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Abstract

The soil environment is getting contaminated with heavy metals and other
pollutants due to unattended anthropogenic and natural activities. Plants grown
in such contaminated soils use different mechanisms to regulate and combat the
deleterious effects of metal ions by producing several metabolites and
antioxidants to combat oxidative damage. Among them, secondary metabolites
actively participate in the alleviation of stress by acting as metal chelators or
via direct scavenging of the reactive oxygen species. Plant-sourced secondary
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metabolites (SMs) are organic compounds that are highly inducible in stress
experiencing plants. Though secondary metabolites are non-essential, but are
directly involved in the healthy interaction of plants with the environment. As
they strengthen the plants by making them adaptable to the environment and
counteract the deleterious effects of pollutants. These SMs also act as basic
immune-protector in medicinal plants for traditional medicine in different
cultures of the world. The chemical structure of these metabolites mainly
corresponds to the antioxidant behavior. Depending upon chemical structure,
these metabolites can be classified into various types like phenolics, alkaloids,
saponins, terpenes, lipids, carbohydrates, nitrogen, sulfur containing compounds,
etc. Plant experiencing abiotic stress produces SMs from primary metabolites
using the various pathways to help plants combat the stressed environment.
Though mainly stress initiated, the production of these SMs in a plant is usually
very less and varies among different plant species and affected by the strength of
exogenous stimuli. Inorganic pollutants like mineral salts, gaseous toxins, heavy
metals, pesticides, and aerosols are major factors involved in the initiation of SMs
production in plants. Abiotic stress signals like methyl jasmonate, jasmonic acid,
salicylic acid, calcium, polyamines, serotonin, abscisic acid, plant growth
regulators, nutrient stress, and micro-drought serve as stimuli for SMs production.
Cell culture technologies are a basic source of in vitro production of secondary
metabolites for studying their effects on plants and for plant growth improvement
purposes. This chapter addresses the nature and role of secondary metabolites in
plant systems under abiotic stress conditions.
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Abbreviations

ABA  Abscisic acid

Al

Aluminum

APX  Ascorbate peroxidase

As

Arsenic

AsA  Ascorbate
BRs Brassinosteroids

C Carbon
CAT Catalase
Cd Cadmium
CK Cytokinin
Co Cobalt

Cr Chromium
Cu Copper

GA Gibberellic acid
GPX  Guaiacol peroxidase
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GR Glutathione reductase
GSH  Glutathione

GSL  Glucosinolates

H,0, Hydrogen peroxide
Hg Mercury

HMs  Heavy metals

IAA  Indole acetic acid
kDa Kilodalton

Ni Nickel
0] Oxygen
(OF Ozone
Pb Lead

POX  Peroxidase

ROS  Reactive oxygen species
SA Salicylic acid

SMs  Secondary metabolites
SOD  Superoxide dismutase
uv Ultraviolet

Zn Zinc

1 Introduction

Agricultural and atmospheric contamination with heavy metal species and other
inorganic pollutants like alkali salts is a major issue regarding food security and
human health. Environmental risks linked with inorganic pollutants vary largely
owing to complex interactions at extracellular and intracellular levels (Saha et al.
2017). Salts of the alkali group affect the physicochemical properties of the soil
resulting in the interruption of the plant—soil-water relationships, nutrient use
efficiency, bioavailability, and cycling. Toxic metal ions interact with soil colloids
more strongly than salts depending on their speciation and elemental nature. Even at
their low concentration and less mobility in the soil, they disrupt the metabolic
processes by affecting the physiology of the plants. Heavy metals or trace elements
are the group of metalloids having density and atomic number greater than 5 g cm >
and 20, respectively (Alloway 2011). Some of these trace elements (zinc, copper,
nickel, molybdenum, manganese, iron) are essential for the structural and biochemi-
cal processes in plants like proper growth, tissue development, electron transport,
redox reactions, and many other metabolic processes (Andresen et al. 2018). While
non-essential heavy metals including lead (Pb), mercury (Hg), cadmium (Cd),
arsenic (As), etc. have been found to be toxic for plants growth with no known
biological function along with food chain contamination even at minute
concentrations (Shahid et al. 2017). Variability in spatial distribution and contami-
nation of soils with heavy metals is owing to anthropogenic and natural sources,
while the rapid increase in pollutants from last some decades in some ecosystems is
typically linked with unmanaged anthropogenic activities (Sarma et al. 2011; Street



60 M. Zia ur Rehman et al.

2012; Xiong et al. 2016a, b). Industrial effluents, mining, metallurgy, chemical
fertilizers, urbanization, and transportation tend to increase the mass of pollutants
in the environmental matrices (Megateli et al. 2009; De Lurdes Dinis and Fidza
2010). The ultimate sink of these pollutants is the soil where they degrade the soil
properties and badly affect the growth of plants. These toxic pollutants get absorbed
into plants via root system, translocate to the aerial portion causing metabolic
dysfunction and food chain contamination (Zheljazkov et al. 2006, 2008a, b; Baye
and Hymete 2009; Chaiyarat et al. 2010; Li et al. 2010; Carrubba and Scalenghe
2012; Ebrahim et al. 2012; Shahid et al. 2017). Plants use different strategies to cope
with these inorganic pollutants including physiological, morphological, genetic, and
biochemical mechanisms (Sharma and Dietz 2009; Schreck et al. 2012).

Exposure to heavy metals results in overproduction of the reactive oxygen
species, which are then detoxified by different transcriptional responses and epige-
netic modifications (Dutta et al. 2018). Induction of heavy metals persuades the
production of secondary metabolites (SMs) in the plants which help in mitigating
their toxic effects. Primary metabolites like amino acids, carbohydrates, and lipids
serve as base materials and are involved in the production of secondary metabolites
(Hatami and Ghorbanpour 2016). Plant secondary metabolites have the least essen-
tial role in the functioning of the plants; however, they serve for the adaptive and
defense interaction of the plant with its environment (Ramakrishna and Ravishankar
2011). About 100,000 types of secondary metabolites have been discovered so far
with weight <150 kDa and contributing <1% of the plant total dry matter (Oksman-
Caldentey and Inzé 2004). Depending on their biosynthetic pathways, they have
been classified into nitrogen compounds (alkaloids) and nitrogen-deficient (terpenes
and phenolics) (Kasote et al. 2015; Pagare et al. 2015). Accumulation of secondary
metabolites in the plant tissues is often subjected to different types of stresses and
signal molecules and gets regulated by many plant factors like evolution and genetic
behavior, growing conditions, climate, mineral elements, and pollutants
concentrations (Street 2012; Hatami and Ghorbanpour 2016; Yang et al. 2018).
The induced stress of heavy metals and other inorganic molecules leads to the
production of secondary metabolites through stimulation of the defensive system
of the plants (Asgari Lajayer et al. 2017). SMs also add in the tastes, odors, toxins,
and colors in plants (Mazid et al. 2011; Pagare et al. 2015) and are the distinctive
sources of food additives, flavors, pharmaceutically active substances, and industrial
biochemicals (Heitefuss 2011; Ramakrishna and Ravishankar 2011). Chemicals
involved in the synthesis of SMs are calcium, salicylic acid, abscisic acid,
jasmonates, polyamines, and nitric oxides (Tuteja and Sopory 2008). Plant second-
ary metabolites can also be synthesized using plant tissue cultures and it is a subject
of much interest in research owing to their large applications (Gongalves and
Romano 2018). But their considerable yield and extraction present challenges that
need to be solved yet as part of biological and phyto-chemical investigations.
Successful production and extraction begin with cautious selection and preparation
of the plants used. During this process, it is necessary to minimize the contamination
that may get extracted with concerned compounds.
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2 Classification of Secondary Metabolites

Among various organic molecules that are being synthesized by plants in response to
stress signals is a special class called secondary metabolites. They are not necessary
for cell life but have a role in making the plant adaptable to its surroundings. Having
a unique structure with a carbon skeleton is the basic property of the SMs (Pagare
et al. 2015). These SMs can be classified into various classes depending upon their
chemical structure, composition, solubility, or pathway through which they are
synthesized (McMurry 2014). Based upon structural composition SMs can be
classified into enzymatic and non-enzymatic (antioxidants) (Hasanuzzaman
et al. 2019). These antioxidants are very important in combating stresses in plants
making them an integral part of plant biochemistry (Kapoor et al. 2019). Among
enzymatic antioxidants, ascorbate peroxidase, dehydroascorbate reductase,
monodehydroascorbate reductase, glutathione reductase, catalase, superoxide
dismutase, glutathione peroxidase, peroxiredoxin, and glutathione-transferase are
well known (Noctor et al. 2014; Hasanuzzaman et al. 2017a). While ascorbate,
carotenoids, flavonoids, glutathione, and tocopherols are non-enzymatic
antioxidants (Gill and Tuteja 2010). Based upon the biosynthetic pathway of SMs,
another classification has been proposed in which SMs are divided into three major
groups: terpenoids, phenolics, and nitrogenous/sulfur compounds. Terpenoids rep-
resent the biggest group of SMs in plants (Nagegowda 2010). They are
biosynthesized via common origin from glycolytic or acetyl Co-A intermediates.
Most of the diverse terpenes’ structures produced by plants are in their defense
against feeding deterrents and are toxic in nature. Terpenes have been classified in
accordance with the number of 5-carbon units present in their structure. Hence, it
includes hemi (C-5), mono (C-10), sesqui (C-15), di (C-20), sester (C-25), tri (C-30),
and tetra (C-40) terpenes (Nagegowda and Gupta 2020). Pyrethroid (terpenoid)
occurring in the leaves of chrysanthemum species shows strong insecticidal effects
and is an ingredient of many commercial insecticides owing to its low environmental
persistency. In gymnosperms plants, commonly found terpenes are limonene,
a-pinene, and myrcene. Similarly, sesquiterpenes including costunolides, abscisic
acid; diterpenes including abietic acid, phorbol; tetraterpenes including carotenoids
family and many high molecular weight polyterpenes have been reported as benefi-
cial SMs in abiotic stress mitigation (Pagare et al. 2015).

A large variety of phenolic compounds are also produced in the plants as SMs for
defense purposes (Colak et al. 2019; Jiang et al. 2019). These compounds contain
phenolic acids, lignin, anthocyanidin (Taiz and Zeiger 2006), coumarin derived by
shikimic acid pathways (Brooker et al. 2008), furano, psoralene (Ali et al. 2008),
flavonoids, and isoflavonoids (Sreevidya 2006; Lake et al. 2009; Saviranta et al.
2010). Phenolic metabolites specially phenylpropanoids and flavonoids get oxidize
by peroxidases and help in scavenging H,O,, phenolic/POX system (Michalak
2006). Several phenolic SMs have been reported in plants for stress tolerance like
ascorbate peroxidase (Esmaeilzadeh et al. 2017), ascorbic acid (Maleki et al. 2017),
catalase, dehydroascorbic acid, cytosolic dehydroascorbate reductase, glutathione
reductase, glutathione, glutathione  disulfide, monodehydroascorbate,
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monodehydroascorbate reductase, peroxidase, and superoxide dismutase (Michalak
2006; Blokhina et al. 2003; Kovacik et al. 2009a, b). Nitrogen-containing SMs
include alkaloids, defensins, GSL, and N-glycosides, while sulfur-containing SMs
include phytoalexins, allicin, S-glycosides, and thionins (Saito 2004; Grubb and
Abel 2006; Halkier and Gershenzon 2006; Figueiredo et al. 2008; Street 2012).
Some nitrogen-containing SMs also include phenolic acids (Taiz and Zeiger 2006).

3 Production of Secondary Metabolites in Plants

Most of the secondary metabolites are produced in plants by three pathways, via the
shikimate pathway, polyketide pathway, and isoprenoid pathway. After the forma-
tion of the basic skeletons, SMs get modified according to the species-specific
compounds. Aromatic compounds are mainly sourced from the shikimate pathway.
While phenylpropanoid pathway is involved in the synthesis of lignin, anthocyanins,
and flavonoids which are major SMs in stress conditions including heavy metal and
alkali salts pollution (Pagare et al. 2015). Phenylpropanoid is one of the central
metabolic pathways in terms of carbon flux as about 20% of the total metabolism in a
plant cell goes through this pathway. Fundamental to SM products in this pathway is
the enzyme phenylalanine ammonia-lyase which changes phenylalanine into trans-
cinnamic acid through non-oxidative deamination. Isoprenoid pathway is another
important pathway in this regard including terpenoids production which is 1/3 of the
plants SMs (Pagare et al. 2015).

The production and concentration of the SMs in plants are dependent on the soil
environment and plant resistance. Exposure to stress like inorganic pollutants and
HMs can produce reactive oxygen species in the plants which are damaging to the
cell functions. They can limit plant growth and productivity severely (Pandey et al.
2017). Expressions of certain genes get an increase in response to the ROS (Tuteja
2007; Nakashima et al. 2009; Roy 2016). These genes are involved in the production
of SMs to combat with the ROS and help in their scavenging. A stress signal is
responded when recognized at the cellular level in the form of SMs formation as a
protective function. Edreva et al. (2007) reported phenyl amides and polyamines
accumulation in the tobacco and bean plants under abiotic stress conditions
suggesting the role of these SMs as antioxidants. Similarly, accumulation of antho-
cyanin is induced by several environmental stress signal including wounds, drought,
nutrient deficiency, high-intensity light, blue light, UV-rays, and pathogen attack
(Winkel-Shirley 2001; Truong et al. 2018; Hu et al. 2020; Zhang et al. 2020; Zheng
et al. 2020).

Salts usually incur both osmotic and ionic stress resulting in the increase or
decrease of specific SMs in plants (Mahajan and Tuteja 2005). Truong et al.
(2018) reported enhanced production of anthocyanins under low nitrate and high
salt stress. Contrary to this, Daneshmand et al. (2009) described that salt stress
reduced anthocyanins concentration in salt-sensitive plant species. Similarly, Petrusa
and Winicov (1997) explained that salt tolerant plant alfalfa quickly doubled its root
proline contents, while salt-sensitive plant’s rate of increase in proline contents was
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slow. Torre-Gonzélez et al. (2018) reported proline accumulation linked with salt
tolerance in Solanum lycopersicum L. Pedranzani et al. (2003) also reported endog-
enous jasmonic acid accumulation in tomato plants under salt stress. Methyl
jasmonate and salicylic acid are well-known elicitors for a number of SMs including
terpenoid, alkaloids, and phenolic phytoalexins in medicinal plants (Singh and
Dwivedi 2018). Polyphenol synthesis often occurs owing to biotic or abiotic stresses
(Muthukumarasamy et al. 2000; Popovi¢ et al. 2016). Increasing salinity has also
been reported for high polyphenol contents in many plants (Parida and Das 2005).
Navarro et al. (2006) described high levels of phenolic compounds in moderately
saline soil in red pepper and have been reported many times as salinity response.
Plant polyamines also get involved in the salinity response. Mutlu and Bozcuk
(2007) reported changes inbound and free polyamine concentration in the roots of
sunflower due to salinity.

Heavy metals also influence the production of SMs as they are toxic in nature and
cause the production of ROS leading to increase the SMs production via specific
signals. A number of studies are present that describes the role of HMs in inducing
the plant defense system. Copper exhibited the stimulation for the production of
betalains in Beta vulgaris (Trejo-Tapia et al. 2001). Silver and cadmium enhanced
the production of two tropane alkaloids (hyoscyamine and scopolamine) in
Brugmansia candida (Angelova et al. 2006). Lanthanum has been found involved
in the production of taxol in the Taxus species. A decrease in putrescine has been
observed in the leaf disks of sunflower (Jacobsen et al. 1992). But there was no effect
of chromium exposure on the spermidine and spermine level in leaves except
putrescine which increased with increasing Cr level and exposure time via leaves.
Lin and Kao (1999) also reported an increase in the level of putrescine in the leaves
of rice on exposure to Cu, while the centration of spermine decreased. Production of
SMs in plants varies largely depending on the stress conditions, HMs, salt types, and
species of plants.

4 Roles of Secondary Metabolites in Plants

Secondary metabolites have a prominent role in the protection of plants against
abiotic as well as biotic stress factors although they are considered insignificant for
development and growth processes (Schafer and Wink 2009; Ncube and Staden
2015). It is thought that most of the known SMs are involved in the chemical
defensive system of the plants from millions of years as plants are suffering from
the invaders (Wink 1999). High concentrations of SMs result in more resistance in
plants, while their production is costly for the plants leading to a decrease in their
growth and reproduction (Siemens et al. 2002). Plants get damaged when the amount
of ROS exceed than the antioxidant or detoxification mechanisms capacity. So,
plants have developed extensive protective systems to get rid of ROS in the form
of SMs. They can stop the oxidation process by blocking the detrimental oxidation
chain reaction to save plants (Sgherri et al. 2003; Karuppanapandian et al. 2011).
Low molecular weight antioxidants like vitamin E, vitamin C, and phenolic acids,
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etc. are considered most important under inorganic pollutant stress (Kasote et al.
2015). They are also necessary for the defense of cellular components and are
substantial scavenger of many ROS but unable to cope with metastable
hydroperoxides like reducing radicals (Chaudiere and Ferrari-iliou 1999). In this
regard superoxide dismutase, ascorbate peroxidase, dehydroascorbate reductase,
monodehydroascorbate reductase, glutathione reductase, and catalase participate in
ascorbate glutathione cycle, a highly established detoxification system (Noctor
2002; Hasanuzzaman et al. 2019). Ascorbate peroxidase is an important peroxidase
to detoxify H,O, acting both in chloroplasts and cytosol using ascorbic acid as a
reductant in the ascorbate glutathione cycle (Smirnoff 2000).

Isoflavonoids are well-known SMs for their role in defense against ROS (Posmyk
et al. 2009). ROS are the major stress-causing agents under heavy metal and other
salt pollution. Antioxidant enzymes including superoxide dismutase, catalase, pro-
line oxidase, ascorbate peroxidase, glutathione peroxidase, and glutathione reduc-
tase are the most effective agents for scavenging ROS under metal stress. Phenolic
SMs are the substrate for these peroxidase enzymes and found to be the first line of
defense regarding various stress factors including HMs and other pollutants (Novak
et al. 2004; Posmyk et al. 2009). Glutathione (GSH) is a major form of organic sulfur
and also serves as an effective antioxidant in stress conditions (Kang and Kim 2007).
Trichomes a specialized type of cells show high enzymatic activities for the synthe-
sis of many phytochelatins and GSH required for the detoxification of the HMs (Tian
et al. 2017). GSH directly takes part as an antioxidant in mitigating oxidative stress
as well as a reducing agent for other antioxidants like ascorbic acid and scavenge O;
produced by ROS (Nocito et al. 2002). It also helps plants in detoxification of cyto-
toxins and xenobiotics by sequestering them to the vacuole (Hasanuzzaman et al.
2017b).

Phenolic compounds are potential antioxidants produced by plants against heavy
metal stress (Colak et al. 2019). A lot of studies have been reported about metals
induced production of peroxidases and phenolic compounds in plants. The ability of
phenolic compounds to alleviate HMs stress is owing to their high propensity to
chelate metals. They own carboxyl and hydroxyl groups which make them capable
of binding copper and iron (Jung et al. 2003). Yang and Pan (2013) have reported
high exudation of phenolic compounds by roots of Helianthus annuus L. exposed to
HMs. While Moran et al. (1997) described that chelating ability is due to the high
nucleophilic property of the aromatic rings rather than specifically due to chelating
groups in the molecules. There is another mechanism involved in the antioxidant
nature of the phenolic compounds. Heavy metal ions produce lipid alkoxyl-radicals
by the hemolytic breakdown of O-O bonds and decomposition of lipid
hydroperoxides, which induce free radical-chain oxidation. Phenolic SMs trap
these lipid alkoxyl-radicals and help in the inhibition of lipid peroxidation. It
depends on the structure, position, and number of hydroxyl groups of the molecule
(Milic et al. 1998). Arora et al. (2000) described that phenolic SMs especially
flavonoids also have the ability to modify the peroxidation kinetics through lipid
packing order. They help in the stabilization of the membranes by reducing their
fluidity, restrict peroxidative reactions, and decrease the diffusion of free radicals
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(Arora et al. 2000; Blokhina et al. 2003). In addition to their protein binding ability,
procyanidins and flavonols interact with membrane phospholipids via hydrogen
bonding with polar heads of phospholipids (Verstraeten et al. 2003). Hence, these
compounds can get accumulated at the surfaces of the membranes both inside and
outside of the cell. This suggests that flavonoids help in maintaining the integrity of
the membranes by inhibiting the access of damaging species to the hydrophobic
expanse of the bilayer along with others that can affect the rheology of the membrane
and can initiate oxidative damage to the cell.

5 Advances in Synthesis of Secondary Metabolites

There are a lot of ways of production of secondary metabolites like plant-based,
tissue culture, and strategies like traditional and metabolic engineering (Gongalves
and Romano 2018). With increasing consumer demand for safe product provision,
plant-derived product demand is on all-time rise (Lucera et al. 2012). Though
chemosynthesis can be used to produce various simple plant products with simple
chemical structure but producing SMs like alkaloids via this process is not economi-
cal (Stevenson and Szczeklik 2006; Greger 2017). Environmental constraints and
restrictions can also limit the extraction of some plant products from naturally grown
plants (Yue et al. 2014). Plant farming for the extraction of SMs is a very time-
consuming process and plant tissue culture seems to be more appropriate in this
regard as it can facilitate mass production of SMs (Isah et al. 2017). Plant culture-
based production of SMs is comparably neat, pesticide/herbicide and microbe
contamination free system with more efficiency (Verpoorte et al. 2002; Murthy
et al. 2014; Ochoa-Villarreal et al. 2016) making them suitable for commercial
scale production (Kolewe et al. 2008). In tissue culture-based production of SMs,
undifferentiated plant tissue callus is preferred as plant cell is considered as a
totipotent in its mechanical and biochemical machinery (Yue et al. 2014). Tissue
culture allows us the production of various novel plant-based SMs whose production
from native plants was otherwise difficult (Ochoa-Villarreal et al. 2016; de Padua
et al. 2012). Tissue culture has been successfully used to produce SMs like
artemisinin (Baldi and Dixit 2008), ajmalicine (Ten Hoopen et al. 2002), taxol
(Patil et al. 2014; Sharma and Zafar 2016), resveratrol (Farag and Hassan 2004),
and ginsenosides. For improvement in the production of secondary metabolites,
nutrient precursor feeding and stimuli provision can boost yield, while other meta-
bolic engineering approaches are also viable to use.

6 Inorganic Pollutant Stress and SMs Production in Plants

The SMs are widely produced by plant species to combat stress and strengthening
defense mechanisms (Isah 2019). Among various abiotic stresses, heavy metals are
very much potent and persistent in modern-day agriculture. Plants tend to cope with
this stress via the production of various SMs in real-time out of which plant
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hormones are very important. Under abiotic stress, out of all SMs, phytohormones
are very important which tend to regulate mineral homeostasis for plants.
Phytohormones production (triggered by abiotic stress) results in the regulation of
enzymatic activities and SMs production which is helpful in stress mitigation (Wani
et al. 2016). Under heavy metal stress, plant tends to regulate the production of
abscisic acid (ABA) which acts as a signaling compound regulating gene expression
for stress mitigation in plants (O’Brien and Benkova 2013). Heavy metals like Cd,
Hg, Cu, As turns ABA gene expression on causing a surge in endogenous ABA
concentration (Biicker-Neto et al. 2017). Another phytohormone, auxin, or indole
acetic acid (IAA) is also helpful in increasing plant growth under normal and stress
conditions (Kazan 2013). Similarly, gibberellic acid (GA) is also involved in plant
adaption to provide resistance towards various abiotic stresses like HMs (Maggio
et al. 2009). Cytokinin (CK) hormone is involved in inter-hormonal signaling under
heavy metal stress and sometimes works antagonistically to ABA (Ha et al. 2012).
Another phytohormone, salicylic acid (SA) production in plants is also observed to
be a defensive response towards heavy metal stress (Rivas-San Vicente and
Plasencia 2011) as not only it can detoxify HMs stress but also enhance the activities
of antioxidants (Metwally et al. 2003). Ethylene production is enhanced under
minute HMs stress, but severe HMs toxicity tends to decrease ethylene production
(Gora and Clijsters 1989).

Besides phytohormones, trace metals also alter the composition of other SMs like
Ni inhibiting anthocyanin in plants (Hawrylak et al. 2007). A decrease in anthocya-
nin levels is due to inhibition in the activity of l-phenylalanine ammonia-lyase
(Krupa et al. 1996). Copper and Cadmium (Cu and Cd) have been reported to
increase shikonin in Lithospermum callus cultures upon toxic accumulation
(Mizukami et al. 1977). Similarly, Cu and Co stress have been reported to enhance
betalains production in Beta vulgaris (Trejo-Tapia et al. 2001). Various other heavy
metals have been reported to affect the production of SMs which is primarly plant’s
defensive response against HMs stress. Similarly, heavy metal toxicity also alters
SMs production in the medicinal plants where these compounds are responsible for
the medicinal properties of plants. A heavy metal derived inactivation of plant
metabolites is due to the loss of specific enzymes or damage to biochemical cycles
involved in SMs production (Pandey et al. 2007). Nickel toxicity in Hypericum
perforatum has shown a 15-20 folds’ decrease in hyperforin production. While
induction of phenolic compounds has been reported in Ni, Al, and Cu toxicity in
wheat, maize, and Mascarene Island leaf flower (Winkel-Shirley 2002; Michalak
2006). A chapter summarized by Nasim and Dhir (2009) has reviewed several types
of research on the effect of heavy metals on SMs production by medicinal plants and
various plant species have been shown to do so.

Heavy metals aim to activate ROS production in plant species upon toxic
concentration leading to cellular degradation of biochemical machinery. To cope
with ROS production, plants tend to accumulate several antioxidant SMs like
flavonoids, lignin, phenolic acids, tocopherol, stilbenes, tannins, and organic acids
(Hou et al. 2003). Other antioxidants are enzymatic (catalase, (CAT), superoxide
dismutase (SOD), guaiacol peroxidase (GPX), ascorbate peroxidase (APX), and
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glutathione reductase (GR)) and non-enzymatic (glutathione (GSH), ascorbate
(AsA), carotenoids) that act as the scavengers of ROS (Michalak 2006; Rastgoo
et al. 2011; Sharma et al. 2012). Various studies have reported the regulation of
antioxidants by heavy metal stimuli. Bankajj et al. (2016) reported an increased
activity of GPX while a decreased activity of CAT and APX in Atriplex halimus
under Cu stress. Cadmium toxicity in Kosteletzkya virginica has caused a net
increase in endogenous GSH, tocopherol, SA and GR activities (Han et al. 2012).

7 Exogenous Applications of SMs for Combating Stress

Under abiotic stress like salinity and HM, plants tend to produce various SMs
(metabolites, phytohormones, and antioxidants) like IAA, SA, GA, ethylene, CK,
brassinosteroids, ascorbates, glutathione, and crotonids. Exogenous application of
some of these SMs is helpful for plant to counter abiotic stresses as well.

Phytohormones are essential to plant biochemical machinery products to counter
abiotic stress, improve plant growth, and enhance plant defense mechanisms (Sytar
et al. 2018). Bali et al. (2019) reported that exogenous application of jasmonic acid
activates the production of essential SMs in tomato tissues, triggers stress suppres-
sion genes, and detoxifies Pb toxicity. Similarly, exogenous application of auxins to
Arabidopsis thaliana has shown a remarkable decrease in Cu (Peto et al. 2011; Yuan
et al. 2013), Cd (Yuan and Huang 2015), and As (Srivastava et al. 2012) uptake and
toxicities. Similarly, the exogenous application of ABA decreased Cd root—shoot
translocation in Arabidopsis thaliana (Perfus-Barbeoch et al. 2002). Another impor-
tant class of phytohormones BRs is also helpful in HMs derived stress mitigation in
the plant via increasing antioxidants defense as reported for Zn (Arora et al. 2010),
Pb (Rady and Osman 2012), and Cr (Choudhary et al. 2011) toxicity. Salicylic acid
(SA) has also been reported to have a mitigative effect on barley plants experiencing
Cd toxicity (Tamas et al. 2015).

Among various SMs, glutathione is one of the most cited and reported
non-enzymatic antioxidants and has a nullification effect on HM toxicity if applied
exogenously. Glutathione exogenous application has shown stress mitigation effects
against Ni (Khan and Khan 2014; Khan et al. 2016), Cd (Khan et al. 2015, 2016), As
(Sakai et al. 2010; Dixit et al. 2016), Zn (Barrameda-Medina et al. 2014; Khan and
khan 2014), Cu (Mostofa et al. 2015), Al (Ruiz et al. 2006), and Pb (Yuan and Huang
2015).

8 Summary and Prospects

Plants are considered to be more capable of tolerating the heavy metals and salts
pollution in the environment than other organisms. Oxidative metabolism is one of
the major mechanisms involved in the tolerance behavior of plants. They have
salinity tolerance strategies which also help in conferring the heavy metals toxicity.
The organization of enzymatic and non-enzymatic pathways of the antioxidant
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system helps the plants in providing defense against inorganic pollutants. Phenolic,
terpenoid, nitrogen, sulfur, etc. compounds increase tolerance of the plants against
various stress elicitors. The accumulation of osmoprotectants, metallothioneins,
phytochelatins, etc. regulates the plant’s normal metabolism. So, a better under-
standing of these secondary metabolites pathways, processes, and formations along
with their precursor can help to mitigate the inorganic pollutant stress as well as other
stress factors on plants. Exogenous application of these SMs and their precursors
need a thorough understanding and comprehensive study to evaluate their effects on
plant growth. Many studies are present indicating the effects of SMs on plants but
controversy is present about their exogenous application and plant-specific effects.
Some cases are present where plants showed a decrease in growth on SMs
overexpression which needs further research to explore the benefits of SMs regard-
ing their optimum concentration. It is a vast area of research that can help scientists
in dealing with heavy metals and salinity stress for plants. Exogenous application or
elicitation genes understanding of the SMs can be a novel option in conferring stress
in plants.
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