerance in tomato plants. Acta
Hort Sin 38:692–700

Li S, Li F, Wang J, Zhang WEN, Meng Q, Chen THH et al (2011c) Glycine betaine enhances the
tolerance of tomato plants to high temperature during germination of seeds and growth of
seedlings. Plant Cell Environ 34:1931–1943

Li Q, Wang W, Wang W, Zhang G, Liu Y, Wang Y, Wang W (2018) Wheat F-box protein gene
TaFBA1 is involved in plant tolerance to heat stress. Front Plant Sci 9:521

Lichtenthaler HK (2007) Biosynthesis, accumulation and emission of carotenoids, alphatocopherol,
plastoquinone, and isoprene in leaves under high photosynthetic irradiance. Photosynth Res 92:
163–179

Lin F, Xu J, Shi J, Li H, Li B (2010) Molecular cloning and characterization of a novel glyoxalase I
gene TaGly I in wheat (Triticum aestivum L.). Mol Biol Rep 37:729–735

Linster CL, Gomez TA, Christensen KC, Adler LN, Young BD, Brenner C et al (2007) Arabidopsis
VTC2 encodes a GDP-L-galactose phosphorylase, the last unknown enzyme in the smirnoff-
wheeler pathway to ascorbic acid in plants. J Biol Chem 282:18879–18885

Linster CL, Adler LN, Webb K, Christensen KC, Brenner C, Clarke SG (2008) A second GDP-L-
galactose phosphorylase in Arabidopsis enroute to vitamin C. J Biol Chem 283:18483–18492

Liu X, Hua X, Guo J, Qi D, Wang L, Liu Z, Jin Z, Chen S, Liu G (2008) Enhanced tolerance to
drought stress in transgenic tobacco plants overexpressing VTE1 for increased tocopherol
production from Arabidopsis thaliana. Biotechnol Lett 30:1275–1280

Liu ZJ, Zhang XL, Bai JG, Suo BX, Xu PL, Wang L (2009) Exogenous paraquat changes
antioxidant enzyme activities and lipid peroxidation in drought-stressed cucumber leaves. Sci
Hort 121:138–143

Lu YY, Deng XP, Kwak SS (2010) Over expression of CuZn superoxide dismutase (CuZn SOD)
and ascorbate peroxidase (APX) in transgenic sweet potato enhances tolerance and recovery
from drought stress. Afr J Biotech 9:8378–8391

Luan H, Guo B, Shen H, Pan Y, Hong Y, Lv C, Xu R (2020) Overexpression of barley transcription
factor HvERF2.11 in Arabidopsisenhances plant waterlogging tolerance. Int J Mol Sci 21:1982

Lv Y, Fu S, Chen S, Zhang W, Qi C (2016) Ethylene response factor BnERF2-like (ERF2. 4) from
Brassica napus L. enhances submergence tolerance and alleviates oxidative damage caused by
submergence in Arabidopsis thaliana. Crop J 4:199–211

Ma YH, Ma FW, Zhang JK, Li MJ, Wang YH, Liang D (2008) Effects of high temperature on
activities and gene expression of enzymes involved in ascorbate-glutathione cycle in apple
leaves. Plant Sci 175:761–766

Maeda H, DellaPenna D (2007) Tocopherol functions in photosynthetic organisms. Curr Opin Plant
Biol 10:260–265

Mano J (2002) Early events in environmental stresses in plants induction mechanisms of oxidative
stress. In: Inzé D, Van Montagu M (eds) . Oxidative stress in plants, Taylor & Francis, UK, pp
217–246

Mano J, Ohno C, Domae Y, Asada K (2001) Chloroplastic ascorbate peroxidase is the primary
target of methyl viologen-induced photooxidative stress in spinach leaves: its relevance to
monodehydroascorbate radical detected with in vivo ESR. Biochem Biophys Acta 504:275–287

Markovska YK, Gorinova NI, Nedkovska MP, Miteva KM (2009) Cadmium-induced oxidative
damage and antioxidant responses in Brassica juncea plants. Biol Plant 53:151–154

Martret BL, Poage M, Shiel K, Nugent GD, Dix PJ (2011) Tobacco chloroplast transformants
expressing genes encoding dehydroascorbate reductase, glutathione reductase, and glutathione
S -transferase, exhibit altered anti-oxidant metabolism and improved abiotic stress tolerance.
Plant Biotechnol J 9:661–673

Melchiorre M, Robert G, Trippi V, Roberto R, Ramiro Lascano H (2009) Superoxide dismutase and
glutathione reductase overexpression in wheat protoplast: photooxidative stress tolerance and
changes in cellular redox state. Plant Growth Regul 57(1):57–68

5 Genetic Engineering Applications in Inducing Stress Tolerance in Plants. . . 99



Mellidou I, Keulemans J, Kanellis AK, Davey MW (2012) Regulation of fruit ascorbic acid
concentrations during ripening in high and low vitamin C tomato cultivars. BMC Plant Biol
12:239. https://doi.org/10.1186/1471-2229-12-239

Mendoza-Cozatl DG, Moreno-Sanchez R (2006) Control of glutathione and phytochelatin synthesis
under cadmium stress. Pathway modeling for plants. J Theor Biol 238:919–936

Mhamdi A, Hager J, Chaouch S, Queval G, Han Y, Taconnat L et al (2010) Arabidopsis glutathione
reductase 1 plays a crucial role in leaf responses to intracellular H2O2 and in ensuring appropri-
ate gene expression through both salicylic acid and jasmonic acid signaling pathways. Plant
Physiol 153:1144–1160

Michelet L, Roach T, Fischer BB, Bedhomme M, Lemaire SD, Krieger-Liszkay A (2013) Down-
regulation of catalase activity allows transient accumulation of a hydrogen peroxide signal in
Chlamydomonas reinhardtii. Plant Cell Environ 36:1204–1213

Miller G, Suzuki N, Rizhsky L, Hegie A, Koussevitzky S, Mittler R (2007) Double mutants defi
cient in cytosolic and thylakoid ascorbate peroxidase reveal a complex mode of interaction
between reactive oxygen species, plant development and response to abiotic stresses. Plant
Physiol 14:1777–1785

Miller G, Schlauch K, Tam R, Cortes D, Torres MA, Shulaev V et al (2009) The plant NADPH
oxidase RBOHD mediates rapid systemic signaling in response to diverse stimuli. Sci Signal 2:
ra45

Miller G, Suzuki N, Ciftci-Yilmaz S, Mittler R (2010) Reactive oxygen species homeostasis and
signalling during drought and salinity stresses. Plant Cell Environ 33:453–467

Mittler R (2002) Oxidative stress, antioxidants and stress tolerance. Trends Plant Sci 7:405–410
Mittler R, Vanderauwera S, Gollery M, Van Breusegem F (2004) Reactive oxygen gene network of

plants. Trends Plant Sci 9:490–498
Mittler R, Vanderauwera S, Suzuki N, Miller G, Tognetti VB, Vandepoele K et al (2011) ROS

signaling: the new wave? Trends Plant Sci 16:300–309
Molinari HBC, Marur CJ, Daros E, De Campos MKF, De Carvalho JFRP, Filho JCB et al (2007)

Evaluation of the stress-inducible production of proline in transgenic sugarcane (Saccharum
spp.): osmotic adjustment, chlorophyll fluorescence and oxidative stress. Physiol Plant 130:
218–229

Morgan B, Ezeri¸na, D., Amoako, T.N.E., Riemer, J., Seedorf, M., Dick, T.P. (2013) Multiple
glutathione disulfide removal pathways mediate cytosolic redox homeostasis. Nat Chem Biol 9:
119–125

Morgan RW, Christman MF, Jacobson FS, Stroz G, Ames BN (1986) Hydrogen peroxide-inducible
proteins in Salmonella typhimurium overlap with heat shock and other stress proteins. Proc Natl
Acad Sci U S A 83:8059–8063

Moriwaki T, Yamamoto Y, Aida T, Funahashi T, Shishido T, Asada M, Prodhan SH, Komamine A,
Motohashi T (2008) Overexpression of the Escherichia coli CAT gene, katE, enhances toler-
ance to salinity stress in the transgenic indica rice cultivar, BR5. Plant Biotechnol Rep 2:41–46

Mostafa EM, Ibrahim MM (2012) HPLC analysis of non-enzymatic antioxidants in Azolla
caroliniana (Pteridopsida) subjected to UV-B. Egypt Acad J Biol Sci 3:19–30

Munné-Bosch S (2005) The role of α-tocopherol in plant stress tolerance. J Plant Physiol 162:743–
748

Munné-Bosch S, Penuelas J, Asensio D, Llusia J (2004) Airborne ethylene may alter antioxidant
protection and reduce tolerance of Holm oak to heat and drought stress. Plant Physiol 136:2937–
2947

Nagamiya K, Motohashi T, Nakao K, Prodhan SH, Hattori E (2007) Enhancement of salt tolerance
in transgenic rice expressing an Escherichia coli catalase gene, Kat E. Plant Biotechnol Rep 1:
49–55

Nagesh-Babu R, Devaraj VR (2008) High temperature and salt stress response in French bean
(Phaseolus vulgaris). Aust J Crop Sci 2:40–48

Negi NP, Shrivastava DC, Sharma V, Sarin NB (2015) Overexpression of CuZnSOD from Arachis
hypogaea alleviates salinity and drought stress in tobacco. Plant Cell Rep 34(7):1109–1126

100 D. Pandita

https://doi.org/10.1186/1471-2229-12-239


Neubauer C, Yamamoto HY (1992) Mehler-peroxidase reaction mediates zeaxanthin formation and
zeaxanthin-related fluorescence quenching in intact chloroplasts. Plant Physiol 99:13541361

Nijveldt RJ, Van Nood E, Van Hoorn DE, Boelens PG, Van Norren K, Van Leeuwen PA (2001)
Flavonoids: a review of probable mechanisms of action and potential applications. Am J Clin
Nutr 74:418–425

Noctor G, Foyer CH (1998) Ascorbate and glutathione: keeping active oxygen under control. Ann.
Rev. Plant Physiol. Plant Mol. Biol. 49:249–279

Noreen S, Ashraf M, Hussain M, Jamil A (2009) Exogenous application of salicylic acid enhances
antioxidative capacity in salt stressed sunflower (Helianthus annuus L.) plants. Pak J Bot 41:
473–479

Ogawa K (2005) Gluthatione-associated regulation of plant growth and stress responses. Antiox
Red Signal 7:973–981

Örvar BL, McPherson J, Ellis BE (1997) Pre-activating wounding response in tobacco prior to high-
level ozone exposure prevents necrotic injury. Plant J 11:203–212

Ozgur R, Uzilday B, Sekmen A, Türkan, I. (2013) Reactive oxygen species regulation and
antioxidant defence in halophytes. Functl Plant Biol 40:832–847

Panchuk II, Volkov RA, Schoffl F (2002) Heat stress and heat shock transcription factor dependent
expression and activity of ascorbate peroxidase. Plant Physiol 129:838–853

Pandita D (2021) Reactive oxygen and nitrogen species: antioxidant defence studies in plants. In:
Aftab T, Roychoudhury A (eds) Plant perspectives to global climate changes. Academic Press,
pp 355–371. https://doi.org/10.1016/B978-0-323-85665-2.00022-4

Pang CH, Wang BS (2010) Role of ascorbate peroxidase and glutathione reductase in ascorbate-
glutathione cycle and stress tolerance in plants. In: Anjum NA, Chan MT, Umar S (eds)
Ascorbate-glutathione pathway and stress tolerance in plants. Springer, Dordrecht, pp 91–112

Parida AK, Das AB (2005) Salt tolerance and salinity effects on plants: a review. Ecotoxicol
Environ Saf 60:324–349

Payton P, Holaday AS, Allen RD (2001) Antioxidant systems and environmental stress tolerance in
cotton. In: Jenkins JN, Saha S (eds) Genetic improvement of cotton emerging technologies.
Science Publishers, Enfield, NH, pp 227–237

Pei ZM, Murata Y, Benning G (2000) Calcium channels activated by hydrogen peroxide mediate
abscisic acid signaling in guard cells. Nature 406:731–734

Phukan UJ, Jeena GS, Tripathi V, Shukla RK (2018) MaRAP2-4, a waterlogging-responsive ERF
fromMentha, regulates bidirectional sugar transporter AtSWEET10 to modulate stress response
in Arabidopsis. Plant Biotechnol J 16:221–233

Polidoros NA, Scandalios JG (1999) Role of hydrogen peroxide and different classes of
antioxidants in the regulation of catalase and glutathione-S-transferase gene expression in
maize (Zea mays L.). Physiol Plant 106:112–120

Polle A (2001) Dissecting the superoxide dismutase-ascorbate glutathione pathway in chloroplasts
by metabolic modeling. Computer simulations as a step towards flux analysis. Plant Physiol
126:445–462

Prashanth SR, Sadhasivam V, Parida A (2008) Over expression of cytosolic copper/zinc superoxide
dismutase from a mangrove plant Avicennia marina in indica rice var Pusa Basmati-1 confers
abiotic stress tolerance. Transgenic Res 17:281–291

Quadrana L, Almeida J, Otaiza SN, Duffy T, Da Silva JVC, de Godoy F et al (2013) Transcriptional
regulation of tocopherol biosynthesis in tomato. Plant Mol Biol 81:309–325

Queval G, Issakidis-Bourguet E, Hoeberichts FA, Vandorpe M, Gakiere B, Vanacker H et al (2007)
Conditional oxidative stress responses in the Arabidopsis photorespiratory mutant cat2 demon-
strate that redox state is a key modulator of day length-dependent gene expression, and define
photoperiod as a crucial factor in the regulation of H2O2-induced cell death. Plant J 52:640–657

Queval G, Thominet D, Vanacker H, Miginiac-Maslow M, Gakière B, Noctor G (2009) H2O2-
activated up-regulation of glutathione in Arabidopsis involves induction of genes encoding
enzymes involved in cysteine synthesis in the chloroplast. Mol Plant 2:344–356

5 Genetic Engineering Applications in Inducing Stress Tolerance in Plants. . . 101

https://doi.org/10.1016/B978-0-323-85665-2.00022-4


Rai GK, Rai NP, Rathaur S, Kumar S, Singh M (2013) Expression of rd29A::AtDREB1A/CBF3 in
tomato alleviates drought-induced oxidative stress by regulating key enzymatic and
non-enzymatic antioxidants. Plant Physiol Biochem 69:90–100

Ramírez L, Bartoli CG, Lamattina L (2013) Glutathione and ascorbic acid protect Arabidopsis
plants against detrimental effects of iron deficiency. J Exp Bot 64:3169–3178

Rasool S, Ahmad A, Siddiqi TO, Ahmad P (2013) Changes in growth, lipid peroxidation and some
key antioxidant enzymes in chickpea genotypes under salt stress. Acta Physiol Plant 35(4):
1039–1050

Razavizadeh R, Ehsanpour AA (2009) Effects of salt stress on proline content, expression of delta-
1-pyrroline-5-carboxylate synthetase, and activities of catalase and ascorbate peroxidase in
transgenic tobacco plants. Biotechnol Lett 46:63–745

Reisinger S, Schiavon M, Terry N, Pilon-Smits EAH (2008) Heavy metal tolerance and accumula-
tion in Indian mustard (Brassica juncea L.) expressing bacterial gamma-glutamylcysteine
synthetase or glutathione synthetase. Int J Phytoremediation 10(5):440–454

Rhee SG, Chae HZ, Kim K (2005) Peroxiredoxins: a historical overview and speculative preview of
novel mechanisms and emerging concepts in cell signaling. Free Radic Biol Med 38:1543–1552

Rizhsky L, Hallak-Herr E, Van Breusegem F, Rachmilevitch S, Barr J, Rodermel S et al (2002a)
Double antisense plants lacking ascorbate peroxidase and catalase are less sensitive to oxidative
stress than single antisense plants lacking ascorbate peroxidase or catalase. Plant J 32:329–342

Rizhsky L, Hongjian L, Mittler R (2002b) The combined effect of drought stress and heat shock on
gene expression in tobacco. Plant Physiol 130:1143–1151

Rizhsky L, Davletova S, Liang H, Mittler R (2004a) The zinc finger protein Zat12 is required for
cytosolic ascorbate peroxidase 1 expression during oxidative stress in Arabidopsis. J Biol Chem
279:11736–11743

Rizhsky L, Liang H, Shuman J, Shulaev V, Davletova S, Mitler R (2004b) When defense pathways
collide: the response of Arabidopsis to a combination of drought and heat stress. Plant Physiol
134:1683–1696

Rodriguez R, Redman R (2005) Balancing the generation and elimination of reactive oxygen
species. Proc Natl Acad Sci U S A 102:3175–3176

Rodriguez-Milla MA, Maurer A, Huete AR, Gustafsonm JP (2003) Glutathione peroxidase genes in
Arabidopsis are ubiquitous and regulated by abiotic stresses through diverse signaling
pathways. Plant J 36:602–615

Roxas VP, Smith RK Jr, Allen ER, Allen RD (1997) Overexpression of glutathione S- growth of
transgenic tobacco seedlings during stress. Nat Biotechnol 15:988–991

Roxas VP, Lodhi SA, Garrett DK, Mahan JR, Allen RD (2000) Stress tolerance in transgenic
tobacco seedlings that overexpress glutathione S -transferase/glutathione peroxidase. Plant Cell
Physiol 41:1229–1234

Saed-Moucheshi A, Pakniyat H, Pirasteh-Anosheh H, Azooz MM (2014) Role of ROS as signaling
molecules in plants. In: Ahmad P (ed) Oxidative damage to plants. https://doi.org/10.1016/
B978-0-12-799963-0.00020-4

Sairam RK, Tyagi A (2004) Physiological and molecular biology of salinity stress tolerance in
deficient and cultivated genotypes of chickpea. Plant Growth Regul 57:109–114

Sairam RK, Srivastava GC, Saxena DC (2000) Increased antioxidant activity under elevated
temperature: a mechanism of heat stress tolerance in wheat genotypes. Biol Plant 43:245–251

Sakamoto A, Murata N (2001) The use of bacterial choline oxidase, a glycinebetainesynthesizing
enzyme, to create stress resistant transgenic plants. Plant Physiol 125:180–188

Sapara KK, Khedia J, Agarwal P, Gangapur DR, Agarwal PK (2019) SbMYB15 transcription
factor mitigates cadmium and nickel stress in transgenic tobacco by limiting uptake and
modulating antioxidative defence system. Funct Plant Biol 46:702–714

Sato Y, Masuta Y, Saito K, Murayama S, Ozawa K (2011) Enhanced chilling tolerance at the
booting stage in rice by transgenic overexpression of the ascorbate peroxidase gene, OsAPXa.
Plant Cell Rep 30:399–406

102 D. Pandita

https://doi.org/10.1016/B978-0-12-799963-0.00020-4
https://doi.org/10.1016/B978-0-12-799963-0.00020-4


Scandalias JG (1990) Response of plant antioxidant defense genes to environmental stress. Adv
Genet 28:1–41

Scandalios JG (1993) Oxygen stress and superoxide dismutase. Plant Physiol 101:712
Schafer RQ, Wang HP, Kelley EE, Cueno KL, Martin SM, Buettner GR (2002) Comparing

carotene, vitamin E and nitric oxide as membrane antioxidants. Biol Chem 383:671–681
Shafi A, Pal AK, Sharma V, Kalia S, Kumar S, Ahuja PS, Singh AK (2017) Transgenic potato

plants overexpressing SOD and APX exhibit enhanced lignification and starch biosynthesis with
improved salt stress tolerance. Plant Mol Biol Rep 35:504–518

Shah K, Kumar RG, Verma S, Dubey RS (2001) Effect of cadmium on lipid peroxidation,
superoxide anion generation and activities of antioxidant enzymes in growing rice seedlings.
Plant Sci 161:1135–1144

Shan CJ, Zhang SL, Li DF, Zhao YZ, Tian XL, Zhao XL et al (2011) Effects of exogenous
hydrogen sulfide on the ascorbate and glutathione metabolism in wheat seedlings leaves under
water stress. Acta Physiol Plant 33:2533–2540

Sharma P, Dubey RS (2007) Involvement of oxidative stress and role of antioxidative defense
system in growing rice seedlings exposed to toxic concentrations of aluminium. Plant Cell Rep
26:2027–2038

Sharma S, Villamor JG, Verslues PE (2011) Essential role of tissue-specific proline synthesis and
catabolism in growth and redox balance at low water potential. Plant Physiol 157:292–304

Sharma P, Jha AB, Dubey RS, Pessarakli M (2012) Reactive oxygen species, oxidative damage,
and antioxidative defense mechanism in plants under stressful conditions. J Bot 2012. https://
doi.org/10.1155/2012/217037

Shi WM, Muramoto Y, Ueda A, Takabe T (2001) Cloning of peroxisomal ascorbate peroxidase
gene from barley and enhanced thermotolerance by overexpressing in Arabidopsis thaliana.
Gene 273:2327

Shin SY, Kim MH, Kim YH, Park HM, Yoon HS (2013) Co-expression of monodehydroascorbate
reductase and dehydroascorbate reductase from Brassica rapa effectively confers tolerance to
freezing-induced oxidative stress. Mol Cell 36:304–315

Shiu CT, Lee TM (2005) Ultraviolet-B-induced oxidative stress and responses of the ascorbate-
glutathione cycle in a marine macroalga Ulva fasciata. J Exp Bot 56:2851–2865

Shu DF, Wang LY, Duan M, Deng YS, Meng QW (2011) Antisense-mediated depletion of tomato
chloroplast glutathione reductase enhances susceptibility to chilling stress. Plant Physiol
Biochem 49:1228–1237

Singla-Pareek SL, Ray M, Reddy MK, Sopory SK (2003) Genetic engineering of the glyoxalase
pathway in tobacco leads to enhanced salinity tolerance. PNAS USA 100:14672–14677

Singla-Pareek SL, Yadav SK, Pareek A, Reddy MK, Sopory SK (2006) Transgenic tobacco
overexpressing glyoxalase pathway enzymes grow and set viable seeds in zincspiked soils.
Plant Physiol 140:613–623

Singla-Pareek SL, Yadav SK, Pareek A, Reddy MK, Sopory SK (2008) Enhancing salt tolerance in
a crop plant by overexpression of glyoxalase II. Trans Res 17:171–180

Siripornadulsil S, Traina S, Verma DPS, Sayre RT (2002) Molecular mechanisms of proline-
mediated tolerance to toxic heavy metals in transgenic microalgae. Plant Cell 14:2837–2847

Smirnoff N (2005) Antioxidants and reactive oxygen species in plants. Blackwell Publishing
Smirnoff N, Conklin PL, Loewus FA (2001) Biosynthesis of ascorbic acid in plants: a renaissance.

Ann Rev Plant Physiol Plant Mol Biol 52:437–467
Smith IK, Kendall AC, Keys AJ, Turner JC, Lea PJ (1984) Increased levels of glutathione in a

catalase-deficient mutant of barley (Hordeum vulgare L.). Plant Sci Lett 37:29–33
Smolikova GN, Laman NA, Boriskevich OV (2011) Role of chlorophylls and carotenoids in seed

tolerance to abiotic stressors. Rus J Plant Physiol 58:965–973
Snider JL, Oosterhuis DM, Skulman BM, Kawakami EM, Storch DK (2008) The effect of high

temperature on in vivo pollen tube growth, calcium levels, antioxidant response, and superoxide
production in the cotton pistil. In: Oosterhuis DM (ed) Summaries of Arkansas cotton research,
pp 46–51

5 Genetic Engineering Applications in Inducing Stress Tolerance in Plants. . . 103

https://doi.org/10.1155/2012/217037
https://doi.org/10.1155/2012/217037


Stevens R, Page D, Gouble B, Garchery C, Zamir D, Causse M (2008) Tomato fruit ascorbic acid
content is linked with monodehydroascorbate reductase activity and tolerance to chilling stress.
Plant Cell Environ 31:1086–1096

Su J, Wu R (2004) Stress-inducible synthesis of proline in transgenic rice confers faster growth
under stress conditions than that with constitutive synthesis. Plant Sci 166:941–948

Sultana S, Khew CY, Morshed MM, Namasivayam P, Napis S, Ho CL (2012) Overexpression of
monodehydroascorbate reductase from a mangrove plant (AeMDHAR) confers salt tolerance on
rice. J Plant Physiol 169:311–318

Sun WH, Li F, Shu DF, Dong XC, Yang XM, Meng QW (2009) Tobacco plants transformed with
tomato sense LetAPX enhanced salt tolerance. Sci Agric Sin 42:1165–1171

Sun X, Wang P, Jia X, Huo L, Che R, Ma F (2018) Improvement of drought tolerance by
overexpressing MdATG18a is mediated by modified antioxidant system and activated
autophagy in transgenic apple. Plant Biotechnol J 16:545–557

Suzuki N, Mittler R (2006) Reactive oxygen species and temperature stresses: a delicate balance
between signaling and destruction. Physiol Plant 126:45–51

Suzuki N, Koussevitzky S, Mittler R, Miller G (2012a) ROS and redox signalling in the response of
plants to abiotic stress. Plant Cell Environ 35:259–270

Suzuki N, Miller G, Sejima H, Harper J, Mittler R (2012b) Enhanced seed production under
prolonged heat stress conditions in Arabidopsis thaliana plants deficient in cytosolic ascorbate
peroxidase. J Exp Bot 64:253–263

Szarka A, Tomasskovics B, Banhegyi G (2012) The ascorbate-glutathione-α-tocopherol triad in
abiotic stress response. Int J Mol Sci 13:4458–4483

Szekely G, Abraham E, Cseplo A, Rigo G, Zsigmond L, Csiszar J et al (2008) Duplicated P5CS
genes of Arabidopsis play distinct roles in stress regulation and developmental control of proline
biosynthesis. Plant J 53:11–28

Szymanska R, Kruk J (2008) Tocopherol content and isomers’ composition in selected plant
species. Plant Physiol Biochem 46:29–33

Tabaldi LA, Cargnelutti D, Gonçalves JF, Pereira LB, Castro GY, Maldaner J et al (2009) Oxidative
stress is an early symptom triggered by aluminum in al-sensitive potato plantlets. Chemosphere
76:1402–1409

Taiz L, Zeiger E (2006) Plant physiology, 4th edn. Sinauer Associates, Inc., Sunderland,
Massachusetts

Tan Y, Wang L (2020) MpDGK2, a novel diacylglycerol kinase from Malus prunifolia, confers
drought stress tolerance in transgenic Arabidopsis. Plant Mol Biol Rep:1–9

Tanaka Y, Hibino T, Hayashi Y, Tanaka A, Kishitani S, Takabe T, Yokota S, Takabe T (1999) Salt
tolerance of transgenic rice overexpressing yeast mitochondrial Mn-SOD in chloroplasts. Plant
Sci 148:131–138

Tang L, Kwon SY, Kim SH, Kim JS, Choi JS, Cho KY, Sung CK, Kwak SS, Lee HS (2006)
Enhanced tolerance of transgenic potato plants expressing both superoxide dismutase and
ascorbate peroxidase in chloroplasts against oxidative stress and high temperature. Plant Cell
Rep 25:1380–1386

Tounekti T, Hernández I, Müller M, Khemira H, Munné-Bosch S (2011a) Kinetin applications
alleviate salt stress and improve the antioxidant composition of leaf extracts in Salvia officinalis.
Plant Physiol Biochem 49:1165–1176

Tounekti T, Vadel AM, Onate M, Khemira H, Munné-Bosch S (2011b) Salt-induced oxidative
stress in rosemary plants: damage or protection? Environ Exp Bot 71:298–305

Tseng MJ, Liu CW, Yiu JC (2007) Enhanced tolerance to sulfur dioxide and salt stress of transgenic
Chinese cabbage plants expressing both superoxide dismutase and catalase in chloroplasts. Plant
Physiol Biochem 45:822–833

Tsugane K, Kobayashi K, Niwa Y, Ohba Y, Wada K, Kobayashi H (1999) A recessive arabidopsis
mutant that grows photoautotrophically under salt stress shows enhanced active oxygen detoxi-
fication. Plant Cell 11:1195–1206

Tuteja N (2007) Mechanisms of high salinity tolerance in plants. Methods Enzymol 428:419–438

104 D. Pandita



Tuteja N (2010) Cold, salt and drought stress. In: Hirt H (ed) Plant stress biology: from genomics
towards system biology. Wiley-Blackwell, Weinheim, Germany, pp 137–159

Upadhyaya CP, Venkatesh J, Gururani MA, Asnin L, Sharma K, Ajappala H et al (2011)
Transgenic potato overproducing L-ascorbic acid resisted an increase in methylglyoxal under
salinity stress via maintaining higher reduced glutathione level and glyoxalase enzyme activity.
Biotechnol Lett 33:2297–2307

Ushimaru T, Nakagawa T, Fujioka Y, Daicho K, Naito M, Yamauchi Y et al (2006) Transgenic
arabidopsis plants expressing the rice dehydroascorbate reductase gene are resistant to salt
stress. J Plant Physiol 163:1179–1184

Vacca RA, de Pinto MC, Valenti D, Passarella S, Marra E, De Gara L (2004) Production of reactive
oxygen species, alteration of cytosolic ascorbate peroxidase, and impairment of mitochondrial
metabolism are early events in heat shock-induced programmed cell death in tobacco Bright-
Yellow 2 cells. Plant Physiol 134:1100–1112

Velasco L, García‐Navarro E, Pérez‐Vich B, Fernández‐Martínez JM (2013) Selection for
contrasting tocopherol content and profile in Ethiopian mustard. Plant Breed 132:694–700

Vendruscolo ECG, Schuster I, Pileggi M, Scapim CA, Molinari HBC, Marur CJ, Vieira LGE
(2007) Stress-induced synthesis of proline confers tolerance to water deficit in transgenic wheat.
J Plant Physiol 164(10):1367–1376

Viveros MFA, Inostroza-Blancheteau C, Timmermann T, Gonzalez M, Arce-Johnson P (2013)
Over expression of Gly I and Gly II genes in transgenic tomato (Solamum lycopersicum Mill.)
plants confer salt tolerance by decreasing oxidative stress. Mol Biol Rep 40:3281–3290

Volkov RA, Panchuk II, Mullineaux PM, Schöffl F (2006) Heat stress induced H2O2 is required for
effective expression of heat shock genes in Arabidopsis. Plant Mol Biol 61:733–746

Wang YJ, Wisniewski M, Meilan R, Cui MG, Webb R, Fuchigami L (2005a) Overexpression of
cytosolic ascorbate peroxidase in tomato confers tolerance to chilling and salt stress. J Am Soc
Hortic Sci 130:167–173

Wang FZ, Wang QB, Kwon SY, Kwak SS, Su WA (2005b) Enhanced drought tolerance of
transgenic rice plants expressing a pea manganese superoxide dismutase. J Plant Physiol 162:
465–472

Wang Y, Wisniewski M, Meilan R, Cui M, Fuchigami L (2006) Transgenic tomato (Lycopersicon
esculentum) overexpressing cAPX exhibits enhanced tolerance to UV-B and heat stress. J Appl
Hort 8:87–90

Wang S, Assmann SM, Fedoroff NV (2008) Characterization of the Arabidopsis heterotrimeric
G. protein. J Biol Chem 283:13913–13922

Wang HS, Yu C, Zhu ZJ, Yu XC (2011) Overexpression in tobacco of a tomato GMPase gene
improves tolerance to both low and high temperature stress by enhancing antioxidation capacity.
Plant Cell Rep 30:10291040

Wang Q, Wu C, Xie B, Liu Y, Cui J, Chen G et al (2012a) Model analysing the antioxidant
responses of leaves and roots of switchgrass to NaCl-salinity stress. Plant Physiol Biochem 58:
288–296

Wang S, Liang D, Li C, Hao Y, Ma F, Shu H (2012b) Influence of drought stress on the cellular
ultrastructure and antioxidant system in leaves of drought-tolerant and droughtsensitive apple
rootstocks. Plant Physiol Biochem 51:81–89

Wang J, Yu Y, Zhang Z, Quan R, Zhang H, Ma L et al (2013) Arabidopsis CSN5B interacts with
VTC1 and modulates ascorbic acid synthesis. Plant Cell 25:625–636

Wang K, ZhongM,Wu YH, Bai ZY, Liang Q-Y, Liu QL, Pan YZ, Zhang L, Jiang BB, Jia Y (2017)
Overexpression of a chrysanthemum transcription factor gene DgNAC1 improves the salinity
tolerance in chrysanthemum. Plant Cell Rep 36:571–581

Wang L, Gao J, Zhang Z, Liu W, Cheng P, Mu W, Su T, Chen S, Chen F, Jiang J (2019)
Overexpression of CmSOS1 confers waterlogging tolerance in Chrysanthemum. J Integr
Plant Biol

5 Genetic Engineering Applications in Inducing Stress Tolerance in Plants. . . 105



Willekens H, Langebartels C, Tire C, Van Montagu M, Inze D, Van Camp W (1994) Differential
expression of catalase genes in Nicotiana plumbaginifolia (L.). Proc Natl Acad Sci U S A 91:
10450–10454

Willekens H, Chamnongpol S, Davey M, Schraudner M, Langebartels C, Van Montagu M et al
(1997) Catalase is a sink for H2O2 and is indispensable for stress defense in C3 plants. EMBO J
16:4806–4816

Wingsle G, Karpinski S, Hällgren JE (1999) Low temperature, high light stress and antioxidant
defence mechanisms in higher plants. Phyton-Ann Rei Bot 39:253–268

Wolucka BA, Van Montagu M (2003) GDP-Mannose 30,50-epimerase forms GDP-L-gulose, a
putative intermediate for the novo biosynthesis of vitamin C in plants. J Biol Chem 278:47483–
47490

Wu HC, Jinn TL (2012) Oscillation regulation of Ca21/calmodulin and heat-stress related genes in
response to heat stress in rice (Oryza sativa L.) Plant Signal. Behav 7:1056–1057

Wu C, Ma C, Pan Y, Gong S, Zhao C, Chen S et al (2012) Sugar beet M14 glyoxalase I gene can
enhance plant tolerance to abiotic stresses. J Plant Res 126:415–425

Xia Z, Xu Z, Wei Y, Wang M (2018) Overexpression of the maize sulfite oxidase increases sulfate
and GSH levels and enhances drought tolerance in transgenic tobacco. Front Plant Sci 9:298

Xiaozhong L, Huang B (2000) Heat stress injury in relation to membrane lipid peroxidation in
creeping bentgrass. Crop Sci 40:503–510

Xie Z, Duan L, Tian X, Wang B, Egrinya-Eneji A, Li Z (2008) Coronatine alleviates salinity stress
in cotton by improving the antioxidative defense system sand radicalscavenging activity. J Plant
Physiol 165:375–384

Xing Y, Jia W, Zhang J (2008) AtMKK1 mediates ABA-induced CAT1 expression and H2O2
production via AtMPK6-coupled signaling in Arabidopsis. Plant J 54:440–451

Xu J, Duan X, Yang J, Beeching JR, Zhang P (2013) Enhanced reactive oxygen species scavenging
by overproduction of superoxide dismutase and catalase delays postharvest physiological
deterioration of cassava storage roots. Plant Physiol 161:1517–1528

Xu J, Yang J, Duan XG, Jiang YM, Zhang P (2014) Increased expression of native cytosolic Cu/Zn
superoxide dismutase and ascorbate peroxidase improves tolerance to oxidative and chilling
stresses in cassava (Manihot esculenta Crantz). BMC Plant Biol 14:208

Xuan Y, Zhou S, Wang L, Cheng Y, Zhao L (2010) Nitric oxide functions as a signal and acts
upstream of AtCaM3 in thermotolerance in Arabidopsis seedlings. Plant Physiol 153:1895–
1906

Yabuta Y, Motoki T, Yoshimura K, Takeda T, Ishikawa T, Shigeoka S (2002) Thylakoid
membrane-bound ascorbate peroxidase is a limiting factor of antioxidative systems under
photo-oxidative stress. Plant J 32:915–925

Yamada M (2005) Effects of free proline accumulation in petunias under drought stress. J Exp Bot
56(417):1975–1981

Yang X, Wen X, Gong H, Lu Q, Yang Z, Tang Y et al (2007) Genetic engineering of the
biosynthesis of glycinebetaine enhances thermotolerance of photosystem II in tobacco plants.
Planta 225:719–733

Yin L, Wang S, Eltayeb AE, Uddin MI, Yamamoto Y, Tsuji W, Takeuchi Y, Tanaka K (2010)
Overexpression of dehydroascorbate reductase, but not monodehydroascorbate reductase
confers tolerance to aluminum stress in transgenic tobacco. Planta 231:609–621

Yoshimura K, Yabuta Y, Ishikawa T, Shigeoka S (2000) Expression of spinach ascorbate peroxi-
dase isoenzymes in response to oxidative stresses. Plant Physiol 123:223–234

Yoshimura K, Miyao K, Gaber A, Takeda T, Kanaboshi H, Miyasaka H, Shigeoka S (2004)
Enhancement of stress tolerance in transgenic tobacco plants overexpressing Chlamydomonas
glutathione peroxidase in chloroplasts or cytosol. Plant J 37:21–33

You J, Hu H, Xiong L (2012) An ornithine δ-aminotransferase gene OsOAT confers drought and
oxidative stress tolerance in rice. Plant Sci 197:59–69

106 D. Pandita



Young LW, Wilen RW, Bonham-Smith PC (2004) High temperature stress of Brassica napus
during flowering reduces micro- and mega gametophyte fertility, induces fruit abortion, and
disrupts seed. J Exp Bot 55:485–495

Zaefyzadeh M, Quliyev RA, Babayeva SM, Abbasov MA (2009) The effect of the interaction
between genotypes and drought stress on the superoxide dismutase and chlorophyll content in
durum wheat landraces. Turk J Biol 33:1–7

Zare S, Pakniyat H (2012) Changes in activities of antioxidant enzymes in oilseed rape in response
to salinity stress. Int J Agri Crop Sci 4:398–403

Zechmann B (2011) Subcellular distribution of ascorbate in plants. Plant Signal Behav 6:360–363
Zhang W, Zhou RG, Gao YJ, Zheng SZ, Xu P, Zhang SQ et al (2009) Molecular and genetic

evidence for the key role of AtCaM3 in heat-shock signal transduction in Arabidopsis. Plant
Physiol 149:1773–1784

Zhang C, Liu J, Zhang Y, Cai X, Gong P, Zhang J et al (2011) Overexpression of SlGMEs leads to
ascorbate accumulation with enhanced oxidative stress, cold, and salt tolerance in tomato. Plant
Cell Rep 30:389–398

Zhang ZJ, Wang J, Zhang RX, Huang RF (2012) The ethylene response factor AtERF98 enhances
tolerance to salt through the transcriptional activation of ascorbic acid synthesis in Arabidopsis.
Plant J 71:273–287

Zhang W, Wang N, Yang J, Guo H, Liu Z, Zheng X, Li S, Xiang F (2020) The salt-induced
transcription factor GmMYB84 confers salinity tolerance in soybean. Plant Sci 291:110326

Zhao F, Zhang H (2006) Salt and paraquat stress tolerance results from co-expression of the Suaeda
salsa glutathione S -transferase and catalase in transgenic rice. Plant Cell Tissue Organ Cult 86:
349–358

Zhou C, Sun Y, Ma Z, Wang J (2015a) Heterologous expression of EsSPDS1 in tobacco plants
improves drought tolerance with efficient reactive oxygen species scavenging systems. S Afr J
Bot 96:19–28

Zhou C, Sun YJ, Ma ZY, Wang JF (2015b) Overexpression of EsDHAR1 improved tolerance in
transgenic tobacco with increased ascorbic acid levels. Oxid Commun 38:677–688

Zhu OYL, Pilon-Smits EAH, Jouanin L, Terry N (1999) Overexpression of glutathione synthetase
in Indian mustard enhances cadmium accumulation and tolerance. Plant Physiol 11901:7379

Zhu D, Hou L, Xiao P, Guo Y, Deyholos MK, Liu X (2019) VvWRKY30, a grape WRKY
transcription factor, plays a positive regulatory role under salinity stress. Plant Sci 280:132–142

Zurbriggen MD, Carrillo N, Tognetti VB, Melzer M, Peisker M, Hause B et al (2009) Chloroplast-
generated reactive oxygen species play a major role in localized cell death during the non-host
interaction between tobacco and Xanthomonas campestris pv. vesicatoria. Plant J 60:962–973

5 Genetic Engineering Applications in Inducing Stress Tolerance in Plants. . . 107


	5: Genetic Engineering Applications in Inducing Stress Tolerance in Plants Through Antioxidants
	5.1 Introduction
	5.2 Reactive Oxygen Species (ROS) and Oxidative Stress
	5.3 Scavenging of Reactive Oxygen Species (ROS)
	5.3.1 Nonenzymatic Antioxidants
	5.3.1.1 Glutathione (GSH)
	5.3.1.2 Ascorbate (Ascorbic Acid)
	5.3.1.3 Proline
	5.3.1.4 Tocopherols
	5.3.1.5 Carotenoids
	5.3.1.6 Flavonoid

	5.3.2 Enzymatic Antioxidants
	5.3.2.1 Superoxide Dismutase (SOD)
	5.3.2.2 Catalase
	5.3.2.3 Ascorbate Peroxidase
	5.3.2.4 Monodehydroascorbate Reductase (MDHAR)
	5.3.2.5 Dehydroascorbate Reductase (DHAR)
	5.3.2.6 Glutathione Reductase (GR)


	5.4 Genetic Engineering-Based Stress Tolerance in Plants Through Antioxidants
	5.5 Conclusions
	References


