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Abstract

Heavy metals (HMs) are environmental and food chain contaminants having
chronic and epidemic effects on human health. Introduction of HMs in the food
chain takes place by their excessive uptake from soil through the crop plants,
making it a global issue of concern to take necessary steps to counteract the
problem. The HMs also cause toxicities to plants by affecting their growth and
productivity. With the continuously changing global climatic conditions, the HM
contamination in the soil is exaggerating, thereby resulting in the considerable
yield reduction of major crop species. Furthermore, HM-induced soil pollution
associated with the improper fertilization practices appears as a serious threat to
the sustainable agriculture. It is therefore, a serious worldwide concern to mini-
mize the HM toxicity in crop plants. Phytoremediation is a promising plant-
based, cost-effective, and eco-friendly approach for the effective removal of the
HMs from the environment. Several plants known as metallophytes accumulate
higher level of HMs without having any toxic effects and, therefore, can be used
to remove large amounts of HMs from the soil. The present chapter summarizes
the mechanisms of HM uptake, translocation, and detoxification in plants. The
mechanism adopted by the metallophytes in HM hyperaccumulation and their
role in ameliorating the HM toxicity has also been discussed.
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19.1 Introduction

Progressive industrialization, modern agricultural practices, and increased anthropo-
genic activities due to urbanization are emerging as potential causes for heavy metal
(HM) contamination in the environment (Singh et al. 2016). The HM contamination
leading to toxicity in animals and humans has become a major concern in the last few
decades. Unrestricted usage of pesticides and chemical fertilizers in agriculture,
compost wastes, smelting industries, and metal mining are increasing the HM
contamination throughout the world. HMs cause toxicity to the plants with signifi-
cant negative influence on their growth and productivity (Arif et al. 2016). HMs are
metallic chemical elements with high densities, atomic weights and numbers
(Nagajyoti et al. 2010; Kamal et al. 2010). They are the natural components of the
Earth’s crust. HMs are nondegradable and create toxic effect even at very low
concentrations. Examples of some common HMs are arsenic (As), cadmium (Cd),
chromium (Cr), lead (Pb), mercury (Hg), and thallium (TI). Alternatively, some
HMs, such as copper (Cu), selenium (Se), and zinc (Zn), are considered as the trace
elements playing a crucial role in the metabolic processes of plants and animals.
However, these trace elements can lead to poisoning at higher concentrations. The
HM contamination affects the soil microbial communities, influences the biogeo-
chemical cycles, and directly impacts the ecological niche and diversity of soil
bacterial communities (Thakare et al. 2021). It is therefore, a serious worldwide
concern to take necessary steps to counteract the problem of HM toxicity in the
environment.

Phytoremediation is a cost-effective and mutualistic eco-friendly approach with
direct associations of the HM-tolerant plants and the HM-polluted soils
(Muthusaravanan et al. 2018; Sarma et al. 2021; Sonowal et al. 2022). It is a
plant-based technique, which involves the use of plants to extract and remove the
HM pollutants or lower their bioavailability in the soil (Marques et al. 2009). Plants
have the ability to absorb ionic compounds from the soil even at low concentrations
through their root systems. They extend their root system into the soil matrix and
establish the rhizosphere ecosystem to accumulate the HMs and modulate their
bioavailability, through which they reclaim the polluted soil and stabilize the soil
fertility. Phytoremediation is an autotrophic system powered by solar energy, there-
fore, simple to manage, and the cost of installation and maintenance is low. Being
environment-friendly, it can reduce the HM pollutants from the ecosystem. Addi-
tionally, it can be applied over a large-scale field and can also easily be disposed. It
prevents the erosion and metal leaching by stabilizing the HMs and reduces the risk
of spreading the HM contaminants. It also improves the soil fertility by releasing
various organic matters to the soil (Yan et al. 2020). Several studies have unraveled
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the molecular mechanisms underlying the HM tolerance in plants and have devel-
oped techniques to improve the phytoremediation efficiency of plants. The present
chapter highlights the mechanisms of HM uptake, translocation, and detoxification
in plants. The strategies adopted by the plants to improve the HM bioavailability,
accumulation, and tolerance have also been discussed in this chapter, which may
contribute in developing phytoremediation techniques to eliminate HM toxicity.

19.2 Plants’ Responses to Heavy Metal Toxicity

Mineral nutrients are one of the key regulators of plant growth and productivity. A
number of metals are important for the growth of plants. However, their essentiality
depends on their concentrations in plant (different stages) and environment. Further-
more, some trace elements (mainly Fe, Zn, Cu, Ni, Co, and Mo) are essential for
plant and cellular biochemistry being involved in cell protection, gene regulation,
and signal transduction. However, excess concentrations of these elements than their
optimum levels may cause toxicities to plants by retarding plant growth and yield.
Other heavy metals (As, Cd, Hg, Pb, and Cr) are biologically nonessential and show
toxicity even at low concentrations (DalCorso et al. 2019).

Heavy metals interfere with metabolic reactions in plant systems. HM toxicity
reduces the plant growth, photosynthetic activities, mineral nutrition, and activity of
essential enzymes. They are cytotoxic and carcinogenic to humans at low
concentrations. HMs induce the production of reactive oxygen species (ROS)
causing oxidative stress in plants. The ROS causes oxidation of DNA, proteins,
and lipids leading to the cell death (Ojuederie and Babalola 2017). HM tolerance in
plants is mediated by the vacuolar compartmentalization and sequestration of the
HMs within the plant cells. Plants also develop antioxidant defense system which
protects cells through effective scavenging of ROS. Understanding the mechanisms
of HM detoxification is essential for searching the potential HM-tolerant plant
species which can be used for the removal of HM from the contaminated sites.

19.3 Mechanism of Uptake, Translocation, and Detoxification
of Heavy Metals in Plants

The HMs are usually present as insoluble forms in the soil. The uptake of HM in
plants is governed by different factors, including the water content, pH, and organic
substances. Higher water content increases the solubility of the HMs consequently,
increasing their bioavailability. Wang et al. (2015) have reported the flooded
conditions to intensify the bioavailability of arsenic (As) resulting in the efficient
As uptake in rice. High soil temperature also increases the solubility and bioavail-
ability of the HMs, thereby increasing its uptake in plants (Arao et al. 2018). The pH
also enhances the dissolution of HMs by acidifying the rhizosphere by increasing the
proton secretion from the roots (Peng et al. 2005). The organic substances’ exude
from the roots also increases the bioavailability of HMs to the plants. Cieslinski et al.
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(1998) have revealed the presence of organic acids in the rhizosphere to increase the
solubility and availability of cadmium (Cd). Additionally, root proliferation
enhances the HM uptake in plants (Whiting et al. 2000).

19.3.1 Heavy Metal Uptake and Translocation

The bioavailable HMs are absorbed by the root hairs and driven across the plasma
membrane of the root epidermal cells. Different HMs employ various ways to enter
the plant roots. The HM uptake in roots generally occurs through apoplastic or
symplastic route (Yan et al. 2020). The apoplastic pathway mediates the movement
of HMs through the cell wall and intercellular spaces. Kidwai et al. (2019) have
revealed that increased lignification in the roots act as an apoplastic barrier for the As
entry in root cells resulting in the reduced As accumulation. On the other hand, the
symplastic pathway includes plasma membrane-localized nonspecific ion channels
or transporters. Arsenate As(V), the major form of As enters the plant root tissue via
the phosphate (Pi) transporters (Shi et al. 2019). The Cd** uptake in plants takes
place through the transporters involved in the Mg**, Ca**, Fe**, Zn**, and Cu**
uptake (Ismael et al. 2019). The lead (Pb) uptake occurs via the Ca** permeable
channels on roots (Pourrut et al. 2011). After entering the root cells, HMs are
translocated to the aerial parts of the plants through xylem vessels.

19.3.2 Heavy Metal Detoxification

Detoxification of HMs is an important requirement for employing the
phytoremediation approach (Viehweger 2014). The improved HM detoxification
process in the hyperaccumulators allows them to persist under the HM-contaminated
sites without having any toxic effect. Plants adopt avoidance or tolerance strategies
to cope with the HM toxicity through HM homeostasis. Avoidance is the simplest
strategy, which acts as the first line of defense at extracellular level to restrict HM
uptake from the soil and prevent their translocation into aerial tissues (Dalvi and
Bhalerao 2013). It comprises of different strategies—root sorption, ion precipitation,
and exclusion of the HMs (Yan et al. 2020). Root sorption is the first step of HM
avoidance, where HMs are immobilized in the rhizosphere by forming HM complex
with different ligands (e.g., amino acid, organic acid). The precipitation of HM ions
occurs by the alteration of the rhizosphere pH due to root exudates. Exclusion of the
HMs is mediated by the barrier between the root and the shoot systems that restrict
the aerial translocation of HMs. Arbuscular mycorrhizal (AM) fungi immobilize the
HMs by binding with insoluble glycoprotein (glomalin) produced by AM hyphae,
thereby inhibiting HM entry in plants (Basu and Kumar 2020a, 2021a). Presence of
cell wall polysaccharide-derived functional groups (e.g., carboxyl, hydroxyl) favors
ion-exchange with the wall counter-ions leading to increased HM binding capacity,
which reduces the HM entry in the protoplast (Parrotta et al. 2015). HMs are also
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Fig. 19.1 Mechanism of heavy metal (HM) detoxification in metallophytes (hyperaccumulators).
Detoxification of HMs within the cytosol occurs by their chelation with inorganic or organic ligands
(amino acids, organic acids, phytochelatins, metallothioneins). Detoxification of HM-induced
reactive oxygen species is mediated by the antioxidant enzymes (superoxide dismutase, peroxidase,
ascorbate peroxidase). Metal homeostasis and tolerance in the hyperaccumulators is mediated by
the vacuolar sequestration of the HMs within the plant cells

immobilized by reacting with the polygalacturonic acid present in the pectin of cell
wall, consequently preventing their entry into the root cells.

The tolerance strategy acts as the second line of defense at intracellular level
through inactivation, chelation, and vacuolar partitioning of the HMs (Fig. 19.1).
Detoxification of HMs within the cytosol occurs by their chelation with inorganic or
organic ligands. The organic ligands include amino acids, organic acids,
phytochelatins (PCs), metallothioneins (MTs), and polyphenols, proteins, or pectins
of cell wall. Arsenic detoxification in plants is associated with the binding of arsenite
with the phytochelatins (PC) or glutathione followed by their vacuolar sequestration
(Aborode et al. 2016). The MTs also play an important role in the HM detoxification
(Kumar et al. 2012). HMs also induce the ROS production causing oxidative stress
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in plants. Detoxification of the ROS is mediated by the antioxidant enzymes,
including superoxide dismutase, peroxidase, and ascorbate-glutathione cycle
enzymes (Basu et al. 2017, 2021a, b). Different nonenzymatic antioxidants have
also been revealed to contribute in the ROS scavenging in plants (Basu et al. 2020).
Enhanced antioxidant enzyme activities decline the membrane lipid peroxidation in
plants, thereby improving the plant growth under HM toxicity (Kumar et al. 2021a).

19.3.3 Transporters for Heavy Metal Uptake, Translocation,
and Detoxification

The HM uptake and translocation in plants is facilitated by the metal ion transporters
and complexing agents. The root cell’s plasma membrane-localized channels or H*-
coupled carrier proteins play an important role in the HM uptake from the soil (Yan
et al. 2020). They are also involved in the influx or efflux of the HM ions, thereby
facilitating the root-to-shoot translocation (Komal et al. 2015). The plasma mem-
brane and tonoplast localized transporters belong to the zinc-regulated, iron-
regulated transporter protein (ZIP), heavy metal-transporting ATPase
(P1B-ATPase), natural resistance-associated macrophage proteins (NRAMP), cation
diffusion facilitator (CDF) or metal tolerance protein (MTP), and multidrug and
toxin extrusion (MATE) protein families are involved in the HM uptake, transloca-
tion, and cellular homeostasis.

The ZIP family transporters mediate the uptake and transport of cations (Zn, Mn,
and Fe) to the aerial parts of the plants (Guerinot 2000). Assuncao et al. (2001) have
revealed the overexpression of the ZIP family transporter-related genes to increase
the Zn uptake in the Zn hyperaccumulator Thlaspi caerulescens (ZNT1 and ZNT2)
and Arabidopsis halleri (ZIP6 and ZIP9).

The P1B-type ATPases belong to the heavy metal transporting ATPases (HMAs)
transporter family, which are involved in the transport of HMs (Cd, Co, Pb, and Zn)
to the plasma membrane or the vacuolar sequestration of the HMs and play a vital
role in metal homeostasis and tolerance (Hanikenne and Baurain 2014). The HMA3
(P1B-ATPase) localized on the tonoplast is responsible for the vacuolar compart-
mentation of HMs (Liu et al. 2017); whereas, the HMA4 carries out the aerial
translocation of Cd and Zn (Wang et al. 2019). The overexpression of the
BjHMA4 (from Brassica juncea) has been shown to promote the HM tolerance in
rice and wheat by inducing the efflux of Cd and Zn from the root cytoplasm into the
xylem vessels (Wang et al. 2019).

The NRAMPs are a ubiquitous family of metal transporters responsible for the
uptake and transport of various HMs (As, Cd, Co, Cu, Fe, and Mn) in different plant
species (Nevo and Nelson 2006). Cailliatte et al. (2009) reported the NRAMP6 to
contribute in the Cd transport. Later, Cailliatte et al. (2010) also revealed the plasma
membrane-localized AtNRAMP1 to mediate the transport of Fe and Mn in
Arabidopsis. Tiwari et al. (2014) reported the plasma membrane-localized
OsNRAMP1 to facilitate the arsenite (AsIII) mobilization to the aerial parts of rice
through xylem loading. Bastow et al. (2018) showed the tonoplast-localized
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NRAMP3 and NRAMP4 to mediate the mobilization of vacuolar Fe in
germinating seed.

The CDF or MTP transporter family is involved in the regulation of HM (Cd, Co,
Mn, Ni, and Zn) homeostasis through the vacuolar sequestration or transport to the
extracellular space (Ricachenevsky et al. 2013). The tonoplast-localized MTP1 and
MTP4 have been reported to be the Zn**/H* and Cd**/H" antiporters involved in the
vacuolar Zn and Cd sequestration in cucumber (Migocka et al. 2014). Comparative
analyses of A. thaliana and Zn hyperaccumulators A. halleri and T. caerulescens
have revealed higher expressions of MTP1, MTP8, and MTPI1 in the
hyperaccumulator species with enhanced Zn homeostasis (van de Mortel et al.
2006).

The MATE transporters also play crucial role in translocation of HMs (Al, Mn,
and Zn). Dong et al. (2019) revealed the CcMATE4 and CcMATE34 (from Cajanus
cajan) to be upregulated in the roots of pigeon pea under the Al, Mn, and Zn stresses.
Ma et al. (2018) showed the GsMATE (from Glycine soja) overexpression to cause
increased Al tolerance in A. thaliana.

19.4 About Phytoremediation

Phytoremediation includes several strategies for the detoxification of the
HM-contaminated soils (Fig. 19.2). Various plant species used for different
phytoremediation strategies for removal of the HM contaminants are presented in
Table 19.1.

19.4.1 Phytoextraction

Phytoextraction (or phytoaccumulation) is the method where plants are used to
remove the HM from the polluted soil and water through their uptake and accumu-
lation into the harvestable plant parts (Suman et al. 2018). In this process, plants
absorb the contaminants from soil or water together with other necessary nutrients
required for plants’ growth. The absorbed contaminants are translocated and
accumulated in the aboveground plant tissues but are not destroyed (Rashid et al.
2014). Phytoextraction of HMs includes different steps: (1) HM mobilization in
rhizosphere, (2) HM uptake by plant roots, (3) root-to-shoot translocation of HMs,
and (4) vacuolar sequestration of HMs (Ali et al. 2013).

Phytoextraction is the most important phytoremediation procedure for HM
removal from the contaminated soil. Selection of suitable plant species is crucial
for the efficacious phytoextraction. The plant species should possess (1) extraordi-
nary tolerance to the HM toxicity, (2) enhanced extractability and HM accumulation
capacity in aboveground tissues, (3) high growth rate and high biomass, (4) extensive
root and sufficient shoot system, (5) easily cultivable and environmental stress
resistant, and (6) pathogen and pest resistance, herbivore repulsive to avoid HM
flow into the food chain (Ali et al. 2013). Therefore, hyperaccumulator plants having
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Phytovolatilization mechanism

Contaminants get absorbed by plants and degraded
into less toxic compounds and released into the
atmosphere during transpiration process

Phytoaccumulation /
phytoextraction mechanism

Plants absorb the contaminants
from contaminated sites and
accumulated in shoots, leaves

and other plant parts

Phytodegradation mechanism L]J

Plant degrades the absorbed
contaminants into less toxic
compounds

Phytostabilization mechanism

Plants immobilized the contaminants at
Contaminants uptake from contaminated sites, limited the movement of the
soil and ground water ~ contaminants and prevented its entry into the food
chain

Fig. 19.2 Schematic diagram illustrating different mechanisms of phytoremediation for removal
of heavy metals (HMs) from the contaminated sites. Phytoextraction mediates the extraction and
removal of HMs from contaminated soil and water, phytostabilization mediates the reduction of
HM bioavailability through belowground immobilization, phytovolatilization mediates the conver-
sion of toxic HMs into less-toxic forms and releases them as volatile compounds into atmosphere,
and phytodegradation mediates breakdown of toxic HMs into less-toxic forms

higher HM accumulation ability in the aboveground tissues and higher biomass
production are appropriate for the phytoremediation of HM-contaminated sites. A
number of edible crops accumulate high quantity of HM. However, edible crops are
not recommended for phytoremediation as the HMs accumulated in their edible parts
may contaminate the food chain. Therefore, nonedible hyperaccumulators should be
selected for safe and effective phytoremediation of HMs.
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Phytoextraction technique is extensively employed to remove radioactive
(Shahandeh and Hossner 2002) and metallic wastes (Kamal et al. 2004). Aquatic
macrophytes like Centella asiatica and Eichhornia crassipes have been found to
remove copper 99.6 and 97.3%, respectively (Mokhtar et al. 2011). Accumulation of
HMs by the hyperaccumulators depends on the HM bioavailability within the
rhizosphere, HM uptake rate by roots, proportion of fixed HM within the roots,
rate of xylem loading/translocation to shoots, and cellular HM tolerance (Etim
2012).

Phytoextraction is performed with or without addition of chelate complexant for
removal of HMs that remain sorbed to the solid soil components (Yan et al. 2020).
Addition of chelating agents induces the formation of HM-chelate complexes
preventing their sorption and precipitation. Thus the chelating agents maintain the
bioavailability of HM for uptake by the mettalophytes. Chelating agents having
strong affinity for the targeted HM enhance the phytoaccumulation ability of
hyperaccumulators. However, the used chelate must be biodegradable for its rapid
removal from the polluted site.

19.4.2 Phytostabilization

Phytostabilization is the method of phytoremediation where HM-tolerant plants are
used to immobilize HMs belowground through their accumulation into plant roots
(Mendez and Maier 2008). This process can also occur through precipitation of the
HMs within the rhizosphere, adsorption onto the root surface, absorption, and
vacuolar sequestration inside the root cells (Gerhardt et al. 2017). Phytostabilization
decreases the bioavailability of the HMs by inhibiting their migration into the
ecosystem and preventing their entry into the food chain. This process also serves
as a filtration barrier against the root-to-shoot translocation of HM and is advanta-
geous over phytoextraction as it does not require the disposal of the hazardous
biomass (Lorestani et al. 2013).

Phytostabilization requires the selection of excessive HM-tolerant plant species
(Yan et al. 2020). Plants should be easily maintainable under field conditions with
fast growth rate and production of profuse biomass to cover the HM-contaminated
site. Phytostabilization also requires dense rooting systems with increased root
surface and depth for the stabilization of soil structure, and prevention of soil erosion
through the HM immobilization. Improvement of the phytostabilization efficiency
also requires the addition of the inorganic or organic amendments, which can
improve the contaminated soil quality by enhancing the organic matter and essential
nutrient contents consequently promoting plant colonization and water-holding
capacity. This also alters the soil pH and redox state, thereby reducing the solubility
and bioavailability of HM and also changing the HM speciation (Burges et al. 2018).
For instance, application of Gliricidia sepium biomass as soil amendment elevated
the phytostabilizing nature of Zea mays thereby remediating the Pb-contaminated
soil (Muthusaravanan et al. 2018). Phytostabilization can also be promoted by the
soil microbes including plant growth-promoting rhizobacteria (PGPR) and AM
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fungi. Dual application of silicon along with AM fungi has also been found to
mitigate HM stress in crop plants (Basu and Kumar 2021b). These improve HM
immobilization efficiency through production of chelators and adsorption of HM on
cell walls, thereby stimulating the processes of precipitation (Ma et al. 2011).
Madhaiyan et al. (2007) revealed HM-tolerant methylotrophic bacteria Burkholderia
sp. and Magnaporthe oryzae to reduce Cd and Ni toxicity in tomato plants.
Tamburini et al. (2017) examined the phytostabilization potential of strains belong-
ing to Amycolatopsis, Novosphingobium, Pseudomonas, Streptomyces, and
Variovorax, among which the Variovorax strain was found to be useful in the
process of bioaugmentation in the mine areas, thereby promoting germination and
plant growth.

19.4.3 Phytovolatilization

Phytovolatilization is the approach of phytoremediation where plants are used for
uptake and conversion of toxic soil HMs into relatively less-toxic form subsequently
releasing them into the atmosphere through transpiration as volatile compounds
(Moreno et al. 2004). Detoxification of organic pollutants and HMs (As, Hg, and
Se) is accomplished with this process (Mahar et al. 2016). Several studies revealed
Chara canescens, Brassica juncea (Banuelos and Meek 1990), and aquatic plant
Typha latifolia (LeDuc and Terry 2005) to be potential volatilizers of selenium (Se).
Through the process of phytovolatilization, inorganic Se is converted into less-toxic
volatile dimethyl selenide (DMSe) that can be dispersed into the air. Similarly, toxic
Hg is converted to less-toxic volatile mercuric oxide and evaporated into the
atmosphere (Bizily et al. 2000). Plant species T. latifolia has also been revealed to
volatilize As, Cd, Co, Cr, Mn, Ni, and Zn (Varun et al. 2011). Phytovolatilization is
advantageous over the other phytoremediation techniques as there is no need for the
harvesting or disposal of the HM hyperaccumulating plants. Therefore, it is consid-
ered as a permanent solution for the HM removal as the volatilized products usually
do not redeposit at the contaminated site.

19.4.4 Phytofiltration

Phytofiltration is the approach of phytoremediation where plants are used to remove
HMs from contaminated groundwater or waste waters. This process can be of
different types based on the plant parts used for the remediation practice—
rhizofiltration (root), caulofiltration (shoot), and blastofiltration (seedling).
Rhizofiltration includes the exudation from the roots that alters the rhizosphere pH
leading to the HM precipitation on plant roots, thereby restricting the HMs to
contaminate the underground water (Yan et al. 2020). During this process, HMs
are adsorbed onto the root surface or absorbed by the roots. Therefore, the
metallophytes used for this process contain dense root systems and huge biomass.
They are initially grown hydroponically in clear water for developing the huge root
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system. Following the initial development, the plants are acclimatized to the
HM-polluted environment by substituting the clear water with polluted water and
subsequently transferred to the contaminated water for the HM removal. The
hyperaccumulators are harvested and disposed after their roots become saturated
with HMs.

Aquatic macrophytes like azolla, cattail, water hyacinth, poplar, and duckweed
are usually used for remediation of the wetlands (Rezania et al. 2016). Arsenic-
hyperaccumulating ferns Pteris vittata and P. cretica have been found to remove As
from drinking water through phytofiltration. These plants have higher HM tolerance
and HM accumulating capacity, rapid growth rate, and high biomass production.
Several terrestrial plant species including B. juncea and Helianthus annuus have also
been found to be used for rhizofiltration due to their longer and hairy root systems
(Tome et al. 2008).

19.4.5 Phytodegradation

Phytodegradation is the approach of phytoremediation where plants are used to
breakdown the toxic HMs to simpler less-toxic forms either through the plants’
metabolic process inside or the enzymes produced by plants (Muthusaravanan et al.
2018). This process facilitates the degradation of pesticides, chlorinated solvents,
and several inorganic/organic compounds. Moderately hydrophobic organic
pollutants including short-chain aliphatic hydrocarbons, chlorinated solvents, ben-
zene, ethyl benzene, toluene, and xylene at shallow depths are efficiently removed
by this process. Phytodegradation is affected by few factors, such as concentration of
HMs present in the soil, HM uptake efficiency, and the amount of water present in
the ground. Phytodegradation is mediated by a number of the enzymes like
nitroreductase, nitrilase, dehalogenase, laccase, and peroxidase. Rajakaruna et al.
(2006) have revealed the aquatic plant species Myriophyllum aquaticum to produce
nitroreductase enzyme that facilitates the reduction of trinitrotoluene (TNT).

19.5 Phytoremediation of Different Heavy Metals

Metallophytes are the HM hyperaccumulators having the natural ability to accumu-
late large amounts of toxic HMs from the contaminated soil, making them exclusive
to be exploited in phytoremediation to clean up the environment.
The hyperaccumulators possess unique HM tolerance strategies than the
non-hyperaccumulators, which make them suitable for the phytoremediation. The
metallophytes have higher proficiency of HM uptake, root-to-shoot translocation,
and detoxification. Abundant studies have been performed on metallophytes for
understanding their strategies of HM tolerance. Approximately 450 plant species
across 45 angiosperm families (e.g., Asterraceae, Brassicaceae, Euphorbiaceae,
Fabaceae, Lamiaceae, and Scrophulariaceae) have been recognized as
hyperaccumulators (Suman et al. 2018). Some metallophytes can accumulate more
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than two elements. For instance, Sedum alfredii can accumulate Cd, Pb, and Zn (Yan
et al. 2020). Details of different heavy metal hyperaccumulating plants are
summarized in Table 19.2.

19.5.1 Aluminum

Aluminum (Al) being one of the most abundant elements is very toxic for plants and
animals. Chronic Al intoxication causes osteomalacia fractures, encephalopathy,
chronic renal failure, Parkinsonism dementia, and Alzheimer’s disease in human
(Exley 2016). It is also carcinogenic. Elevated mobile Al concentration is the main
reason for phytotoxicity of acid soils resulting in the inhibition of plant growth,
nutrient uptake, and productivity. The mechanisms of Al tolerance have been studied
in barley, wheat, soybean, maize, and Arabidopsis, which include exudation of
organic acids and H* ions from roots and secretion of mucilage to immobilize Al
in the rhizosphere (Kochian et al. 2015; Belimov et al. 2020). Internal Al detoxifica-
tion in plants involves induction of antioxidant activities, efflux of Al from the root
tissues, and vacuolar sequestration of Al.

Symbiotic microorganisms, including PGPR, play an important role in
counteracting Al toxicity on plants. Inoculation of maize plants grown in acid soil
with P-solubilizing Burkholderia sp. has been revealed to decrease the Al accumu-
lation in roots, promoting root elongation, and thereby combating the Al toxicity
(Arora et al. 2017). Negative effects of Al toxicity on nodule initiation and inhibition
of nitrogen fixation have been reported in pea and soybean (Jaiswal et al. 2018; Basu
and Kumar 2020b). Rhizobium sp. isolated from nodule of chick pea has been found
to be able to bind AI’* due to production of siderophores, suggesting capability of
this bacterium to protect the plant against Al toxicity (Sujkowska-Rybkowska and
Borucki 2015). On the other hand, Al-tolerant symbiotic AM fungi present in the
acid soils have also been found to alleviate Al toxicity in plants (Seguel et al. 2013).

19.5.2 Arsenic

Arsenic (As), a major environmental and food chain contaminant, is a major concern
since the last few decades (Zhao et al. 2010). Introduction of As in the food chain
takes place by its excessive uptake from soil by crop plants or the irrigation of plants
with As-contaminated water. The toxic metalloid has been reported to be carcino-
genic even at low levels. Consumption of the As-contaminated food or groundwater
over a long period leads to the As poisoning or the arsenicosis, which has become a
major threat to the public health. Arsenic exposure affects different
morphophysiological processes in plants leading to decrease in plant height, leaf
number, biomass, photosynthetic activities, and productivity (Farooq et al. 2016).
The As-induced ROS accumulation causes oxidation of lipids and proteins resulting
in the cell death (Chen et al. 2017). Arsenic toxicity in the soil leads to straight head
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Table 19.2 Different heavy metal hyperaccumulating plant species

Heavy
metals
Aluminum
(AD)
Arsenate
[As(V)]

Arsenite
[As(1ID)]

Concentration
400 pm

12.5, 25, 50, and
100
mg kg’

5,10, 50
mg kg~

100 mg 17!

100, and 200 pM

50 pM

Hyperaccumulators

Neolamarckia
cadamba

Zea mays L.

Trifolium pretense

Cicer arietinum L.

Vigna mungo

Oryza sativa L.

Responses
Affect plant growth

Low As levels
improved plant
growth, and grain
nutrition quality, high
As levels reduced ear
length, kernel number
per row, kernel weight,
and grain yield
Increase in SOD,
POD activities,
increased polyamine
accumulation,
decreased glutathione
content, reduction in
chlorophyll and
carotenoid
concentrations

Decreased seed
germination, reduced
plant height, and dry
weight, reduced seed-
setting, decrease in
mineral nutrients and
amino acid contents in
seeds, induction in
non-protein thiols,
decreased

in antioxidant enzymes
(SOD, CAT, APX,
GPX, and GR)
activities

Reduced chlorophyll
and carotenoid
contents, increased
lipid peroxidation,
increased SOD, POD,
and APX activities,
decreased CAT
activity

Reduction in seed
germination,
decreased plant
growth, biomass
production, relative
water content, and
chlorophyll

content, increased
electrolyte leakage,
and lipid peroxidation

527

Reference

Dai et al.
(2020)

Ci et al.
(2012)

Mascher
et al. (2002)

Tripathi
et al. (2017)

Srivastava
et al. (2017)

Kumar et al.
(2021a)

(continued)
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Table 19.2 (continued)

Heavy
metals Concentration Hyperaccumulators | Responses Reference
150 pM Zea mays L. Reduced plant growth, | Anjum et al.
and yield, decreased 2017)
photosynthetic rate,
transpiration rate,
and stomatal
conductance, reduced
chlorophyll content
Cadmium | 20 mg kg™ Mediterranean Increase in the amount | Manousaki
(Cd) saltbush (Atriplex of photosynthetic and
halimus L.) pigments Kalogerakis
(2009)
1,2,4,8, and Castor Decrease the de Souza
16 mg 1! bean (Ricinus production of root and | Costa et al.
communis) shoot, severe visual (2012)
symptoms of toxicity
both in the roots and in
the shoots
30, 60, 90, 120, Amaranthus Increased POD, and Zhang et al.
150, and 180 mg hybridus CAT activities (2010)
kg™ (in soil) 5, 10,
15, 20, 30, and
40 mg 1!
(in hydroponics)
Chromium | 10, 20, 50, and Ocimum Leaves showed Rai et al.
(Cr) 100 pM tenuiflorum increased proline level | (2004)
50 mg kg™ Phaseolus vulgaris | Decreased carotenoids | Karthik
et al. (2016)
50, 100, 200, and Zea mays Increased SOD and Maiti et al.
300 pM GPX activities, (2012)
increased lipid
peroxidation and H,O,
content
300, 400, 500, and | Camellia sinensis Increased SOD and Tang et al.
600 mg kg! CAT activities (2012)
25, 50, 100, and Oryza sativa L. Increased ethylene Ma et al.
200 pM synthesis, (2016)
enhanced SOD, POD,
and CAT activities
500 pmol 17! Pterogyne nitens Polyamines were Paiva et al.
decreased in leaves (2014)
and increased in roots;
ethylene was increased
in the whole plant and
NO was increased in
the roots
1.2 mM Raphanus sativus Enhanced ROS Choudhary
scavenging capacities | et al. (2012)

(continued)
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Table 19.2 (continued)

Heavy
metals

Copper
(Cw

Lead
(Pb)

Lithium
(L)

Mercury
(Hg)

Concentration
30 mg kg

3, 60, and 120 pM

100, and 500 pM

50, 100, 200,
and 500 mg kg™

40, 80, and
160 mg kg™

99.6-226.4 g kg~'

2500 pg g~

Hyperaccumulators

Vigna radiata, Zea
mays

Matricaria
chamomilla L.

Zea mays L.

Soybean (Glycine
max)

Mesquite
(Prosopis juliflora-
velutina)

Cirsium arvense,
Solanum
dulcamara,
Holoschoenus
vulgaris, Nicotiana
tabacum

Tomato
(Lycopersicon
esculentum)

O. sativa L.

Responses

Increase in superoxide
dismutase (SOD),
CAT, and POD
activities

Elevation of

nitric oxide, increased
phenol, and lignin
content, enhanced
POD activity, increase
in mineral nutrients
(Ca, Fe, Cu, Zn) in
roots

Decreased growth
traits, photosynthetic
pigments, soluble
sugars, phosphorous
(P) and potassium

(K) contents, and
CAT activity
increased, proline,
MDA content,

POD activity, and Cu
ion concentration at
root and shoot

level increased

Decreased root length

Increased total
amylase activity

Exhibited necrotic
spots and reduced
growth associated with
altered rhythmic
movements, abnormal
pollen germination
Reduces their rate of
germination, stem
height, fruit yield, and
chlorosis

Decreases tiller,
panicle formation,
stem height, and yield
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Reference

Dheeba
et al. (2014)

Kovacik
et al. (2014)

Abdel Latef
et al. (2020)

Yusefi-
Tanha et al.
(2020)

Arias et al.
(2010)

Shahzad
et al. (2016)

Basri et al.
(2020)

(continued)
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Table 19.2 (continued)

Heavy
metals Concentration Hyperaccumulators | Responses Reference
Zinc >200 mg kg™ Spinach (Spinacia | Plants had stunted Mishra et al.
(Zn) oleracea), radish growth of shoots, (2020)
(Raphinus sativus), | curling and rolling of
and clover young leaves, death of

(Trifolium repens) | leaf tips, and chlorosis

disease in rice plants (Rahman et al. 2008). It is therefore, a serious concern to take
necessary steps to counteract the problem of As toxicity in plants.

Aquatic macrophytes, including Azolla pinnata, Hydrilla verticillata, and Lemna
minor, have been shown to have competencies for removal of As from contaminated
water (Mishra et al. 2008). Srivastava et al. (2014) have also revealed the aquatic
macrophytes H. verticillata, L. minor, Ceratophyllum demersum, Wolffia globosa,
and Eichhornia crassipes to be capable in As accumulation from the contaminated
water. In this study, the combination of C. demersum and L. minor was found to have
the highest potential for As removal than the plants used in other combinations or the
single plants. Among ferns, Pteris longifolia, P. cretica, (Zhao et al. 2002)
P. ryukyuensis, P. biaurita, P. quadriaurita (Srivastava et al. 2006), and
Pityrogramma calomelanos (Francesconi et al. 2002) have been found to have
greater potential for As hyperaccumulation from contaminated soil. Higher plants
including Eclipta alba (Dwivedi et al. 2008), Isatis cappadocia (Karimi et al. 2009),
and Sesuvium portulacastrum (Lokhande et al. 2011) have also been identified to be
potential As hyperaccumulators.

19.5.3 Cadmium

Cadmium (Cd) is a tremendously toxic environmental pollutant causing lethal
effects to animals and plants. It is classified as a human class I carcinogen. Chronic
Cd poisoning due to prolonged oral Cd ingestion causes itai-itai disease in human
(Genchi et al. 2020). In plants, Cd stress reduces growth, leaf area, dry matter, and
yield (Shanying et al. 2017). It also affects photosynthesis and respiration, induces
oxidative damage, and decreases nutrient uptake ability in plants. It is therefore, a
serious concern to take necessary steps to remove Cd toxicity from the environment
(Kapoor et al. 2021).

The process of phytoextraction of Cd has been mediated by several potential
hyperaccumulating plant species, including Cassia alata, Celosia argentea,
Kummerowia striata, Nicotiana tabacum, Momordica charantia, Solanum
melonaena, Swietenia macrophylla, Salix mucronata, and Vigna unguiculata
(Raza et al. 2020). Several other plant species like Abelmoschus manihot, Atriplex
halimus, Brassica chinensis, B. juncea, B. napus, Glycine max, Lolium perenne,
Macleaya cordata, Oryza sativa, Paspalum scrobiculatum, Petroselinum hortense,
Quercus robur, Sedum alfredii, Solanum lycopersicum, S. tuberosum, and Triticum
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aestivum have also been shown the potential of Cd tolerance and phytoremediation
through their enhanced antioxidant defense system. Few microorganisms like Asper-
gillus niger (fungus) (Ren et al. 2009), Aspergillus versicolor (Fazli et al. 2015),
Pleurotus ostreatus (Kapahi and Sachdeva 2017), Pseudomonas aeruginosa, Strep-
tomyces sp., Fomitopsis pinicola, and Bacillus sp. (Bagot et al. 2006) have also been
reported to play a crucial role in removal of Cd from the contaminated soil. Salinity
has been shown to be a key factor in the translocation of Cd from the roots to the
shoots in Aster tripolium, Temnothorax smyrnensis, and Potamogeton pectinatus
(Manousaki et al. 2008). Salinity increased the Cd concentration of the shoots as
well as that of the whole plants.

19.5.4 Chromium

Chromium (Cr) is the most widespread toxic trace elements that adversely affect
crop productivity throughout the world. The Cr contamination is caused by natural
(weathering of rocks) or anthropogenic activities (used in various industries like
chrome plating, alloys, paints, use of excess fertilizers). The Cr is found in many
forms but Cr(0), Cr(Il), and Cr(VI) are the most stable and common forms. Among
these forms, the hexavalent chromium Cr(VI) is highly toxic to animals and plants.
The Cr (VI) and its compounds have carcinogenic effects when inhaled or ingested.
Being more soluble in water, Cr(VI) has greater availability for plants and it has
higher ability of penetrating plant roots (Shanker et al. 2005).

Uptake of Cr(VI) in plants occurs through sulfur transporters (Kovacik et al.
2013). Toxic levels of Cr in the soil decrease plant height, roots and shoot biomass,
chlorophyll content, transpiration rate, stomatal conductance, net photosynthesis,
and water use efficiency of plants (Sharma et al. 2020). It also induces the ROS
overproduction causing oxidative stress and damage to lipids and proteins. The Cr
(VI) also causes alterations in nutrient assimilation, hormonal homeostasis, and
genotoxicity in plants, thereby inhibiting plant growth and development. Further-
more, Cr(VI) causes reduced tissue density of roots due to enhanced cellular
accumulation of Cr which leads to the cell death.

Plants develop antioxidant defense system to alleviate Cr toxicity through effec-
tive ROS detoxification (Maiti et al. 2012). In a recent study, Cr toxicity has been
revealed to be ameliorated by increased superoxide dismutase (SOD), peroxidase
(POD), catalase (CAT), and ascorbate peroxidase (APX) activities in Brassica napus
L. (Zaheer et al. 2020). Increased glutathione production has also been reported to
detoxify Cr toxicity in Oryza sativa, Actinidia deliciosa, Pistia stratiotes, B. napus,
Salvinia natans, S. rotundifolia, and S. minima (Shahid et al. 2017).

19.5.5 Copper

Copper (Cu) is one of the important nutrients for plants and humans. The Cu toxicity
has detrimental effect on human health leading to liver disorder and Alzheimer’s
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disease. In plants, Cu toxicity causes chlorosis and necrosis, leaf discoloration
stunting, and root growth inhibition (Kumar et al. 2021b). The Cu toxicity also
has detrimental effects on morphophysiology and nutrient uptake in plants. High Cu
concentration induces DNA damage, decreased photosynthetic rate, loss of cell
membrane integrity, decreased enzyme activity, and respiration leading to growth
reduction in plants.

Several wild plant species having Cu phytoremediation potential growing in the
mine polluted areas include Hypericum perforatum, Phleum pretense, Thymus
kotschyanus, and Teucrium orientale (Ghazaryan et al. 2019). In a study, Lu et al.
(2018) have shown aquatic plant species Acorus calamus, Arundina graminifolia,
Eichhornia crassipes, Echinodorus major, Juncus effusus, Nymphaea tetragona,
Pistia stratiotes, and Sagittaria sagittifolia to exhibit exceptional potential for
remediation of Cu pollution. Another recent study by Covre et al. (2020) revealed
Cedrela fissilis and Khaya ivorensis to have good potential for Cu accumulation.
Another plant species Vetiveria zizanioides has been reported to have potential for
Cu phytostabilization in Cu-mine tailing (Chu et al. 2020).

19.5.6 Lead

Lead (Pb) is a persistent toxic pollutant of concern that is produced due to increasing
anthropogenic pressure on the environment. The Pb is absorbed by the plant roots
via the Ca**-permeable channels or the apoplastic pathway. Excessive Pb accumu-
lation in plants directly or indirectly impairs the morphophysiological and biochem-
ical functions, thereby inducing various deleterious effects. The Pb toxicity causes
swollen, bent, short, and stubby roots with increased number of secondary roots per
unit root length. Severe Pb toxicity in plants results in growth inhibition with fewer,
smaller, and more brittle leaves having dark purplish abaxial surfaces. Plant growth
retardation from Pb exposure may be attributed to nutrient metabolic disturbances
and disturbed photosynthesis. Exposure of Allium sativum roots to toxic concentra-
tion of Pb leads to mitochondrial swelling, loss of cristae, vacuolization of endo-
plasmic reticulum and dictyosomes, and injured plasma membrane. In most cases,
the toxic effect of Pb on plant growth is time- and dose-dependent. Moreover, the
effects of Pb toxicity vary with plant species, i.e., hyperaccumulators naturally
tolerate more Pb toxicity than the sensitive plants (Pourrut et al. 2011).

The Pb adsorption onto roots has been documented to occur in several plant
species like Vigna unguiculata, Festuca rubra, Brassica juncea, Lactuca sativa, and
Funaria hygrometrica. For most plant species, the majority of absorbed Pb (approx-
imately 95% or more) is accumulated in the roots, and only a small fraction is
translocated to the aerial plant parts, as reported in Avicennia marina, Phaseolus
vulgaris, Pisum sativum, Vicia faba, Vigna unguiculata, Lathyrus sativus, Nicotiana
tabacum, and Zea mays. Several hyperaccumulator plant species, such as Brassica
pekinensis and Pelargonium sp., are capable of translocating higher concentrations
of Pb to aerial plant parts, without incurring damage to their basic metabolic
functions.
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19.5.7 Lithium

The essentiality and toxicity of lithium (Li) on higher plants are not clear till date.
Previous studies indicated Li salts to be highly toxic inducing the formation of
necrosis in plants. It also causes considerable reduction in plant growth. Other Li
toxic effects include altered rhythmic movement of petals and disrupted pollen
development. Plant root is the first organ that comes in contact with Li in soil, and
Li in excess alters gravitropic growth of maize roots. Furthermore, Li toxicity affects
cold-induced dephosphorylation of microtubules in mesophyll cells of spinach. In
the Li-rich soils, damage of root tips and chlorotic and necrotic spots on leaves have
been observed in corn. Nonetheless, different plant species showed plastic behavior
in sensitivity and tolerance to and noted that plants belonging to the families
Asteraceae and Solanaceae show tolerance against Li toxicity and sustain normal
plant growth.

Some plants, notably Cirsium arvense and Solanum dulcamara, accumulate
higher concentration of Li. Halophilic plants like Apocynum pictum, Carduus
arvense, and Holoschoenus vulgaris may reach up to 99.6-226.4 g kg~ ' Li contents.
Apocynum venetum is a potentially rich target of Li biofortification owing to its
ability to accumulate Li in natural habitat. However, the medicinal effects (existence
of various flavonoid compounds in leaves) of A. venetum might also be attributed to
the existence of high level of Li and evaluate the feasibility of A. venetum for the Li
bio-enrichment (Jiang et al. 2019).

19.5.8 Mercury

Mercury (Hg) is a naturally occurring persistent environmental pollutant generated
from minings, petrochemicals, paintings, industries and agricultural sources like
fertilizers, fungicidal sprays, and bioaccumulated in fish, animals, and human
beings. Severe Hg poisoning (methylmercury) in human causes neurological disease
known as Minamata or Chisso-Minamata (Yorifuji and Tsuda 2014). The Hg also
affects growth and productivity of different plant species. Sahu et al. (2012) have
shown the Hg stress to limit plant growth and nutrition and cause oxidative damage
in wheat. High concentration soil Hg affects the roots of Aeschynomene fluminensis
and Polygonum acuminatum (Mariano et al. 2020). The Hg contamination reduces
the germination rate, stem height, and fruit yield and causes chlorosis in tomatoes
(Shekar et al. 2011). Likewise, in rice, Hg stress impedes the tiller and panicle
formation, leading to the decrease in stem height and yield (Basri et al. 2020). Chen
and Yang (2012) showed the Hg to interfere with the electron transport chain in the
chloroplasts and mitochondria consequently, affecting the photosynthesis and oxi-
dative metabolism in plants. It also reduces water uptake in plants by hindering the
activities of the aquaporins.

A number of plant species, including Zea mays, Ceratophyllum demersum,
Anodonta grandix, Victoria amazonica, Sphagnum girgensohnii, Convolvulus sp.,
Cyrtomium macrophyllum, and Eichhornia crassipes have been reported to be the
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hyperaccumulators of Hg (Kumar et al. 2017). The leaf tissue of Cyrtomium
macrophyllum shows high resistance to Hg stress (Xun et al. 2017). In a field
study conducted by Fernandez et al. (2017), some native plant species (Festuca
rubra L., Leontodon taraxacoides, Equisetum telmateia) were used for the
phytoextraction of Hg from the mining area, where higher concentrations Hg were
accumulated mainly in the leaves of the plants.

19.5.9 Zinc

Zinc (Zn) is an important component of thousands of proteins and is essential for
mineral nutrition. However, increased concentration of Zn can become toxic in both
plants and animals. Chronic ingestion of Zn leads to sideroblastic anemia,
granulocytopenia, and myelodysplastic syndrome in human (Irving et al. 2003). In
plants, Zn toxicity causes stunted plant growth, defective chlorophyll biosynthesis,
chloroplast degradation, reduced Mg, Mn, and P uptake, and reduced yields
(Broadley et al. 2007). Crops differ in their susceptibility to Zn toxicity. Dicots are
more sensitive to the Zn toxicity in acidic soils; whereas, Graminaceous plants show
more sensitivity in alkaline soil.

Numerous metallophytes belong to the families Amaranthaceae, Brassicaceae,
Caryophyllaceae, Lamiaceae, Rubiaceae, Polygonaceae, and Poaceae are known to
be the Zn hyperaccumulators. The Zn hypertolerance has been reported in Agrostis
stolonifera, A. capillaris, Arabidopsis halleri, A. arenosa, Arenaria patula,
Avicenna marina, Betula pendula, Mimulus guttatus, Mirabilis jalapa, Silene
vulgaris, S. dioica, Thlaspi alpestre, T. caerulescens, and Thlaspiceras oxyceras.
Some of the Zn hyperaccumulator species including Acer pseudoplatanus,
Biscutella laevigata, Dianthus sp., Festuca rubra, Galium mollugo, Minuartia
verna, Polycarpaea synandra, and Rumex acetosa accumulate up to 3000 pg Zn
g~ ' DW in their shoots.

19.6 Improvement of Phytoremediation Ability of Plants

Effective phytoremediation requires the improvement of certain traits and minimi-
zation of limitations to enhance the plants’ ability for the HM removal from the
environment. To improve the growth rate and biomass of the hyperaccumulator plant
species or to introduce the hyperaccumulation traits, traditional plant breeding or
genetic engineering may be employed (DalCorso et al. 2019).

Traditional plant breeding includes somatic hybridization technique to transfer
the HM hyperaccumulation trait to the plants having high biomass. Protoplasts
isolated from the Zn hyperaccumulator 7. caerulescens and higher biomass produc-
ing B. napus were fused using the electrofusion (Brewer et al. 1999). The somatic
hybrids showed ability to accumulate enhanced Cd and Zn. Likewise, sunflower
giant mutant has been developed by using chemical mutagen ethyl methanesulfonate
(EMS). The mutants showed increased ability for extraction of Cd, Pb, and Zn (7.5,
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8.2, and 9.2 times more accumulation, respectively, than control plants)
(Nehnevajova et al. 2007).

Genetic engineering has also been proved to be a prospective method for
enhancing the phytoremediation abilities of the plants (Sarma et al. 2021; Sonowal
et al. 2022). This technique takes less time to introduce the desirable traits for
phytoremediation in plants than the traditional breeding. Sexually incompatible
plant species can also be improved through the genetic engineering by transferring
the desirable genes from the HM hyperaccumulators. Improvement of HM removal
capacity in plants can be achieved by overexpressing the candidate genes for the
HM uptake (ZIP, HMA, MATE, MTP), translocation, and sequestration in the
hyperaccumulators (Das et al. 2016). Chelators improve the bioavailability of HMs
by acting as metal-binding ligands. Therefore, genes encoding the natural chelators
can also be overexpressed for the improvement of the HM uptake and translocation in
plants (Yan et al. 2020).

19.7 Conclusion

HMs are environmental and food chain contaminants posing serious threat to
sustainable agricultural production. Therefore, alleviation of the HM contamination
from the soil and water has become an essential requirement to encounter the food
security. Phytoremediation has been established as a novel and promising technique
to clean-up the HM-contaminated soil and water. Application of HM
hyperaccumulating metallophytes is the most candid tactic for the phytoremediation.
Additionally, application of genetic engineering in improvement of the
metallophytes’ performance may further be advantageous for the efficacious
phytoremediation. Comprehensive understanding of the physiological as well as
the molecular mechanisms of the HM uptake, translocation, and detoxification in
plants may be beneficial in improving the phytoremediation potential of the
metallophytes through genetic engineering.
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