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Abstract Abiotic stresses, which include high salt accumulation, drought, high
temperature, heavy metal stress, light, lack of nutrients, radiation, and many others,
pose a constant threat to plants living in an environment that is in a state of constant
change. The productivity, as well as the quality of the crops, may be significantly
reduced as a result of such stresses. It has been established that Cr is a human
carcinogen that can enter the body of a person either through inhalation or the
consumption of food products that are contaminated with Cr. Due to the hazardous
consequences of the deposition of chromium in the environment, as well as the
hazards that the metal may produce, both the Agency for Toxic Substances and
Disease Registry and the United States Environmental Protection Agency categorize
chromium as a major contaminant. As Cr is found in nature in several valence states,
such as Cr** and Cr®, it is possible to find it in several different valence states.
Chromium (Cr) is a heavy metal that is known to produce reactive oxygen species
(ROS), which are especially harmful to vegetation and need to be controlled to safe-
guard species against osmotic damage caused by high concentrations of Cr. One of
the most dangerous and enduring types of Cr in the soil is Cr%*. Reactive oxygen
species (ROS), which are produced as a result of Chromium, as well as some cellular
and metabolic processes can be disrupted. Researchers who study plant genetics and
transcriptional control have discovered that when plants are under Cr stress, various
genes involved in detoxification are up-regulated, which confers tolerance on the
plants. The higher production of reactive oxygen species (ROS) is an important indi-
cator of the presence of such stresses at the molecular level. ROS are highly reactive
in their natural state because they can interact with many different molecules and
metabolites found within cells, which can ultimately result in irreversible metabolic
dysfunction and death. As ROS were produced and scavenged in various structures
of plant cells, the ROS-scavenging routes that arise from the various components of
plant cells can also be integrated with the ROS-producing routes that are found in
plant cells. New research on plants has demonstrated that extremely small concen-
trations of ROS may serve as chemical messengers and raise a plant’s sensitivity to
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abiotic and biotic stresses by regulating the activities of protective genes. Several
studies have also demonstrated that plants with higher antioxidant levels, whether
these antioxidants are inherent or induced, are more resilient to a range of environ-
mental challenges. This phenomenon has been observed in both wild and cultivated
plants. We aim to synthesise current findings on the role of ROS in abiotic stress
tolerance in this chapter as well as the possible regulatory roles that ROS may play.
In addition, We go over the improvements that have been made in the last several
decades in terms of enhancing plants’ ability to withstand oxidative stress through
the application of genetic engineering by various ROS detoxifying systems in plants.

Keywords Abiotic stress - Antioxidants + Chromium - Tolerance - ROS - Heavy
metal - Toxicity * Plant - Zero hunger

5.1 Introduction

Abiotic stressors continue to be one of the most significant issues that limit agricul-
tural yields in the world today. According to Rodriguez et al. (2005), Acquaah (2007),
researchers have estimated that abiotic stresses directly account for more than fifty
per cent of the decrease in yield. Several morphological, physiological, biochemical,
and molecular changes in plants have been linked to abiotic stress, according to Wang
et al. (2001), all of which negatively affect the growth and productivity of plants.
However, it is worth noting that the punctuality and effectiveness of these responses
may prove to be deciding factors in determining whether a given species is likely to
be able to survive or not. Chromium (Cr) is a heavy metal that has oxidation numbers
ranging from Chromium 2* to Chromium 6*. In the modern periodic table, it is in
the list of transition elements called VI-B (Abbas et al. 2018). Chromium is a hard
metal and silver in colour. The atomic weight of this metal is 51.10 g/M and it has an
atomic number of 24. On the list of the highest occurring metals on earth, this metal
isranked 21 on the list of its atomic number, density, and molecular weight (Acquaah
2007). It is estimated that the molecular weight of chrome is 51.10 g per million.
There are two most stable forms of chromium found in nature, and they are Cr’* and
Cré (Adejumo 2019). As the most toxic form of chromium, hexavalent chromium
is considered to be the most toxic form because it is more water-soluble, mobile, as
well as bioavailable than the other forms of chromium (Afonso et al. 2019). It is also
a potentially powerful oxidizing agent. The oxygenated environment is capable of
converting Cr* into Cr*, and The elements involved in preserving the ideal ratio
of various chromium forms include oxygen content, pH, complexing agents, and
reducing agents (Agrawal et al. 2009). The mining of chromium has dramatically
increased in recent years as a direct result of the material’s growing demand across a
variety of industrial sectors (Ahmed et al. 2010). The countries of Kazakhstan, South
Africa, China, and India are the top four users of chromium anywhere in the world
(Al Mahmud et al. 2017; Ali and Alqurainy 2006). The enterprises of tanning leather,
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metalworking, metal plating, copper alloys, ceramic glazes, timber protection, mois-
ture corrosive environment suppression, heat-resistant masonry, pneumatically wood
products, textile materials, as well as dyestuff, powders and acrylics, and paper and
pulp making, are to blame for the excessive amount of chromium in the environ-
ment. Also, the high levels of Chromium in the environment are caused by things
that people do, like dumping liquid and solid wastes that are contaminated with
Chromium (Apel and Hirt 2004; Asada 1994; Asada and Takahashi 1987; Ashraf
etal. 2017; Augustynowicz et al. 2020). There is a belief that the emissions of Cr from
cooling towers of industries are an important source of Chromium (Augustynowicz
et al. 2014; Balasaraswathi et al. 2017; Barbosa et al. 2007). Debris or Impurities
rising from road banks also seems to be a significant source of Chromium. In agri-
cultural land, the accumulation of more Chromium can adversely affect the growth
and development of a plant on multiple levels, including at the organ, cellular, and
even genetic levels, depending on the amount accumulated in the soil (Bhargava
and Mishra 2018). A higher concentration of chromium in plants can cause a lot
of damage to plants because of the induced reactive oxygen species (ROS), which
are responsible for both cellular and extracellular damage caused by higher levels of
chromium in plants (Blokhnia et al 2003). The ROS in plants have a distinct func-
tion: they serve as chemical messengers that trigger the activity of detection systems
in response to stressors, which they do if they occur in large amounts and increase
cellular injury, in which case they trigger the activity of the detection systems. This
in turn can lead to the production of protective molecules that help the plant defend
itself against damage and continue healthy growth. There is a direct relationship
between the concentration of ROS in the plant’s environment and these two func-
tions. This, in turn, may enable the production of specific chemicals that are capable
of providing the plant with extra protection against any potential harm. This will
enable it to remain healthy and thrive. The greater the amount of ROS present in
the air, the stronger the beneficial effects. The formation of reactive oxygen species
(ROS) is a by-product of abiotic stress that can endanger tissues if they are allowed
to persist for a long period due to the increased formation of abiotic stressors. Thus,
by increasing the amount of ROS present in the air, the plant can better protect
itself against the harm caused by abiotic stress, and ultimately, lead a healthier and
more successful life. As a result, lipids and proteins may peroxide, nucleic acids
will be damaged, enzymes will be inhibited, the programmed cell death pathway
(PCD) will be activated, and then the cells will eventually die (Mittler 2002; Sharma
and Dubey 2005, 2007). Oxidative stress is mostly a controlled process, and the
outcome for the plant depends on the equilibrium between reactive oxygen species
and antioxidative capacity. Even before abiotic stresses are allowed to continue for
just a longer duration, the increased production of reactive oxygen species puts cells
atrisk (ROS) (Apel and Hirt 2004). Based on their mode of action, these defences can
be categorised into either enzymatic antioxidants or non-enzymatic antioxidants to
simplify their classification. According to Asada and Takahashi (1987), this antiox-
idant defence system offers proper protection against active oxygen and free radi-
cals when it is operating under controlled conditions. On the other hand, when an
organism is subjected to a stressful situation, the balance between the synthesis and
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scavenging of relative oxygen species may be disrupted, resulting in a response that
is either optimum or less (Gill and Tuteja 2010). The enhanced antioxidant defence
has been shown in multiple studies to be effective in the fight against oxidative
stress brought on by different abiotic stressors. As the impact of increasingly harsh
environmental conditions on crop production, breeders and researchers are facing a
pressing issue of creating genes capable of enduring biological variations with the
least amount of harm. Therefore, to understand the processes of plant regulation and
defence, the first step is to acquire knowledge that will allow you to better understand
them. Developing plants that have a higher potential for antioxidation presents an
opportunity to develop plants that have a higher tolerance for abiotic stresses. The
purpose of this section is to present our current understanding of how plants react
to abiotic stressors, both from a physiological and molecular genetic perspective.
There has been a particular focus on the physicochemical and non-enzymatic modu-
lation of antioxidant defences under abiotic stress as well as the link between these
mechanisms and abiotic stress tolerance.

5.2 Plants Produce ROS as a Result of Their Metabolism

Apel and Hirt (2004) found that reactive oxygen species (ROS) are continuously
produced as a result of metabolic activity throughout all the compartments within
the plant cells, notably chlorophyll, ATP, and mitochondria, as a result of metabolic
activities throughout these compartments. Chloroplasts are the primary organelles in
plants that produce reactive oxygen species (ROS). A chlorophyll triplet state may
develop when there is an insufficient amount of energy absorbed during photosyn-
thesis. By shifting its energy from this state to oxygen, it can produce a molecule of
oxygen by transferring its excitation energy to it (Logan 2005). The electron trans-
port chain (ETC) in photosynthesis makes O, by reducing oxygen (Apel and Hirt
2004). Superoxide dismutase (SOD) then changes Ogd”’ ~—H,0, (Foyer and Noctor
2000). Reactive oxygen species in visible light are influenced by many physiolog-
ical and environmental factors, such as a lack of water and access to bright light,
which are important in the formation of reactive oxygen species. It appears that
ribulose-1,5-bisphosphate carboxylase or oxygenase (RuBisCO) shows an increase
in oxygenase activity when conditions prevent chloroplast CO, fixation and that
the generated glycolate is transported from chloroplasts to peroxisomes under these
conditions (Takahashi and Murata 2008). According to Halliwell (2006), the produc-
tion of hydrogen peroxide in peroxisomes requires glycolate oxidation, which is
broken down by glycolate oxidase (GO) and the breakdown of lipids. In contrast, a
tiny electron transport chain (ETC) at the level of the peroxisomal membrane and
a reaction of xanthine oxidase (XO) within the organelle matrix are both necessary
for the generation of O, at the level of the peroxisomal membrane. It is important
to note that both of these processes take place inside the organelle. It is using the
ETC located in the cytoplasm of the plants that reactive oxygen species (ROS) are
produced in plant tissues. A multi-complex dehydrogenase complex for the reduction
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of ubiquinone (Q) within the cell is composed of many small dehydrogenase units
that work together. Complex I (NADH dehydrogenase) and the Q zone are likely to
be responsible for the majority of ROS production in cells (Mller 2001; Blokhina
et al. 2003). Although mitochondrial ROS production is significantly lower than that
of chloroplasts, mitochondrial ROS regulate a variety of cellular processes, such
as stress adaptation and programmed cell death (PCD), despite the fact that mito-
chondrial ROS are important regulators of the processes described above (Robson
Vanlerberghe 2002). The primary enzyme in charge of producing hydrogen peroxide
in glyoxysomes is aryl-CoA oxidase. Plasma membrane-bound NADPH oxidases
(NADPHox) and peroxidases connected to cell walls serve as the primary suppliers
of reactive oxygen and H,O, generated by apoplastic enzymes (POX). It has been
shown that these enzymes become active when they are exposed to different types
of stress (Mittler 2002). The catalysis of some reactions which are used in detoxifi-
cation is done by cytochromes in both the cytoplasm as well as in ER of plant cells
are additional sources of reactive oxygen species (ROS) in plant cells (Urban et al.
1989).

5.3 The Effects of Chromium on Oxidative Stress in Plants

There is sufficient evidence to suggest that oxidative injury can be caused to plants
when they are subjected to redox-active HM toxicity. Following HM absorption
by carriers and movement to plant components, relative oxygen species production
occurs. This is triggered either by the heavy metal redox process or by how an
HM affects metabolism at a particular subcellular location. After HM is taken up by
transporters and distributed to organelles, ROS is produced. Activation of plasmain a
manner dependent on HM-membrane-localized NADPH oxidase is another enzyme
that plays a role in the production of ROSHMs that is redox-active and facilitate
redox processes in the cell include iron, copper, chromium, vanadium, and cobalt,
as distinct from HMs that are physiologically non-redox-active, such as Zn** and
Cd?*.They contribute to the generation of hydroxyl radicals from superoxide anion
(H,0,) via the Haber-Weiss and Fenton reactions, which initiate the process of non-
specific lipid oxidation. There is also one element that contributes to the specific
increase of lipid peroxidation, and that is the activation of lipoxygenases (LOX)
that are dependent on HM (Montillet et al. 2004). The formation of reactive oxygen
species (ROS) by plants is a form of self-defence when they are exposed to hostile
conditions (Byrne et al. 2017; Chakraborty and Pradhan 2011). There are several
kinds of endogenous stress, but the most common is the accumulation of reactive
oxygen species (ROS), which can lead to a reduction in plant growth and develop-
ment (Chalapathi Rao and Reddy 2008). The plants produce a variety of reactive
oxygen species (ROS), including hydrogen peroxide (H,0,), superoxide anion (O;),
singlet oxygen (!0,), and hydroxyl ion (HO—), peroxyl (RO—), alkoxyl (RO—), as
well as organic hydroperoxide (ROOH) (Chandra 2004; Chen et al. 2003, 2017).
Hydrogen peroxide is one of the most prevalent types of ROS in the environment.
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According to Conklin (1996), Cui (2017), De Tullio (2004), reactive oxygen species
(ROS) are formed as a consequence of a range of metabolic processes occurring in
mitochondria, peroxisomes, and chloroplasts. As mentioned above, ROS levels in
plants are regulated by several mechanisms, including ROS production, enzymatic
scavenging of ROS, and/or non-enzymatic scavenging of ROS (del Ro et al. 2006).
As a result of exposure to the following metals, lead (Pb), aluminium (Al), nickel
(Ni), cadmium (Cd), and chromium (Cr), there is a significant correlation between the
generation and accumulation of reactive oxygen species (ROS) in the body (Dixon
2010; Elsawy et al. 2017; Eltayeb et al. 2006). The induced ROS were accumulated
by a wide range of species of plants after they were exposed to either a harmful
quantity of Cr or industrial wastes containing a toxic level of Cr. There is consid-
erable evidence that the exposure of plants to chromium results in the formation of
reactive oxygen species (ROS), which have a variety of physiological, metabolic,
molecular, and morphological effects (Eltayeb et al. 2007). There is a possibility that
Cr may interact directly with proteins, lipids, enzymes, and genetic material (DNA
and/or RNA) to change physiological and biochemical processes, or it may trigger
the accumulation of reactive oxygen species (ROS) within the organism (Fargasova
2012; Florea 2017; Foyer and Noctor 2000). In addition to damaging the membrane,
Cr also destroys and inactivates genetic material, proteins, and enzymes, resulting in
growth suppression by inhibiting cell division or triggering programmed cell death
as a result of interactions with Cr (Fryer 1992; Gapper and Dolan 2006; Ghosh et al.
2017; Gielen et al. 2017). As a result of chromium-induced ROS, morphological
changes are induced in a variety of plant tissues in an amount and tissue-specific
manner. These morphological changes are irreversible and damage biomolecules
of the plant except for DNA, cysteine, and methionine, which can be reconstituted
(Hasanuzzaman et al. 2017). As a consequence, chromium-induced ROS are respon-
sible for the destruction of biomolecules. Cr(VI) is reduced to Cr(Ill) by reactive
oxygen species that are formed during the reduction process. The same happens
with the Fenton reaction. The Fenton reaction is a catalytic reaction where Cr(III)
has a higher catalytic efficiency than iron (Fe), copper (Cu), cobalt (Co), manganese
(Mn), and zinc (Zn) (Kalve et al. 2011). There has been little investigation into the
role of Cr in such reactions, and it has also been suggested that various other inter-
mediates and variables may also be involved in the production of ROS as a result
of Cr (Mittova et al. 2003; Mobin and Khan 2007). Several physiological, biochem-
ical, molecular, and ultrastructural changes were caused by ROS, which acted as a
mediator.
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5.4 Non-enzymatic Antioxidants

5.4.1 Ascorbate

Ascorbate (AsA) is a vital antioxidant that is found in plant tissues. In higher plants,
it is produced in the cytosol, primarily by the conversion of d-glucose to ascorbate,
which is a major source of ascorbic acid. As a result of its ability to react with a wide
range of reactive oxygen species (ROS), which include H,0,, 02, and 102, it can
exert its antioxidant activity. AsA, an electron donor with terminal properties, plays
an essential role here by scavenging free radicals from the hydrophilic environment
in which plants live. AsA is also an essential molecule in the antioxidant defence
mechanism of plants, as it plays a vital role in reacting with ROS to preserve cellular
integrity and prevent oxidative stress. In addition to this, it is capable of scavenging
OH- at rates controlled by diffusion (Smirnoff 2000). APX uses the AsA-GSH cycle
to produce MDHA by converting two molecules of AsA into the water through the
reduction of H,O,, which is also the result of APX using two molecules of AsA to
make H,O,. MDHA is aradical with a short half-life that degrades disproportionately
into DHA and AsA as a result of its short half-life. As stated by Gapper and Dolan
(2006), MDHAR or ferredoxin is responsible for catalyzing the reactions that occur
within a chloroplast water-water cycle through the action of ferredoxin. It is common
practice to use NADPH as an electron donor for a variety of purposes. In plant
cells, AsA is the major reducing substrate that is used for the removal of H,O,
(Wu et al. 2007). In addition to the reduction of a-tocopherol, an antioxidant found
in chloroplasts, AsA is also assumed to be necessary. According to Conklin et al.
(1996) research on AsA in plants, this enzyme might play a role in the formation of
the pigment zeaxanthin in plants, which protects against oxidative damage through
the elimination of excess light energy from the thylakoid membranes. In addition,
according to De Tullio (2004), ASA is also responsible for maintaining the reduced
state of prosthetic metal ions, which, in turn, is responsible for the functioning of
several antioxidant enzymes. Based on research conducted by Hasanuzzaman et al.
(20114, b), AsA plays a critical role in plant tolerance to abiotic stress. Exogenous
administration of AsA reduces the damage caused by oxidative processes by affecting
the activity of a large number of enzymes. In addition, it works synergistically with
other antioxidants (Shalata and Neumann 2001). It has been shown that glutathione
(GSH) is an antioxidant that acts as an antioxidant and is directly involved in the
process of lowering the majority of ROS, according to Noctor and Foyer. Moreover,
GSH plays a critical role in Foyer and Halliwell’s antioxidative defence system, as
it plays a key role in the regeneration of other potential water-soluble antioxidants,
such as AsA, through the AsA-GSH cycle, which promotes the regeneration of other
water-soluble antioxidants. In doing so, it preserves a-tocopherol and zeaxanthin
in a diminished state, which is how it indirectly protects membranes by preserving
those two compounds in a diminished state. During times of stress, GSH acts to
protect proteins from denaturation. This would otherwise result from the oxidation
of the thiol groups in these proteins as a result of oxidative stress. GST and GPX
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both use GSH as a substrate for their enzymes, with both of them contributing to the
elimination of ROS in the body (Noctor et al. 2002). Phytochelatins (PCs) are also
produced by GSH, which has an affinity for HM and is transported as complexes
into the vacuole, enabling plants to be somewhat resistant to HM if they accumulate
enough phytochelatins. As areduced sulfate, GSH is also a catalyst for the breakdown
of xenobiotics and acts as a medium for the storage and transportation of this element
(Srivalli and Khanna-Chopra 2008). A stress marker can be derived from the fact that
glutathione plays a very significant role in the antioxidant defences of the body. The
ratio of H,O, reduced (GSH) to oxidized (GSSG) forms changes over the course of
the breakdown of the gas. Several redox signalling pathways rely on this modification
for their function (Li and Jin 2007). As a result of increased GSH levels, plants are
protected from the damaging effects of oxidative stress. GSH functions as a redox
sensor for environmental cues. Research has shown that by increasing the levels
of GSH in the body, we are better able to cope with a range of abiotic stresses
(Hasanuzzaman et al. 2011a).

5.4.2 Tocopherol

Ithas long been known that tocopherols are abundant in thylakoid membranes, which
are also rich in polyunsaturated fatty acids (PUFAs) and are located close to ROS that
is produced during photosynthesis (Fryer 1992). Consequently, these compounds are
thought to play an important role in protecting thylakoid membranes from oxidative
damage. Munne-Bosch and Alegre have found that tocopherol appears to have an
important antioxidant role, based on circumstantial and correlative evidence. Addi-
tionally, the scientist suggests that tocopherol could be a critical component of the
photoprotective system, underscoring its potential antioxidant potential. As a result
of the conversion of lipid peroxyl radicals (LOO) to their corresponding hydroper-
oxides, tocopherols prevent lipid peroxidation from occurring. This action of toco-
pherols prevents the oxidation of lipids, thus protecting cellular membranes from
damage. Tocopherols play an important role in reducing reactive oxygen species
(mostly ;0% and OH’) in the membranes of photosynthetic organisms in this way. By
preventing lipid peroxidation, tocopherols protect the delicate cellular membranes
from oxidative damage caused by reactive oxygen species, thus preserving photosyn-
thetic organisms. Tocopherols are capable of physically quenching oxygen in chloro-
plasts. Tocopherols can donate electrons to the reactive oxygen species, neutral-
izing them and preventing them from damaging the cell membrane. This process is
known as “quenching” and it is thought to be the primary mechanism by which toco-
pherols mitigate oxidative damage. According to Munné-Bosch, one molecule of
a-tocopherol can deactivate as many as 120 molecules of oxygen in a single reaction.
The fact that tocopherols are part of a complex signalling network that is regulated
by reactive oxygen species (ROS), antioxidants, and plant hormones also make them
an excellent pick for affecting cellular signalling in plants in a positive manner. This
means that the presence of tocopherols can help reduce the damaging effects of ROS,
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which can interfere with the proper functioning of cells. Additionally, tocopherols
can act as messengers that help regulate the expression of genes and other plant
hormones, which can be beneficial for plant growth and development.

5.4.3 Components of an Enzyme

It should be noted that the enzymes involved in removing ROS are located in a
variety of places within plant cells, and they work in concert together. There are
several enzymes that are involved in the AsA-GSH cycle, as well as SOD, CAT,
GPX, and GST, which are considered to be the most important antioxidant enzymes.
These enzymes are responsible for removing ROS from the cell and ultimately
preventing oxidative damage to the plant. They do this by using the molecules of
ascorbate and glutathione, which are found in abundance in the cells, as well as
other molecules like superoxide dismutase, catalase, glutathione peroxidase, and
glutathione-S-transferase. Together, these enzymes work to neutralize the ROS and
prevent it from causing damage. Aside from AsA, GSH, and NADPH, four other
enzymes play a significant role in the AsA-GSH cycle, which are known as APX,
MDHAR, DHAR, and GR. The enzymes in this cycle, together with the other compo-
nents of the cycle, play an important role in deactivating H,O, and regenerating AsA
and GSH through a series of cyclic processes. APX, MDHAR, DHAR and GR
catalyze the redox reactions of the AsA-GSH cycle, and also reduce the amount of
oxidizing agents, such as H,O,, in the cell. These enzymes also help to maintain the
AsA and GSH levels in the cell, so they can be used to neutralize the harmful effects
of free radicals and other toxic compounds.

5.4.4 Superoxide Dismutases (SOD)

In terms of protecting plant cells from reactive oxygen species (ROS), SODs are
considered to be the first line of defence. To accomplish this, it catalyzes the dismu-
tation of O%. This results in the conversion of one molecule of O% into H,O, and
the oxidation of another molecule of O% into O,. In this way, the presence of O
is removed from the system. It has been found that metal ions such as manganese
(MnSOD), copper and zinc (Cu/ZnSOD), and iron are incorporated into SOD active
sites and they are used as a classification of SODs (FeSOD). Although MnSOD
can be found in the matrix of mitochondria and peroxisomes, Cu/ZnSOD can be
observed in the cytosol and chloroplasts of higher plants, and FeSOD can be found
in the chloroplasts of some higher plants, despite its location in mitochondria and
peroxisomes (Scandalios 1993). Singh et al. (2008) have found that an increase in
the activity of SODs can contribute to the mitigation of the effects of abiotic oxida-
tive stress. MnSOD, Cu/ZnSOD, and FeSOD are all types of superoxide dismutase
(SOD) enzymes that have different locations in the cell, but all have the same purpose
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of mitigating the effects of oxidative stress caused by abiotic stressors. Therefore, an
increase in SOD activity can help protect the cell from these kinds of stressors.

5.4.5 Catalases (CAT)

Catalases are heme-containing tetrameric enzymes that are involved in the conversion
of hydrogen peroxide to water and oxygen. Catalases are essential for many metabolic
reactions, as they are extremely efficient in breaking down hydrogen peroxide, which
can be harmful to cells. The catalase enzymes are responsible for protecting cells from
oxidative damage by using hydrogen peroxide as a substrate and converting it into
water and oxygen as a result, Sanchez-Casas and Klesseg (1994). Furthermore, cata-
lase enzymes are widely distributed in organisms and are important in biochemical
reactions such as photosynthesis and respiration, where they act as protective agents
against oxidative damage. Catalases are found in peroxisomes, glyoxysomes, and
other organelles that are connected to peroxisomes, as well as enzymes that produce
H,0; (Agarwal et al. 2009). According to Gill and Tuteja (2010), CAT plays a critical
role in the removal of H,O,, which is generated in the peroxisome by oxidases that
are involved in photorespiration, b-oxidation of fatty acids, and purine catabolism
within the peroxisome. The reaction between CAT and various hydroperoxides has
been demonstrated in addition to the reaction between CAT and molecular oxygen
by Ali and Alqurainy (2006). It has been found that different patterns of response to
different abiotic stressors and the level of CAT activity have been observed by Fujita.

5.4.6 AsA-GSH Cycle Enzymes

In mitochondria, chloroplasts, apoplasts, cytosols, and peroxisomes, the AsA-GSH
cycle serves as the first line of defence against reactive oxygen species (ROS) present
in mitochondria, chloroplasts, apoplasts, and cytosols. There are four enzymes
involved in the AsA-GSH cycle, namely APX, MDHAR, DHAR, and GR, that are
also implicated in the AsA-GSH cycle, along with AsA, GSH, and NADPH.

In the process of deactivating Molecular oxygen, these enzymes and the other
components of the cycle work together to regenerate AsA and GSH and to regen-
erate Molecular oxygen through a series of cyclic processes. In this cycle, APX is
responsible for catalyzing the reduction of H,O,-H, 0O, as well as generating monode-
hydroascorbate (MDHA), which is a precursor to vitamin C. It is then converted into
ascorbic acid (AsA) through the action of NADPH-dependent MDHAR, or it can
be converted nonenzymatically to ascorbic acid and dehydroascorbic acid (DHA)
by nonenzymatic means. As such, the conversion of DHAA to AsA is of significant
importance in the biosynthesis of ascorbic acid. Either DHA undergoes a hydrolysis
process that cannot be reversed or it undergoes an oxidation process. With the help
of DHAR, which utilizes GSH as a reductant, the 2,3-diketogulonic acid can either



5 Antioxidant Defence: A Key Mechanism of Chromium Tolerance 101

be converted back to AsA or 2,3-diketogulonic acid. By converting GSSG to GSH,
Chen et al. (2003) demonstrate that GSSG will be produced, and GR will then take
care of converting it back into GSH. Ascorbate peroxidase (APX) plays a major role
in the removal of hydrogen peroxide from the ascorbate-glutathione (GSH) cycle in
the first phase. Asada (1994) states that in higher plants this process may be the most
critical stage in the process of removing reactive oxygen species and protecting cells
from oxidative stress (Asada 1994). Heme-containing enzymes such as APXs play a
very important role in the elimination of oxygen molecule H, during the hydrological
cycle as well as during the AsA-GSH cycle in the body. Several enzymes use AsA
as a substrate and help in the transfer of electrons from AsA to H,O, through these
enzymes. There are five isoforms of the protein in the APX family, which results in
different amounts of DHA and water. The chloroplast stroma soluble form (sAPX),
mitochondrial form (mAPX), glyoxisome membrane form (gmAPX), and thylakoid
(TapX).form are the four types. In addition to the cytosolic form of APX (CapX),
there is also a cytosolic form of APX. In response to a wide range of diverse abiotic
stress situations, plants show enhanced APX activity in response to a wide range of
abiotic stress responses Hasanuzzaman and Fujita (2011).

5.4.7 Monodehydroascorbate Reductase (MDHAR)
and Dehydroascorbate Reductase (DHAR)

AsA is engaged in a univalent oxidation process that leads to the formation of MDHA
when it oxidizes univalent. This oxidation of AsA into MDHA is an essential step
in the process of cellular energy production. It is imperative to keep in mind that if
MDHA is not converted back to AsA by MDHAR, then MDHA will degrade on its
own. Additionally, without MDHAR, the concentration of MDHA would increase,
leading to inefficient use of energy and potential toxic effects. This will result in
AsA and DHA if the process is not interrupted. AsA is then transformed into DHA
by DHAR in a subsequent process, which also calls for GSH, in which DHA is
regenerated into AsA by DHAR. Therefore, it is essential to ensure that MDHA is
converted back to AsA through MDHAR and that the GSH-dependent regeneration
of DHA from AsA is also maintained. To maintain the antioxidative capacity of AsA,
rapid regeneration is essential. The regeneration of AsA during this cycle is mainly
controlled by the activity of MDHAR that is NADPH-dependent. To regenerate
AsA and maintain a low level of AsA in the body, this is crucial. An extensive
range of crops was tested in this trial, including a variety of different varieties. A
study published by Hossain et al. (2011) showed that MDAHR plays a key role in
the regulation of oxidative stress tolerance as well as acclimation to environmental
conditions. Despite this, there are few reports of Monodehydroascorbate reductase
activity in other oxidative stress-related physiological processes. During oxidative
stress, MDHAR and DHAR both play a crucial role in the regulation of the quantity
of ascorbic acid (AsA) and the redox state of this substance (Eltayeb et al. 2007).
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This suggests that MDHAR, along with other enzymes in the antioxidant network,
may be involved in the process of acclimation to environmental conditions, and it
could be an important factor in the regulation of the ascorbic acid content of cells.
It is also likely that MDHAR could play a role in the control of other physiological
processes that are associated with oxidative stress. This indicates that MDHAR and
DHAR are important in maintaining the AsA concentration, redox state and stress
tolerance of an organism. Furthermore, this suggests that MDHAR influences the
overall stress tolerance of organisms, which is important for the survival of organisms
in their environment. Besides the dehydroascorbate reductase, which maintains the
cellular redox state of AsA, the recycling system of AsA is also highly dependent on
dehydroascorbate reductase, which regenerates AsA from its oxidized state (DHA)
Martinez and Araya (2010). Thus, the ability to be able to withstand various abiotic
stressors resulting in the generation of ROS is critical for the ability to survive there.
In a study carried out by Hasanuzzaman et al. (201 1a, b), it was found that different
ROS-inducing stimuli had a positive effect on the level of DHAR activity.

5.4.8 Glutathione Reductase (GR)

There is a possibility that glutathione reductase (GR) may play an important role in
the ascorbic acid-glutathione (GSH) cycle. Furthermore, it is also an important part
of the body’s defence mechanism against the damage caused by oxygen radicals and
other reactive chemicals (ROS). In addition to increasing the cell’s tolerance to stress,
an increase in GR activity can have a significant effect on the oxidation and reduction
states of the essential electron transport chain components. It is necessary for the
preservation of the GSH pool because GR catalyzes the reduction of the disulfide
links in GSSG in an NADPH-dependent manner (Chalapathi Rao and Reddy 2008).
The enzyme acts as a reductant for GSH, a compound that plays an important role
in a wide range of metabolic functions as well as antioxidative properties in plants.
Thus, GR is the gene that controls a high ratio of GSH to GSSG in plant cells,
which is not only required but also necessary for the pathway that removes hydrogen
peroxide to accelerate, especially under a stressful situation (Pang and Wang 2010).
So, GR ensures that plant cells always have a high ratio of GSH to GSSG. GR is
an incredibly crucial aspect of plant development that determines how effectively
plants will be able to cope with a variety of stresses because it ensures that the cell’s
antioxidant machinery is functioning properly and, as a result, provides resistance to
stress (Hasanuzzaman et al. 2011a).

5.4.9 Glutathione Peroxidases

In this study, glutathione peroxidases (GPXs) will be investigated as they are enzymes
that are known to protect plant cells from the detrimental effects of oxidative stress
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by decreasing the levels of hydrogen peroxide (H,O;) as well as organic and lipid
peroxides (LOOHs). Additionally, GPXs have been found to reduce the potential for
DNA damage, which can cause plant cells to be more susceptible to stress. The GSH
family of enzymes is composed of a large number of isozymes. According to Kiihn
and Borchert, GPX is not only an integral part of the cellular metabolism that may be
involved in the re-oxidation of membrane lipids, but it is also a repurposing defence
against oxidative damage to the membrane. GPXs are found to reduce the potential
for DNA damage by scavenging reactive oxygen species (ROS) and preventing the
oxidation of membrane lipids. This helps protect the cell’s membrane from oxidative
damage and increases the cell’s ability to withstand stress. It was reported a few
years ago that several GPX genes had been extracted from various plant species and
that these genes were associated with H,O, detoxification. Furthermore, GPX also
functions as an oxidative signal transducer (Miao et al. 2006). Therefore, GPX plays
a crucial role in both protecting the cell from oxidative damage and in promoting
cellular stress tolerance.

5.4.10 Glutathione S-Transferases (GST)

As an enzyme that belongs to a domain that has been identified as being involved in
catalyzing the conversion of electrophilic xenobiotic substrates into GSH, plant GSTs
are versatile enzymes Dixon et al. (2010). Plant GSTs can recognize and modify a
wide range of electrophilic xenobiotics, such as herbicides, pesticides and industrial
pollutants, by catalyzing the transfer of the electrophilic group from the xenobiotic
to the glutathione (GSH) molecule, which is a key component in the plant’s defence
mechanisms. As reported by Marrs (1996), GST isoenzymes account for about 1% of
the total soluble protein of a plant. In the GSH metabolic pathway, these enzymes play
an important role. GSTs help protect the plant from environmental damage caused
by these xenobiotics by binding to them and detoxifying them. They also act as
scavengers of reactive oxygen species, which are generated as a result of oxidative
stress caused by these pollutants. This helps the plant to maintain its health by
removing these potentially damaging molecules from its environment. According to
Edwards et al. GSTs are proteins that catalyze the binding of numerous xenobiotics
and their electrophilic metabolites to GSH. Among these xenobiotics are a wide
range of pesticides, resulting in the formation of conjugates that are less hazardous
and more readily soluble in water due to the reduction in hazardous properties. As
a result, GSTs are a crucial defence mechanism for plants against pollutants, as
they help reduce the toxicity of xenobiotics and facilitate their excretion from the
plant’s cells. Furthermore, GSTs also help protect the plant’s cells from oxidative
damage caused by reactive oxygen species. In a study by Gullner and Komives it
was found that GST isoenzymes contain POX activity as well as their ability to
catalyze the conjugation of electrophilic molecules to GSH. Abiotic stressors act in
a variety of ways as effective inducers of GST activity in plants as a result of diverse
abiotic factors. This is because GSTs can act as a scavenger for reactive oxygen
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species (ROS) like superoxide radicals and hydrogen peroxide, which are generated
in large amounts in response to abiotic stress. GSTs can also conjugate these ROS
to glutathione, a small peptide, thereby helping to reduce the ROS levels and protect
the plant against oxidative damage. Hossain et al. (2011) found that plant GSTs play
an important role in how plants adapt to different types of abiotic stress and provide
plants with the ability to survive under stress (Tables 5.1 and 5.2).

5.5 Heavy Metal Stress Exposes Plants to a Range
of Antioxidant Defence Mechanisms

To detoxify ROS, plants use both non-enzymatic antioxidants (AsA, GSH, a-
tocopherol, and carotenoids) and enzymatic antioxidants (APX, SOD, CAT, GR,
DHAR, MDHAR, GPX, and GST). It is this ROS-detoxifying antioxidant defence
machinery in the plant that protects it from reactive oxygen species damage as well
as repairing any damage it may sustain. There is a strong response from plant antiox-
idative mechanisms to HM exposure, but the direction in which the response takes
place depends on the plant organ, plant species, HM utilized, and the intensity of
HM stress. In an investigation conducted by Anjum et al. (2011), it was observed
that both tolerant and sensitive cultivars of mung bean were found to have a signif-
icant decrease in AsA, the AsA/DHA ratio, GSH, and the GSH/GSSG ratio when
treated with Cd (100 mg/kg soil). It should be noted that both the vulnerable variety
as well as the resistant variety saw declines that were substantially less severe when
compared to the vulnerable variety. Cd’s stress tolerance is enhanced by the presence
of AsA and GSH pools, which lends credence to the idea that these pools serve as
protective mechanisms. Under the influence of high levels of HM stress, glutathione
participates in bioreductive processes, in which it serves as a critical line of defence
against reactive oxygen species (ROS). This aberrance is responsible for the loss
of protection of cells from the negative effects of oxidative stress. Inhibiting metal
transport into and out of cells, as well as chelating metal ions within cells, are two
further methods for reducing metal toxicity. Since GSH is capable of directly scav-
enging metals, GSH may play a crucial role in HM tolerance and sequestration in a
variety of ways (Wéjcik and Tukiendorf 2011). It has been shown that the presence
of additional GSH in rice plants under controlled conditions had a significant effect
on the plants’ sensitivity to the effects of cadmium stress. It was discovered that
the growth inhibition induced by Cd could be significantly alleviated by applying
GSH exogenously to both genotypes and that the uptake of Cd could be signifi-
cantly reduced by the application of GSH exogenously. On the other hand, W¢jcik
and Tukiendorf (2011) have discovered that the amount of endogenous GSH present
naturally in wild-type Arabidopsis plants is sufficient for them to be resistant to Cd
stress. As a result, this contradicts the conclusions that were reached by previous
researchers. Plants that have a smaller amount of GSH are less susceptible to Cd,
whereas plants that have a higher amount of GSH are less susceptible to Cd, and
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Table 5.1 List of chromium-tolerant plant species, their habitats and tolerance mechanisms
Family Plant Habitat Tolerance References
mechanism
Apocynaceae Calotropis procera | Large shrub or Increased activities | Usman et al.
(Aiton) W. T. Aiton | small tree of superoxide
dismutase (SOD),
catalase (CAT), and
glutathione
reductase (GR)
Brassicaceae Brassica napus L Annual or Gentle remediation | Taugeer et al.
biennialherb options (GROs)
Commeliniaceae | Tradescantia pallida | Succulent Increased Sinha et al.
(Rose) D. R. Hunt perennial herb anti-oxidant activity | (2014)
Plantaginaceae | Callitriche Water-submerged, | Hyper-accumulation | Augustynowicz
cophocarpa Sendtn | macrophyte et al. (2020)
Solanaceae Solanum viarum Perennial shrub Hyper-accumulation | Afonso et al.
Dunal (2019)
Aizoaceae Mesembryanthemum | Large, Phyto-extraction Sliwa-Cebula
crystallinum L mat-forming et al. (2020)
annual with
sprawling stems
Callitraceae Callitriche Aquatic Cr VI reduction Augustynowicz
cophocarpa Sendtn | macrophyte etal. (2014)
Convolvulaceae | Ipomoea aquatica Semi-aquatic, Hyper-accumulation | Haokip and
Forssk tropical plant Gupta (2020)
Pteridaceae Pteris vittata L Fern species Hyper-accumulation | Kalve et al.
(2011)
Amaranthaceae | Gomphrena Perennial herb Increased proline Adejumo et al.
celosoides Mart and antioxidant
enzyme activities
Cannabaceae Cannabis sativa L | Annual, Hyper-accumulation | Ullah et al.
herbaceous, (2019), Sajad
flowering et al. (2020)
Euphorbiaceae | Euphorbia Desert, Hyper-accumulation | Ullah et al.
helioscopia L herbaceous (2019)
Rumex dentatus L spurge
Rubiaceae Genipa americana L | Wood plant Hyper-accumulation | Barbosa et al.
(2007)
Amaryllidaceae | Allium griffithianum | Perennial herb Hyper-accumulation | Sajad et al.
Boiss (2020)
Fabaceae Medicago sativa L. | Perennial High proline and Wu et al.
flowering plant GST accumulation | (2018)
Salviniaceae Salvinia minima Aquatic Increased Prado et al.
Baker 1886 macrophyte anti-oxidant activity | (2012)
Lamiaceae Origanum vulgare L | Mediterranean, Hyper-accumulation | Levizou et al.

perennial herb

(2018)

(continued)
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Family Plant Habitat Tolerance References
mechanism
Araliaceae Hydrocotyle Creeping, aquatic | Hyper-accumulation | Taufikurahman
umbellata L herb et al. (2019)
Poaceae Leersia hexandra Aquatic perennial | Iron-biochar Wang et al.
Sw grass nano-complex & (2020)
hyperaccumulator
Cannaceae Canna indica L Long-lived, Hyper-accumulation | Taufikurahman
perennial herb etal. (2019)
Asteraceae Helianthus annuus L | Annual forb Hyper-accumulation | Ranieri et al.
(2013)
Pontederiaceae | Eichhornia Aquatic plant Anti-oxidant Mondal and
crassipes Mart activity and Nayek (2020)
accumulation
Table 5.2 Chromium-induced genotoxicity in various plant specie
Plant species | Common Genotoxicity Cr-type References
name
Hordeum Barley Chromosomal Chromosomal | Truta et al. (2014)
vulgare aberrations aberrations
Glycine max | Soybean DNA damage Cr(VD/I1I) Balasaraswathi et al.
(2017)
Zea mays Maize Chromosomal Cr(VD/I1I) Fargasova (2012)
aberration
Vicia faba Faba Bean Micronucleus, Tannery solid | El Fels et al. (2015),
chromosomal waste & Cr(VI) | Fargasova (2012),
fragmentation & Chandra et al. (2004),
bridging, increase in % Rodriguez (2011)
tail DNA, tail moment
and Tail length
Vicia sativa | Vetch Chromosomal Wastes, Cr(VI)/ | Fargasova (2012),
aberration, (III) Rodriguez (2011),
chromosomal Miadokova et al.
fragmentation & (1999)
bridging
Arabidopsis | Arabidopsis | DNA mutation Cr(VI) Rodriguez (2011),
thaliana Labra et al. (2003)
Allium cepa | Onion Aberrations, Tannery solid Patnaik et al. (2013),
micronuclei, waste, tannery | Fargasova (2012),
chromosomal effluent & Rodriguez (2011),
fragmentation & Cr(VD) Qian (2004)
bridging
Raphanus Radish Chromosomal Cr(VI)/(I1D) Fargasova (2012)
sativus aberration




5 Antioxidant Defence: A Key Mechanism of Chromium Tolerance 107

even become more hazardous as a result. To protect plants from the oxidative stress
caused by toxic HMs, they need to increase the production of antioxidant enzymes,
such as SOD, CAT, the enzymes of the AsA-GSH cycle (APX, MDHAR, and GR),
as well as GST, and GPX. The combination of these biochemical properties serves
as an indicator of how sensitive or resistant different plant species are to HMs on a
species-by-species basis (Anjum et al. 2011). According to Gill et al. the increased
tolerance to Cd can be attributed to the increased coordination between the antiox-
idative enzymes in response to Cd exposure. By working together, we can protect
the machinery involved in the photosynthesis process. In the presence of an HM
stress, the elimination of ROS is carried out by several enzymes that are sequentially
and simultaneously activated, forming the enzymatic antioxidant system Gill et al.
El-Beltagi et al. found that plants exposed to Cd stress exhibited significantly greater
levels of antioxidant enzymes such as CAT, GST, and POX when compared to plants
subjected to a control condition. CAT activity in the plant’s leaves was measured
at a specific activity of 25 ppm of Cd when the CAT activity in the plant’s leaves
was measured. This value was obtained when the concentration of Cd was raised
to a certain level. The activity of CAT in both the leaf and root tissues was reduced
when the Cd content was increased to 50 ppm, however, compared to 25 ppm Cd,
the activity of CAT was not affected. There was a significant increase in the level
of GST-specific activity in both the leaves and roots of plants when cd was used as
a fertilizer discovered that the highest concentration of Cadmium, 50 ppm, caused
GST activity to reach 459% in the leaves and 756% in the roots of the plants when
compared to the control plants. As Dominguez et al. point out, plants have an excel-
lent antioxidant system that allows them to develop normally despite being exposed
to cadmium concentrations at the highest possible level. Despite adverse conditions,
it has been demonstrated that it is possible to successfully establish resistance to
the harmful effects of cadmium even under the most adverse conditions. This study
found that activating enzymes that participate in the GPX, CAT, APX, and SOD
pathways of the AsA-GSH cycle (APX, MDHAR, DHAR, and GR) was sufficient
to inhibit ROS generation and oxidative damage caused by lower Cd concentrations
(10 and 100 wM), but not the highest Cd concentration. The effect of this treatment
was not enough to reduce the formation of ROS caused by Cd as well as the damage
caused by high levels of Cd. Despite the activation of GR, the amount of ROS and
oxidative stress that was produced by Cd (1 mM) was not sufficient to diminish the
accumulation of ROS and oxidative stress. Anjum et al. (2011) demonstrated that
the AsA-GSH cycle metabolism was protective in two different mung bean cultivars.
Cd stress was applied to Pusa 9531, a Cd-resistant strain, and PS 16, a Cd-sensitive
strain. Different redox states of AsA-GSH in plants treated with Cd, an increased
level of asA-GSH-regenerating enzymes such as APX, MDHAR, DHAR, and GR,
as well as other antioxidant enzymes such as SOD all strongly suggested overutiliza-
tion of AsA-GSH in plants treated with Cd. There was a significant increase in lipid
peroxidation and H,O, content that was accompanied by a subsequent decrease
in reduced ascorbic acid and glutathione pools, suggesting that, as a result of Cd
toxicity, oxidative stress could be partially mitigated by a detoxification mechanism
based on ascorbic acid and glutathione. Under stress, APX is a crucial component in
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the removal of H,O, from the atmosphere, according to Gill et al. The amount of Cd
used has a direct influence on the level of activity that APX produces. The same was
true for both of the genotypes studied in this study. Hossain et al. found that Cd stress
resulted in a significant increase in the amount of GSH and GSSG in the blood as well
as anotable decline in the amount of AsA, as well as a sharp increase in the amount of
H,0, and MDA in the bloodstream. The activities of CAT, MDHAR, DHAR, and GR
all significantly decreased in response to Cd stress at a concentration of 1 mM CdCl,
for 24 h. GPX GR, APX, DHAR, GPX, GR, GST, and CAT all increased in response
to Cd stress at a concentration of 1 mM CdCl,. Exogenous application of betaine or
proline increased GSH and AsA levels as well as the maintenance of a high GSH/
GSSG ratio. According to Kachout et al. (2009), there is evidence that antioxidant
machinery protects against oxidative stress caused by Cd. The antioxidant enzyme
activities of Atriplex plants grown in soils contaminated with heavy metals (Cu, Ni,
Pb, and Zn) were changed in plants grown in soils contaminated with heavy metals
(Cu, Ni, Pb, and Zn). To get rid of the oxidative stress caused by too much copper, it
may be very important for safflower plants to improve the activity of CAT, POX, and
SOD enzymes. Several antioxidative mechanisms could be in place in rice seedlings
to protect them from the oxidative damage caused by Pb, SOD, POX, and GR, which
can play an important role in the protection of seedlings from Pb-induced oxida-
tive damage, according to Verma and Dubey (2003). According to the researchers,
the presence of antioxidative activity appears to play a very significant role in how
Atriplex plants react to the HM stress that they are exposed to when they are subject to
it. In the roots of rice seedlings that had been exposed to 1 mM Pb for 15 days, APX,
GPX, and SOD levels were all increased in the roots of the plants. GR activities of
the seedlings increased by approximately 128—196% when compared to those of the
control seedlings. As a result of the treatment, however, CAT activities decreased as
aresult of a decrease in CAT activity. The amount of AsA that was present decreased
in a dose-dependent manner under Pb stress, while the amount of DHA that was
presently increased in a dose-dependent manner under Pb stress. Plants that had
been treated with lead had remarkably higher levels of APX, CAT, SOD, GSSG as
well as total glutathione than plants that had not been treated with lead (Qureshi et al.
2007). As a result of the addition of 500 mM Pb-acetate to the solution, SOD and
APX activities increased dose-dependently, but CAT activities decreased (500 mM
Pb-acetate solution). Singh et al. found that when exposed to As, the levels of ASA
and GSH detected in the leaves of P. vittata were much higher than those found in
P. ensiformis, and the ratios of AsA to DHA and GSH to GSSG were also much
higher than those in P. ensiformis when exposed to As. Compared to the fronds of P.
ensiformis, the leaves of P. vittata contained significantly more AsA and GSH. It is
important to realize that the higher the level of reactive oxygen species (ROS) that P.
ensiform is exposed to, the poorer its ability to scavenge them will be. The activity of
APX and SOD decreased when As levels were low. CAT activity, on the other side,
demonstrated a rising tendency when the levels of As were less than 1 mg/kg. The
levels of antioxidant compounds in P. ensiformis are lower than average (AsA, GSH,
and carotenoids) than in P. vittata. Gupta et al. (2009) discovered that the activity of
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SOD, GPX, and CAT all rose dramatically in two separate strains of Borrelia burgdor-
feri termed Varuna and Pusa Bold. Pusa Bold’s higher antioxidant enzyme activity
is probably responsible for the strain’s increased tolerance. juncea in the presence of
lower doses of A stress (50 mM). Ascorbic acid (40 mg/kg) can reduce the activity
of SOD, APX, POX, and GR. This leads to a higher accumulation of reactive oxygen
species (ROS), which in turn causes lipid peroxidation. Shri et al. (2009) found
that the levels of various antioxidant enzymes and isozymes were increased with
As exposure. Even though this interpretation contrasts with the findings of previous
studies, which found that when As was present in rice leaves, there was a dramatic
increase in the activity of both SOD and POX. Superoxide dismutase (SOD) is an
enzyme family that includes such isoforms as GPX and APX. There was no evident
catalase (CAT) enzyme induction. The treatment with Nickel resulted in a consider-
able increase in the activity of enzymes involved in the AsA-GSH cycle, including
MDHAR, DHAR, and GR. Wang et al. discovered that the cotyledons, stems, and
roots of Luffa cylindrica all showed significant increases in SOD, CAT, and GPX
activities in other studies. They hypothesized that nickel treatment at varied doses
could enhance the activity of these antioxidants, resulting in less oxidative damage
caused by nickel-induced metal exposure and an increase in the plant’s tolerance
to nickel. A study conducted by Shanker et al. (2004) found that ROS-scavenging
enzymes play an important role in numerous sections of plants when subjected to
chromium (Cr) stress. In our study, we observed that a lower concentration of Cr did
not result in any scavenging enzymes being induced because there was a regulated
quantity of ROS formation. Furthermore, under Cr stress, the synergistic action of
SOD and CAT was found to pivotal role in reducing the deleterious consequences of
oxidative stress. This was attributed to both enzymes’ ability to scavenge H,O, and
O?. As a result of its antioxidant defense system, Indian mustard (Brassica juncea)
displayed an efficient metabolic defense and adaptive system when it was exposed
to mercury (Hg)-induced oxidative stress. A higher concentration of Hg in the plant
resulted in a more efficient development of an antioxidant defence system such as
CAT (in particular) which was able to scavenge H,O, more efficiently than the plant
with a lower concentration of Hg. Therefore, Shiyab et al. (2009) found that there
was a decreased level of H,O, in those shoots as a result of this treatment.

5.6 Antioxidant Response

Cr toxicity in plants results in the generation of reactive oxygen species (ROS) via the
Fenton and Haber-Weiss reactions (Montillet et al. 2004), which is then followed by
altered antioxidant enzyme activity. The enhanced activity of antioxidant enzymes
such as POD, catalase (CAT), APX, and SOD protects plants from reactive oxygen
species (ROS) formed in response to chromium stress. When Bacillus thuringiensis
oleracea, Zea mays, and Solanum lycopersicum were treated with Cr(VI), the roots
and leaves had higher glutathione (GSH). These antioxidant enzymes disrupt the
chain reaction of free radicals, either entirely stopping or considerably slowing the
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oxidation process (Munné-Bosch et al. 2009). Cr treatment has also been demon-
strated to boost GSH production in Oryza sativa, Actinidia deliciosa (A. Chev.) C.
F. Liang & A. R. Ferguson, Brassica napus, Salvinia natans, P. stratiotes, Salvinia
rotundifolia, and Salvinia minima (Noctor et al. 2002). When subjected to Cr toxi-
city, however, Jatropha curcas showed a decrease in GSH activity (Panda 2007).
Increased levels of glutathione reductase (GR), a key enzyme in the pathway that
leads from ascorbate to glutathione, are seen as a response to Cr stress (Pandey et al.
2016). GR is a metal chelator and a ROS scavenger in addition to being a substrate
for PC production. A recent study on Miscanthus sinensis found that when exposed
to 0.50-1 mM Cr, 36 proteins involved in oxidative stress, metabolism, molecular
chaperones, and other activities were over-expressed (Pang and Wang 2010).

5.7 Chromium-Mediated Alteration in the Enzymatic
Antioxidant System

During the process of superoxide dismutase, superoxide, or O,, is converted into
H,0,; as a result of superoxide dismutase. It has been developed by the plant an
enzymatic antioxidant system that is highly sophisticated and well-organized to
combat reactive oxygen species (ROS). As a result of a wide variety of stimuli,
residual oxygen species (ROS) are generated in response to a variety of condi-
tions, among them toxic concentrations of Cr Qureshi (2007). Ascorbate peroxi-
dase (APX) and catalase (CAT) are enzymes that are capable of converting H,O,
into H,O,. To minimize the oxidative stress generated by Chromium, plants use an
enzymatic antioxidant system composed of POD, SOD, APX, CAT, dehydroascor-
bate reductase (DHAR), and GR. It is also well known that plants use an enzymatic
antioxidant system to combat oxidative stress. This system includes the enzymes
POD, SOD, APX, CAT, dehydroascorbate reductase (DHAR), glutathione reductase
(GR), monodehydroascorbate reductase (MDHAR), glutathione peroxidase (GPX),
and glutathione S-transferase (GST). This system is in charge of regulating and
scavenging reactive oxygen species caused by Cr.

5.8 Conclusion

It is undeniable that abiotic stress in international crop production has an undeniable
significance because abiotic factors, collectively, are responsible for the majority
of limitations that are placed on crop production around the world due to abiotic
stress. Abiotic factors are responsible for the majority of the constraints placed on
crop production as a result of abiotic factors. Thus, in the field of agriculture, it
is essential to take additional steps to understand the molecular and physiological
mechanisms that allow plants to tolerate abiotic stress and to discover how to plant
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stress tolerance can be increased to improve yield under drought conditions. Abiotic
stress is one of the biggest threats to the agricultural production of a country, and
as a result, it is possible to minimize this loss of agricultural production by utilizing
knowledge of crop physiology and crop husbandry practices strategically. During the
development, adaptation, and continuation of the existence of plants, reactive oxygen
species (ROS), as well as their metabolism and detoxification, are crucial processes
for their survival, development, and adaptation. It is possible to increase a plant’s
resistance to environmental stresses by artificially inducing the overexpression of
novel isoforms of genes that code for ROS-detoxifying enzymes. There are some
significant steps involved in the development of a plant’s defence mechanism and
regulatory mechanisms, such as the production of reactive oxygen species (ROS)
and their subsequent removal through scavenging.
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