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Abstract: Rising waste construction, agricultural actions, and manufacturing sewages all contribute
to heavy metal accumulation in water resources. Humans consume heavy metals-contaminated
substances to make sustenance, which equally ends up in the food circle. Cleaning of these vital prop-
erties, along with the prevention of new pollution, has long been required to evade negative strength
consequences. Most wastewater treatment techniques are widely acknowledged to be costly and out
of the grasp of governments and small pollution mitigation businesses. Utilizing hyper-accumulator
plants that are extremely resilient to heavy metals in the environment/soil, phytoremediation is a
practical and promising method for eliminating heavy metals from contaminated environments. This
method extracts, degrades, or detoxifies harmful metals using green plants. The three phytoreme-
diation techniques of phytostabilization, phytoextraction, and phytovolatilization have been used
extensively for soil remediation. Regarding their ability to be used on a wide scale, conventional
phytoremediation methods have significant limitations. Hence, biotechnological attempts to change
plants for heavy metal phytoremediation methods are extensively investigated in order to increase
plant effectiveness and possible use of improved phytoremediation approaches in the country of
India. This review focuses on the advances and significance of phytoremediation accompanied by
the removal of various harmful heavy metal contaminants. Similarly, sources, heavy metals status in
India, impacts on nature and human health, and variables influencing the phytoremediation of heavy
metals have all been covered.

Keywords: phytoremediation; heavy metals; accumulation; food chain; detection

1. Introduction

Employing plants to remove, convert, or immobilize environmental contaminants is
known as phytoremediation. It is a sustainable and eco-friendly alternative to conventional
remediation methods, such as excavation and incineration [1]. Soil contamination causes
extensive health and environmental problems since it is frequently caused by contaminants
such as heavy metals, organic compounds, and toxic substances [2]. Phytoremediation uses
plants’ inherent capacity to absorb, collect, and detoxify pollutants, making it a viable soil
remediation method. Fresh water and healthy soil are critical resources for the survival of
the environment, human life, and animals. However, as the globe becomes more techno-
logically advanced and developed, these resources become increasingly contaminated [3].
Heavy metal pollution, especially in soil and water, is an international problem and it
has a negative influence on the majority of countries [4]. Metals with an atomic mass of
more than 20 are referred to as heavy metals. Examples of arsenic (As), cadmium (Cd),
chromium (Cr), copper (Cu), iron (Fe), mercury (Hg), lead (Pb) and zinc (Zn) [5]. These
hazardous metals’ ongoing presence in the environment increase their threat. Heavy metals
can have long-term detrimental effects on both human health and the environment since
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they can never be totally eliminated, just transformed from one oxidation phase or organic
compound to another [6]. Since the soil is the foundation of both agricultural and natural
ecosystems, as well as the point where the crust of the earth and the atmosphere meet, it is
vulnerable to heavy metal inputs from a diversity of sources [7].

Heavy metals in the soil are mostly derived from the dumping of industrial and urban
trash, the combustion of fossil fuels, the use of untreated water for irrigation, the heavy
use of chemical fertilizers, pesticides, and manures are the opposite of these [8]. More
than 45 million people in Asia’s developing countries are exposed to arsenic pollution in
quantities more than 50 ppb, the maximum allowed limit in drinking water in many Asian
countries [9]. According to a recent research by [10], 94 to 220 million people are potentially
in danger from high groundwater As concentrations, with the vast majority (94%) coming
from Asia. Since India is one of the emerging Asian countries most affected by heavy
metal pollution in soil, this study focuses on heavy metal removal by phytoremediation
technology extensively used in India.

Maharashtra, along with two other states, is responsible for 80% of the hazardous
waste produced in India, mainly heavy metal contamination, reported to the Central
Contamination Control Board (CPCB) [11]. The current analysis of the scientific research
on heavy metals in Indian soils from 1991 to 2018 reveals that Zn and Pb levels were higher
than those recommended by the Indian government for natural soils (Zn 22.1 and Pb
13.1 mg/g) [12], While five major heavy metals—chromium, copper, nickel, lead, and iron—
were discovered to be polluting Ganga, the country’s river, six other rivers—Arkavathi,
Orsang, Rapti, Sabarmati, Saryu, and Vaitarna—had very high concentrations of four other
pollutants [13,14]. Over 10 million sites of soil pollution have been identified globally, with
heavy metals and metalloid contamination present in more than half of these areas [15]. As
heavy metals build up in the environment and enter the food chain through polluted soil,
water, and air, they cause ecological dysfunction and pose health concerns to both people
and animals, and their impacts on plants and microorganisms are given in Table 1.

Table 1. Impact of heavy metals on microorganisms and plants.

Heavy Metals Impacts of Heavy Metal on Microorganisms and Plants References

Arsenic
Arsenic causes the deactivation of enzymes in bacteria.
Reduced shoot and root development, necrosis, chlorosis, senescence of the leaves, defoliation, limited
stomatal conductance and nutrient absorption, and degradation of chlorophyll

[16]

Copper Disrupts cellular function and restricts the actions of enzymes in microorganisms.
Cu affects oxidative stress, chlorosis, and hinders plant development. [17]

Cadmium

Nucleic acid is impacted, as are the division of cells and transcription, the mineralization of carbon and
nitrogen, and the denaturation of proteins in microorganisms.
A higher toxicity stops plants from growing and causes plant necrosis.
Exposure to Cd in soil produces an osmotic stress response in plants, which damages their physiological
health by lowering transpiration, stomatal conductance, and leaf relative water content.

[18]

Chromium
Reduction of Cr(VI) to Cr(III), Biosorption, precipitation, reduced accumulation and chromate efflux are only
a few of Cr-resistance mechanisms that microorganisms and likely plants exhibit.
Growth, an extension of the lag phase, and a decrease in oxygen intake.

[19]

Lead
Protein and nucleic acid degradation interfere with transcription and enzyme activity.
Fruits and vegetables cultivated in soils polluted with high amounts of lead may be the source of
lead poisoning.

[20]

Mercury

Population size reduction, protein denaturation, cell membrane instability, and the function of
enzymes in microorganisms.
Reduces plant development, persuades genotoxic effects, increases lipid peroxidation, yield, nutrient
absorption, homeostasis, and oxidative stress.

[21]

Nickel
Interferes with the actions of enzymes in microorganisms and disturbs cell membrane. a study by E. coli,
many bacteria are worried by ambient nickel in usual conditions.
Decreases growth and nutrient absorption, enzyme activity, and chlorophyll content.

[22,23]

Zinc Execution, obstruction to biomass, and microbial development
Plant biomass, chlorophyll content, growth rate, germination rate, reduces photosynthesis [24]
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The enormous influence that environmental contaminants have on food security ne-
cessitates their repair [25]. A variety of remediation techniques have been used to lower
the danger associated with heavy metal pollution so that arable land may be expanded
for agricultural production to ensure the safety of the food supply [21]. The remediation
strategies, which include vitrification, solidification/stabilization, phytoremediation, and
microbe-assisted bioremediation are typically used to decrease the bioavailability of pollu-
tants with heavy metals. However, various concepts underlie the repair strategies, each
of which has benefits and drawbacks. These techniques’ efficacy will differ depending
on the sort of soil, the type of pollutants, and the intended use of the remedied soil. Risk
assessment is a potent tool that aids managers and decision-makers in managing regions
that have been heavily polluted by heavy metals and contributes to the moderate preser-
vation of our environment and health [26]. Phytoremediation is a well-known strategy
for metal-contaminated soil remediation [27]. Despite their efficiency and environmental
friendliness, these advances have yet to be broadly adopted in non-industrialized countries
due to a lack of information or awareness. However, important concrete uses of these
advances have been deemed effective and implemented in industrialized countries. The
study provides a review of conventional phytoremediation, with a particular emphasis on
potential improvement strategies used to increase the absorption of heavy metals utilizing
phytoremediation. The generation of a list of economically viable phytoremediation species
together with information on their natural range and accessibility in India is also attempted.
Their prospective uses for optimizing the elimination of heavy metals from polluted places
along with further financial advantages are described.

In this research, soils from both urban and rural areas are examined. Also included
the tools and methods needed for phytoremediation, as well as biotechnological methods
for cleaning heavy metals. Hyperaccumulator plants, or plant species having the capacity
to accumulate pollutants are also briefly discussed. Examining how heavy metals affect
food security, particularly the possibility for bioaccumulation and biotoxicity is a crucial
component of the study. Also, a detailed summary of current advances in phytoremediation
methods for removing heavy metals from damaged soil, as well as potential effects on
concerns related to human and environmental health.

2. Status of Heavy Metals Pollution in India

Heavy metal contamination is a serious problem in India. The country is home to a
number of industries that release heavy metals into the environment, including mining,
smelting, and manufacturing. Also, agricultural performs the use of pesticides and fer-
tilizers, can also contribute to heavy metal pollution [28]. All of these pesticides include
heavy metals in varying proportions, which are deposited in large amounts in the soil after
use [29]. Heavy metals such as Pb, Cd, Mn, and Zn are introduced into the soil by certain
phosphate fertilizers. The improper disposal of wastewater for irrigation in towns and
metropolitan regions with water shortages has also contributed to the contamination of
agricultural lands with heavy metals. Heavy metal concentrations in soils are unacceptably
high in some of India’s largest cities (Figure 1).

In India, rapid urban and industrial expansion has been observed since the turn of
the 20th century. These anthropogenic activities caused a massive number of pollutants,
especially heavy metals, to infiltrate surface water bodies. It enters rivers as inorganic
complexes or hydrated ions that are just absorbed by silt [13]. Between 30 and 98 percent
of heavy metals are found in forms that are transported into rivers by sediment [30].
There are nine primary heavy metals that damage Indian states mostly by deposition
in soil; manganese and nitrate, in addition to lead and chromium, cause the greatest
disruption. Furthermore, compared to the entire amount entering the soil from various
sources, the amount of these metals absorbed by plants is frequently little. Zn was the
element with the highest mean amount among all the vegetables examined. The heavy
metals in the vegetables from these locations were in the resulting order: Cd, Cu, Pb, and
Zn [29]. The accumulating metals in terrestrial systems have an impact on the health
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of people, animals, and plants. While heavy metals are necessary for maintaining soil
health, their levels over certain permitted limits can have detrimental impacts on soil
chemistry, hydrology, and biota, which have concomitant economic ramifications for soil
research [31]. The previously cited heavy metals were present in the sediments in mobile
and bioavailable forms that may represent a major threat by contaminating the soil and
stream environment. The Indian government’s Ministry of Mines report states that the
country possesses abundant resources for a wide variety of metallic and non-metallic
mineral kinds. Madhya Pradesh accounted for 263 of the 1319 reported mines, with Gujarat
(147), Karnataka (132), Odisha (128), Chhattisgarh (114), Telangana (39), Rajasthan (90),
Tamil Nadu (88), Jharkhand (45) Maharashtra (73) and Andhra Pradesh (108) following, in
order of decreasing number. In the years 2021–2022, these 11 States collectively represented
93% of all mines in the nation.

Plants 2023, 12, x FOR PEER REVIEW 4 of 19 
 

 

 

Figure 1. State-wise impacts of heavy metals in India. 

In India, rapid urban and industrial expansion has been observed since the turn of 

the 20th century. These anthropogenic activities caused a massive number of pollutants, 

especially heavy metals, to infiltrate surface water bodies. It enters rivers as inorganic 

complexes or hydrated ions that are just absorbed by silt [13]. Between 30 and 98 percent 

of heavy metals are found in forms that are transported into rivers by sediment [30]. There 

are nine primary heavy metals that damage Indian states mostly by deposition in soil; 

manganese and nitrate, in addition to lead and chromium, cause the greatest disruption. 

Furthermore, compared to the entire amount entering the soil from various sources, the 

amount of these metals absorbed by plants is frequently li�le. Zn was the element with 

the highest mean amount among all the vegetables examined. The heavy metals in the 

vegetables from these locations were in the resulting order: Cd, Cu, Pb, and Zn [29]. The 

accumulating metals in terrestrial systems have an impact on the health of people, ani-

mals, and plants. While heavy metals are necessary for maintaining soil health, their levels 

over certain permi�ed limits can have detrimental impacts on soil chemistry, hydrology, 

and biota, which have concomitant economic ramifications for soil research [31]. The pre-

viously cited heavy metals were present in the sediments in mobile and bioavailable forms 

that may represent a major threat by contaminating the soil and stream environment. The 

Indian government’s Ministry of Mines report states that the country possesses abundant 

resources for a wide variety of metallic and non-metallic mineral kinds. Madhya Pradesh 

accounted for 263 of the 1319 reported mines, with Gujarat (147), Karnataka (132), Odisha 

(128), Chha�isgarh (114), Telangana (39), Rajasthan (90), Tamil Nadu (88), Jharkhand (45) 

Maharashtra (73) and Andhra Pradesh (108) following, in order of decreasing number. In 

the years 2021–2022, these 11 States collectively represented 93% of all mines in the nation. 

Figure 1. State-wise impacts of heavy metals in India.

With a value of Rs. 122,142 crore, metallic minerals had a growth of around 69.18% in
2021–2022. Iron ore made up Rs 96,381 crore, or 78.91%, zinc concentrate (Rs 8182 crore, or
6.70%), chromite (Rs 4730 crore, or 3.87%), silver (Rs 4212, or 3.45%), bauxite (Rs 2477 crore,
or 2.03%), lead concentrate (Rs 2237 crore, or 1.83%), manganese ore (Rs 2224 crore, or
1.82%), copper (concentrate) (Rs 1095 crore, or 0.90%), and gold (Rs 601 crore, or 0.49%) were
the main metallic minerals. The output of iron ore increased by 23.86% over the prior year
to 253.97 million tonnes in 2021–22. Public sector companies like as, SAIL (13.31%), NMDC
(16.07%), Odisha Mining Corporation (9.01%) and others participated in about 39.30% of the
overall production. 60.70% of the total was made up of the private sector, which includes
Arecolor Mittal India Private Limited (2.16%), Vedanta Ltd. (2.32%), Rungta Mines (5.56%),
Tata Steel (11.47%), JSW Steel Ltd. (12.45%), and others. During the year, Chhattisgarh
(16.27%), Odisha (53.82%), Jharkhand (9.74%), Karnataka (15.88%), and Madhya Pradesh
(2.91%) accounted for nearly all of the iron ore output (98.62%). Maharashtra, Rajasthan,
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and Andhra Pradesh were the stated sources of the remaining 1.38% of the production.
The production of zinc concentrate climbed by 5.29% to reach 1594 thousand tonnes in
2021–2022, while the production of lead concentrate decreased by 2.36% to 368 thousand
tonnes. Rajasthan was the sole producer of zinc and lead concentrates throughout this time.

3. Sources of Heavy Metal Accumulation

Natural elements with many atoms and an average density no less than five times
higher than water are known as heavy metals. Although they may be hazardous in large
doses, they are necessary for life in tiny amounts and one of the biggest environmental
problems impacting people, animals, and plants is heavy metals harming water [32]. Since
heavy metals are not biodegradable, they are dangerous even in low amounts [33].

Metals and metalloid ions were divided into three groups for classification. The first
category contains metals that can be harmful even at small levels, such as lead, cadmium,
and mercury. Arsenic, antimony, bismuth, indium, and thallium make up the second group
of metals, which are less dangerous, and copper, cobalt, selenium, iron, and zinc make
up the third group of metals, which are required for a variety of biochemical processes
and chemical reactions in the body but only harmful above a particular level [34]. As a
consequence of adsorption and, in some circumstances, inhalation, in addition to accidents
or improper treatment, heavy metals build up in the soil, animal and human tissues, and
other environments. According to normal biogeochemical cycles, metals were present in
the world from its [35]. The existence of heavy metals in the soil sediments was caused by
the underlying weathering mechanism. The soil sediments in the Maharashtra province of
India are rich in zinc, cadmium, and lead because the bedrock there has highly concentrated
metal deposits and mineralized veins. Stone weathering with a somewhat substantial
number of heavy metals might result in metal enrichment during soil formation.

Human and manmade influences are the key sources of the raised environmental
harmfulness brought on by heavy metals. Wind-borne soil particles, wildfires, eruptions
of volcanoes, biogenic processes, and sea salt are a few examples of heavy metals’ natural
origins [26]. According to Srivastava et al. [36], anthropogenic drivers of heavy metals
pollution include mining activities, using wastewater and industrial water to irrigate
agriculture fields, the usage of herbicides, pesticides and fertilizer, and the major sources
of heavy metals are shown in Table 2. Fertilizers with trace amounts of heavy metals
are significant contributors to these pollutants in our diet. The use of lead (Pb) as a fuel
antiknock, aerosol containers, metalworking and melting, wastewater discharge, and
the consumption of construction materials are examples of anthropogenic behaviors that
lead to the pollution of heavy metals. Several industries, including the manufacturing
of medicines, the maintenance of fiber, pulp, farming, and the creation of chloride and
caustic soda, emit mercury into the environment (Figure 2) [37]. Cadmium is present in
soils, rocks, coal, and mineral fertilizers to varying degrees. In the process of electroplating,
cadmium (Cd) is used in a wide range of items, including textiles, batteries, metal coatings,
and pigments [38]. The combined effects of these activities increase the amount of heavy
metal pollution in the environment.

Table 2. List of toxic Heavy metals and their production sources.

Heavy Metals Sources

Arsenic (As) Natural processes/Geogenic, fuel burning, thermal power plants, smelting operations

Chromium (Cr) leather tanning, chromium salts manufacturing, industrial coolants, Mining

Copper (Cu) Smelting operations, Mining, electroplating

Fluoride (F) Water additive, industrial waste, Natural geological sources

Lead (Pb) E-waste, smelting operations, paints, Lead acid batteries, coal- based thermal power plants, bangle industry, ceramics,

Mercury (Hg) Thermal power plants, Chlor—alkali plants, electrical appliances fluorescent lamps, hospital waste (Sphygmomanometers,
barometers damaged, thermometers)
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4. Heavy Metals Contaminated Impacts Environments

The contaminating effects of heavy metals are spreading worldwide. Fish can acquire
heavy metals through their gills, body surfaces, or digestive systems [39]. Fish larvae and
juveniles develop rather quickly, and under ideal growth conditions, enough food supply
and a proper temperature are strongly associated with development in both length of body
and mass [40]. On the other side, poisonous food laced with heavy metals hinders the
development of fish. Growth suppression is one of the most blatant symptoms of metal
poisoning in fish. Because of this, heavy metals concentrations in tissues modify numerous
enzymes and metabolites, resulting in a range of metabolic, physiological, and histological
alterations in fish and other freshwater animals [41]. Depending on a range of variables,
including developmental agents, psychological agents, and fish lifetime, different fish
species have different eating mechanisms. Fish living in contaminated environments have
heavy metals accumulation in their tissues [42]. The choice of body organs for heavy metals
deposition depends on a number of criteria, including metal intensity, expression duration,
metal absorption, environmental factors (temperature, pH, hardness, and salinity), and
intrinsic agents like fish age and eating habits. Typically, metals build up in the liver,
kidneys, and gills [43]. The benthic species are killed by these poisonous sediments,
which also decreases the food supply for the enormous monster. Moderate quantities of
heavy metals from the environment and diet are essential for good health, while excessive
amounts can be detrimental or toxic.

In addition, controlling heavy metal accumulation/concentrations in plants is a grow-
ing problem. Decoctions of medicinal plants must be prepared in a way that assures
the safety and efficacy of herbal products produced throughout the process by remov-
ing harmful and non-essential heavy metals. Non-redox active metals have been found
to frequently have a propensity to indirectly cause oxidative stress through a variety of
ways in cascade events. These involve processes such as glutathione depletion, binding
of protein sulfhydryl groups, inhibition of anti-oxidative enzymes, and even stimulation
of ROS-producing enzymes like NADPH oxidases in certain plants [44]. The Haber-Weiss
and Fenton processes enable the redox metals to produce oxidative damage directly. This
results in the creation of ROS, or oxygen-free radical species, in plants, which damages pho-
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tosynthetic pigments, disrupts cell homeostasis, breaks DNA strands, fragments proteins,
and disrupts cell membrane. In the end, this may even result in cell death [45].

These heavy metals’ effects on plants result in severe growth restrictions, structural
flaws, and a decline in both physiological and biochemical processes as well as plant
activity. The availability of heavy metals is influenced by a number of variables, including
geographic regions, element species, pH, and environmental circumstances. Not only this,
but the organic makeup of the medium, fertilization, and plant species all have a direct
impact on this. The metals that can be absorbed by plants are either present as soluble
elements in the soil solution or have already been dissolved through root diffusion [46].
Certain metals are necessary for the growth and maintenance of plants, but too many of
these metals can be poisonous. Plants can assemble the necessary metals, which allows
them to obtain non-essential metals [44]. The detrimental effects of heavy metals can have
an indirect impact on plant development. Because of the reduction in helpful soil microbes
brought on by high concentrations of heavy metals, organic matter breakdown results in
soil that is significantly less naturally fertile. Due to interference from heavy metals with
the actions of soil microorganisms, beneficial enzyme activities for the metabolism of plants
are also impeded. These harmful effects cause the plant to develop less quickly before
dying [47].

The toxicity of plant growth and development is directly impacted by the heavy
metals involved in the process. Although they do not play a very helpful function in the
growth of plants, metals like, cadmium, arsenic, lead, and others do have dramatic impacts,
even at very low concentrations, as has been seen in several studies. In a 2008 research, it
was shown that rice plants grown in soil that contained about 1 mg/kg of mercury had
significantly shorter stems. Additionally, a decrease in the tiller and pinnacle development
was seen [48]. However, it was shown that cadmium toxicity resulted in a decrease in the
shoot and root development in wheat plants even at soil cadmium (Cd) concentrations
as low as around 5 g/L [44]. Similarly, Zou and coworkers to a thorough investigation
of the effects of Cr(VI) on the cell division and development of root tips in Amaranthus
viridis L., the mitotic index has decreased as Cr(VI) concentration has increased [44]. The
incidence of c-mitosis, chromosomal bridges, anaphase bridges, and chromosome adhesion
were all shown to be more common as a result of Cr(VI), which also had an impact on
chromosome shape. Pea plants cultivated with Cr(VI) showed notable changes in cell
cycle rates and varying levels of ploidy in the leaves. Roots displayed G2/M phase cell
cycle arrest. Additionally, polyploidization was seen at both the 2C and 4C levels [49].
Studies that assessed the molecular alterations brought about by Cr(III) and Cr(VI) on the
germination of kiwifruit pollen came to the conclusion that none of the Cr species had
genotoxic consequences. Both caused a sharp fall in the amounts of ATP and a substantial
reduction in the proteins associated with mitochondrial oxidative phosphorylation [50].

5. Heavy Metal Harmfulness Disturbs Human Health

The ecology naturally contains heavy metals. When present in small amounts, metals
are beneficial to humans. As a result, they are referred to as vital metals. For example,
in humans, Fe aids in the development of hemoglobin, Cu aids in oxygen and electron
transport, Co aids in cell metabolism, Mn governs enzyme regulation, Se aids in the
manufacture of hormones and antioxidants, and Ni aids in cell growth [51]. However,
when heavy metal concentrations are greater, they have hazardous effects on people. Living
close to a location where these metals are inappropriately disposed of, drinking water,
and consuming foods polluted by heavy metals are some of the ways that heavy metals
enter the human body [52]. They also enter the body by ingestion (eating or drinking) and
inhalation (breathing), which have harmful consequences on people (Figure 3).
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The toxicity and carcinogenic vapors of metals were said to have directly impacted
a number of metal miners and on-site center employees [53]. It is well recognized that
these metals are essential for enabling cells’ biological processes. One of the main processes
behind the toxicity of heavy metals is the presence of reactive oxygen and nitrogen species.
Damage to the liver, DNA, CNS, and kidneys occurs as a result of oxidative stress-mediated
toxicity of heavy metals in both humans and animals. According to reports, heavy metals
can affect the signaling cascade that causes apoptosis [54]. Specifically, A very dangerous
heavy metal is cadmium (Cd). The US National Toxicology Program and the International
Agency for Research on Cancer have both classified Cd as a human carcinogen [55]. Cd
prevents the creation of proteins, RNA, and DNA, and it changes healthy epithelial cells
into cancerous ones, making it a carcinogen. Long-term exposure to Cd in people damages
the kidneys and causes lung cancer. In addition to causing functional and morphological
alterations in numerous organs, interactions between Cd and critical elements including
An, Fe, Ca, Mg, and Se also disrupt secondary metabolism. In severe situations, cd may
result in mortality since it causes pneumonia, overall weakness, fever, and chest discomfort.
Women are more impacted than males by the deposition of high concentrations of Cd in
urine, blood, and kidney cortex because dietary Cd absorption in women’s intestines is
higher [56].

The most often impacted systems of organs by heavy metals are the central nervous
system and the digestive tract, cardiovascular, kidneys, and peripheral nervous systems.
The kinds of heavy metals involved, their degree of exposure, and their chemical and state
of valence can all affect the nature and severity of toxicity. Along with this, another crucial
factor is the individual age as well as the method of exposure to the poison. Children’s
growing neurological systems are susceptible to lead poisoning and other heavy metal
toxicity [57]. Similarly, the effects of nickel (Ni) are detrimental to human health. Ni
mostly causes lung cancer, chronic bronchitis, and lowers lung function. Nickel oxide, a
carcinogenic form of nickel, causes lung cancer, asthma, and sinus issues when it is inhaled
over an extended period of time [58]. The kidney is the organ that is most impacted by nickel
exposure. Acute nickel poisoning results in Frank haematuria, kidney damage, alveolar cell
hyperplasia, and congestion in the lumen, as well as carcinogenesis, chromosomal damage,
mutation, and inhibition of NK cell function as Ni2+ serves as a tumor [59]. Ni damages
human lungs by causing bleeding, edema, disorganized alveolar cells, pulmonary fibrosis
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degeneration, and bronchial epithelium degeneration [60]. Adult respiratory distress
syndrome (ARDS) brought on by nickel has occasionally resulted in death.

Heavy metal arsenic is poisonous to humans. Carcinogen status is known for inorganic
arsenic (As). Diabetes, hepatic and renal failure, and neurological issues are brought on by
low to moderate amounts of As exposure. Women are more prone than males to As-induced
skin diseases because their skin is thought to be more vulnerable to the substance, which
produces dermatitis [45]. Keratosis, melanosis, and pigmentation are skin lesions that are
indicative of As exposure. Furthermore, Mercury (Hg) is the most dangerous non-essential
metal for humans. In the environment, Hg exists in three forms: elemental Hg, inorganic
Hg, and organic Hg. Elemental Hg is mostly emitted as a vapor in the environment [61].
Elemental Hg vapor primarily affects the central nervous system, causing cognitive, motor,
and sensory disturbances as well as symptoms such as sleeplessness, memory loss, tremors
(affecting hands and occasionally other areas of the body), and muscle twitching. Extended
contact with elemental Hg results in impaired focus, clouded eyesight, and shaky walking.

Several researchers have noted that exposure to excessive quantities of heavy metals
may even go so far as to increase the generation of free radicals, resulting in oxidative
stress. The production of oxidative stress is one of the main processes behind the toxicity of
heavy metals [62]. Humans can directly consume heavy metals through contaminated food,
marine life, contaminated water, breathing in dust emissions, or exposure while at work.
Heavy metal contamination chains nearly always follow a cycle, going from industrial to
the atmosphere, land, water, and food, then to people.

6. Techniques for Detecting Heavy Metals

A heavy metal ion detection is an equipment or gadget designed to detect metal
ions in its vicinity. Metal ions can sometimes be measured using a metal ion detector
method. Before eliminating the harmful ions contained in water samples, a technology for
detecting the amount of metal ions must be provided. The strategies should also help in
the quantitative estimate of the pollution level, allowing for the simultaneous identification
of an acceptable removal procedure. In this regard, a detection procedure that is both time
and cost-efficient as well as ecologically safe should be devised. To identify metal ions
traces, a detection procedure must be highly sensitive and precise. There are several ways
to detect heavy metal ions: however, none of them detect all of the ions present in the
sample. The following section discusses several heavy metal detection techniques.

• Inductively coupled plasma mass spectrometry: ICP-MS is a very sensitive and precise
technology for identifying a wide spectrum of heavy metals in a wide range of matrices.
ICP-MS analyzes a sample by ionizing it and then detecting the ratio of mass to charge
of the ions [63]. For ICP-MS is costly and needs specialist equipment, it is primarily
employed in laboratories.

• Atomic absorption spectroscopy (AAS): Another sensitive and precise approach for
detecting heavy metals is AAS. AAS works by absorbing certain wavelengths of light
into the sample. The percentage of light absorbed is related to the metal content
in the sample. AAS is also commonly utilized in laboratories. Researchers have
conducted a more thorough study on AFS as a result of the continued development of
this technology. At the moment, these disciplines include food, medicine, agriculture,
health, and the prevention of epidemics, as well as the environment [64].

• X-ray fluorescence (XRF): A non-destructive method for finding heavy metals in a
wide range of matrices is XRF. X-rays are used to irradiate the sample in XRF, which
subsequently measures the fluorescence energy the sample emits. Since it is very
portable and does not need substantial sample preparation, XRF is frequently utilized
for on-site analysis. Heavy metals in solid materials, such as soil, minerals, and relics
from ancient civilizations, are analyzed using XRF [65].

• Assays using colorimetry: Assays using colorimetry are straightforward and reason-
ably priced methods for identifying heavy metals. A reagent is added to the sample
in a colorimetric test, which changes color when the metal is present [66]. Since col-
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orimetric tests are portable and do not need specific equipment, they are frequently
utilized for field testing. These techniques are used to quickly and simply analyze the
presence of heavy metals in biological, soil, and water samples.

• Biosensors: Biosensors work on the premise that biological molecules like enzymes
and antibodies can detect heavy metals. Biosensors are frequently very sensitive and
selective, and they may identify heavy metals in complicated matrices like blood and
urine [67].

The approach used to detect heavy metals will be determined by a variety of parame-
ters, like the kind of material to be examined, the required sensitivities and precision, and
the budget that is accessible.

7. Phytoremediation for the Removal of Heavy Metals from Contaminated Soil

Phytoremediation is regarded as an efficient, aesthetically pleasing, cost-effective, and
ecologically sound approach for heavy metal cleanup in the environment. Plants that
use phytoremediation gather pollutants in their roots and transport them to the body sur-
face [68]. In order to encourage plant growth and cleanse soil and water, phytoremediation
mixes naturally occurring or genetically modified plants with the matching rhizospheric
bacteria. Through chelating these pollutants inactively in the soil or linking them in their
tissues, plants normally deposit these pollutants in vesicles away from the delicate cell
cytoplasm where many metabolic processes take place [69]. Plants are used in phytoreme-
diation to phytoextraction, phytostabilization, and phytovolatilization of heavy metals [70].
The three main techniques used for phytoremediation are as follows: (i) Phytoextraction
is a widely used technique that uses accumulators’ heavy metals acceptance ability to
allocate heavy metals from soils to plant parts; (ii) Phytovolatilization of heavy metals from
plant tissue to atmosphere occurs when heavy metal accumulated is highly volatile and
(iii) Phytostabilization approach reduces heavy metals movement inside [71]. Figure 4
depicts the removal mechanism of heavy metals through the phytoremediation process
in plants. These are divided into three kinds, including excluders, accumulators, and
indicators, depending on how they respond to higher HM levels [72]. The accumulator aids
in the translocation and absorption of HMs to above-ground plant parts, signals manage
the process of bioaccumulation of HMs to show internal content, and excluders restrict the
absorption and transfer of HMs in roots to provide a phytostabilizing effect.
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Plants ideal for phytoremediation may extract large amounts of heavy metal contam-
inants into their roots, allowing them to survive different metals and adapt to different
conditions [27]. Eid et al. [73] investigated the ability of various aquatic hydrophytes, P.
australis, E. crassipes, L. stolonifera, and E. stagnina, to accumulate Cd, Ni, and Pb and use
these plants for signaling and phytoremediation of heavy metal-contaminated wetlands.
The results showed that Phragmites australis collects the most Cd and Ni, although Echi-
nochloa stagnina accumulates the most Pb in the tissues. In addition, these researched
species are capable of phytostabilizing these tested heavy metals, with the exception of Ni
in Echinochloa stagnina and Cd in Ludwigia stolonifera, which are suited for phytoextraction
of these metals. Consequently, phytoremediation is a practical and affordable method
for removing HMs from soil and water. Particularly in India, the heavy metal accumu-
lation ability of different terrestrial species found species growing dominantly at highly
polluted sites have high metal accumulation in comparison to rare and common status
species. Amongst the most dominating terrestrial plants Cannabis, Croton, Sachhrum, Cassia,
Parthenium, and Eliptica were found most efficient heavy metal tolerant plant [74]. Metal
accumulation by five aquatic plants growing naturally in water bodies in the FA vicinity
was also observed. In aquatic plants, metal accumulation was maximum in Typha latifolia
as compared to the other four species, i.e., Azolla pinnata, Hydrilla verticillata ceratopteris
thallicteroides, and Marsilea minuta.

7.1. Genetic Modification in Plants

Transferring the genes involved in metal absorption, transport, and sequestration
into suitable plants is one method for genetically modifying plants to have better phytore-
mediation features. Transgenic plants that are designed to accumulate high quantities of
metals in obtainable portions may be created, depending on the technique. Gene transfer or
overexpression will result in improved intracellular targeting, sequestration, translocation,
and absorption of metals. Plants that have been genetically engineered to produce metal
chelators will be better able to absorb metals [75]. Genes from hyperaccumulators or other
sources can be transplanted to generate effective transgenic plants for phytoremediation.
The remediation technology has been thorough recently and provides suitable methods
for cleansing contaminated soils [76]. The transgenic approach is limited to transforming
functional genes and selecting specific promoters, potentially enhancing the gene func-
tions linked to heavy metal accumulation, transfer, or detoxification processes. Typically,
plants absorb toxic substances through a variety of mediums, including water, soil, and
air [77]. Heavy metal accumulation is a complicated process with several stages that allow
the metals to enter the root cells through a membrane transporter protein. According
to Sharma et al. [78], heavy metals are carried into the xylem of plants for purification
and compartmentalization into appropriate aerial sections. The greatest markers of this
intricate process are the heavy metals’ bioavailability and translocation to the root-effective
absorbing region. Metals in the soil in reactive ion form are the first step in the process of
metal accumulation in plants, which can have beneficial or detrimental effects.

Regardless of whether metal ions are beneficial or dangerous, proton (H+) excreting
in the milieu of root rhizospheres (amino acids, enzymes, and phytochelatins) increases
the bioavailability or mobility of metal ions [79]. In the real root sorbing zone, the heavy
or other beneficial ions move via the mass flow route of the soil liquid phase, which is
regulated by transpiration and the pace of ion diffusion in the root-surface cell. Metal ion
entrance into ground root cells is catalyzed by membrane transporter proteins. Because they
mimic the necessary tiny components and the poorly target-specific membrane proteins,
excessive concentrations of unnecessary substances in soils can seep into plants [80]. Metal-
binding agents, such as metallothioneins and phytochelatins, which include organic acids
and amino acids chelation; including the activation of enzyme production for reactive
oxygen species, glutathione and phosphate-derived production growth over cell wall
binding and compartments are some of the ways that metal/metalloids detoxification is
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mediated. Stressful conditions cause the structure of plant cell walls to remodel to facilitate
lignification and serve as a storage reservoir for heavy metals [81].

In terms of phytoremediation, biotechnological technologies such as genetic modifi-
cation and molecular science offer enormous potential to change or alter microorganisms
and plants. Numerous researches on the genetic alteration of plants for the phytoreme-
diation against various contaminants have been carried out with success. Genes linked
to the relationships of microbes, the resistance or degradation of contaminants, and the
increased biomass of plant hosts can be regulated or overexpressed by genetic engineering.
It has been demonstrated that by overexpressing glutamylcysteine synthase, genetically
engineered plants such as P. angustifolia, N. tabacum, and S. cucubalis collect more heavy
metal pollution than their wild counterparts [82].

7.2. Phytoextraction

The process known as phytoextraction, sometimes known as phytoaccumulation,
entails the uptake of hazardous metals by plant roots, which are then transferred to shoots
and deposited at vacuoles, cell walls, cell membranes, and other areas of the plant tissues
that are not metabolically active. Known for their ability to remediate heavy metal accumu-
lation, hyperaccumulator plants store more harmful metals in the tissues of their roots and
shoots. The uptake of metal cations is one of the general pathways during the buildup of
toxic heavy metals (HMs). This is followed by the creation of metal-ligand complexes or
metal-phytochelatin complexes (M-PC) inside plant cells [83]. These complicated molecules
get transferred to the plant vacuole and kept thereafter generating the M-PC. Plant biomass
and the amount of heavy metals (HMs) in above-ground plant tissues are the primary
determinants of a species’ capability for extraction [84].

As a result, the ideal species for phytoremediation must not only be able to withstand
and efficiently absorb HMs, but also develop quickly, produce a large amount of biomass,
and offer financial advantages [85]. Thus, for the purpose of phytoremediation of certain
metals, some plant species are better adapted to use the phytoextraction method (Table 1).
Examples of plants that have been shown to use phytoextraction principally for many
metals include Commoelina communis for Cu, Pteris vittata for As, Sesbania drummondii for
Pb, Sedum alfredii for Cd, etc. It has been discovered that some bacteria that encourage plant
development, such as Agrobacterium sp. and Stenotrophomonas maltophilia, increase arsenic
(As) phytoaccumulation in Arundo donax [86].

7.3. Endophytic Microorganisms Utilization

Interactions among soil and plant microbes in phytoremediation have good benefits
since it is a low-cost strategy with a minimal risk of environmental impact [87]. Endophytes
are microorganisms that inhabit the interior tissues and intercellular gaps of plants without
producing disease [88]. Herbaceous plants are widely used to separate endophytes. Idris
et al. [89] presented the first investigation on the separation of endophytic bacteria resistant
to heavy metals. The scientists, including Halácsy, extracted endophytic microbes from the
interior of Thlaspi goesingense, a nickel hyperaccumulator. The research was carried out in
eastern Austria, where the overall nickel level per kg of soil was 2.5 mg. The isolates were
divided into two groups: alphaproteobacteria and Gram-positive bacteria. Approximately
42% of the isolates had a high degree of similarity with the Methylobacterium mesophilicum
species and 37% with Sphingomonas sp. Other isolates shared similarities with Rhodococcus,
Curtobacterium, and Plantibacter. El-Deeb et al. [90] identified endophytic microbes of the
Enterobacter genus from the Egyptian aquatic plant Eichhornia crassipes.

Resistance to zinc, cadmium, and lead was found in the bacterial strains. Sun et al. [91]
identified endophytic bacteria from rapeseed (Brassica napus) growing in the Nanjing
suburbs in 2008. The soil from where the plants were gathered included the greatest concen-
trations of lead (216.5 mg/kg) and zinc (204.5 mg/kg). Lead-resistant bacteria were isolated
from rapeseed, with the major strains being Pseudomonas fluorescens and Microbacterium
sp. The bacteria also aided plant development by producing plant hormones, dissolv-
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ing lead, producing siderophores, and producing 1-aminocyclopropane-1-carboxylic acid
deaminase [91]. Furthermore, certain endophytic bacteria that dwell on the root surface
aid in rhizofiltration. Inside the plant root surface, certain bacteria of Ochrobacterium and
Pseudomonas converted hexavalent Cr (Cr-VI) to trivalent Cr (Cr-III). The decreased Cr-III is
subsequently easily precipitated inside the plant root, effectively cleansing the water [92].
The bioconcentration factor for many metals by aquatic plants appropriate for rhizofil-
tration applications reached as high as 0.001948 of the plant’s dry weight. By releasing
organic ligands, digesting organic materials, and emitting metabolites and siderophores,
soil microorganisms can improve metal solubility and oxidation [93].

According to Abou-Shanab et al. [94], the presence of a particular microbiota boosted
the phytoextraction of nickel by Alyssum murale. Microorganism-produced low-molecular-
weight organic acids, such as citrate, succinate, acetate, 2-ketoglutarate gluconic acid,
oxalate, malate and play an important role in heavy metals mobilization. Whiting et al.
discovered that inoculating soil by metal-resistant rhizosphere bacteria greatly boosted zinc
ion availability and accumulation in plants. Siderophores, which are low-molecular-weight
organic chelators with a high affinity for iron ions Fe3+ and are generated by microbes in
an environment of iron Fe2+ deficiency, play a significant role in metal mobility. Metals
linked by bacterial siderophores can be absorbed by bacteria and plants, increasing metal
buildup in plant tissues. Pyoverdine, for example, is produced by microorganisms of the
Pseudomonas species.

8. Recent Biotechnological Approaches for Potential Phytoremediation of Soil

Plants are being used for hazardous metal cleanup; however, as a result of HM phyto-
toxicity, this method of cleanup has been slow and typically failed [95]. Phytoremediation,
which uses genetic engineering approaches to enhance plant tolerance and toxic metal ac-
cumulation, has a lot of potential. Furthermore, a host of new research has been conducted
using omics technology to identify the genetic components and underlying processes in
plant heavy metals tolerance. Hg, Cd, Cu, As, Se, and Pb have been phytoremediated uti-
lizing biotechnological approaches. Using three basic biotechnological approaches, plants
are being modified for the phytoremediation of HMs. These strategies include modifying
heavy metals transporters genes and uptake systems, improving HM ligand production,
and changing heavy metals into a reduced amount of toxic and unstable systems.

Improved tolerance and heavy metal accumulation in numerous plant species have
been brought about by modifications to several heavy metal transporters. Over-expression
of the YCF1 gene in Arabidopsis thaliana increases plant heavy metals accumulation and
improves resistance to Pb and Cd [96]. NtCBP4 protein from Nicotiana tabacum was over-
expressed in transgenic plants, improving Pb hypersensitivity and accumulation. Addi-
tionally, increased production of an NtCBP4 mutant with a shortened amino acid sequence
enhanced Pb tolerance but reduced its accumulation [97]. Additionally, T-DNA mutants of
the Arabidopsis CNGC1 gene, which generates a protein related to NtCBP4, demonstrated
Pb tolerance. These results show that Pb2+ transport involves NtCBP4 and AtCNGC1 [98].
Higher Mn, Cd, and Ca ion accretion was the outcome of Nicotiana tabacum expressing
the CAX2 gene. In isolated root tonoplast vesicles, CAX2 overexpression improved the
transport of Cd and Mn ions as well [99]. The transcription of numerous and distinctive
genes was elevated in rice roots exposed to HM such as As(V), Cd, Cr(VI), and Pb [100]. A
de novo transcriptome sequencing technique was also used to identify Cu-resistant genes in
the Paeonia ostii plant. Similarly, D. viscosa (L.) Greuter was found to possess a DvNip1 gene
homolog. The expression of DvNip1.1 in D. viscosa clonal lines cultivated under different
stressful conditions was also observed, and the proportion of DvNip1.1 translation levels
found in both shoots and roots is suggested as a plausible selective marker for recognizing
highly resistant D. viscosa plants [101]. Previously Anglana et al. [102] investigated D. vis-
cosa’s ability to absorb, translocate, and proliferate in different levels of Cd2+, As3+, and
As5+. In fact, for As and Cd, we found opposing patterns of phytoextraction from the aerial
portion and biological concentration in the roots.
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Plant species can also be modified to boost resistance to As, Cd, and Pb. Three times
more transgenic crops were gathered. When two bacterial genes were co-expressed in Ara-
bidopsis and cultivated in a medium containing sodium arsenate (125 M), the results were
similar to those seen in above-ground biomass [103]. There is a lot of promise for improving
heavy metals and metalloid resistance by altering genes to boost the production of metal
chelation agents [104]. In A. thaliana and B. juncea, the constitutive expression of AtPCS1
boosted arsenate tolerance but did not increase shoot growth. due to accumulation [105].
Despite being a necessary element, selenium (Se) is harmful in greater amounts and is thus
regarded as a worldwide contaminant [106]. Dimethyl selenide (DMSe), for example, is
created by plants from selenium (Se). Se tolerance, volatilization, and bioaccumulation
have been improved using biotechnological Se phytoremediation. Recently, Metal Binding
proteins (MBPs) technology getting attention in India and plants possess several metal-
binding proteins (MBPs) that aid in the absorption, build-up, transfer, and detoxification of
heavy metals, hence enabling the plants to tolerate these harmful metals [107].

Overall, using these tools and methods can improve phytoremediation efficiency while
rendering it a more attractive alternative for cleaning up polluted lands. To determine its
efficacy and safety for a specific location, phytoremediation must be studied case-by-case,
just like every other remediation approach. Before executing a phytoremediation method,
factors including soil properties, pollutant kind and climate, concentration, and species of
plants should all be considered.

9. Factors Impacting Heavy Metals Phytoremediation

Plant species, root position, weather, element species, and soil physiochemical and
biochemical variables all influence HM synthesis and distribution in plants. To improve
cleaning, agronomic measures have been implemented (pH changes, chelators, and fertiliz-
ers are a few options). Additional crucial parameters to consider are the soil pH, organic
matter, and phosphorus level. By adding lime to the soil, the pH may be raised to 6.5–7.0,
which will reduce the amount of Pb that plants absorb [108]. Moreover, as will be explained
below, a variety of variables affect a plant’s capacity to absorb HMs.

10. Conclusions

Heavy metal pollution can have detrimental effects on the environment, leading
to quick deposition and posing a serious threat to agricultural output and food safety.
Since heavy metals are vital micronutrients for plants but hazardous at larger levels, it is
crucial to establish minimum and maximum heavy metals standards for water used for
irrigation and agricultural land. There are several strategies that have been developed
to reduce heavy metal contamination and replant damaged soil. In many developed
countries, phytoremediation is viewed as a viable strategy for replanting soil that has
been contaminated by heavy metals due to its high degree of public acceptability and
several advantages over alternative physicochemical treatments. Furthermore, a few
of the opportunities and strategies for improving phytoremediation, such as different
phytoremediation methods, biotechnology techniques, plants used in different approaches,
and variables influencing phytoremediation, have been discussed, opening up possibilities
for the establishment of new strategies. Phytoremediation remains in existence in the
developing country of India. The increase in research in this area is anticipated to aid in the
cleanup of hazardous places and benefit the economy and more study is required to better
understand the effects of various kinds of catalysts on phytoremediation efficacy in order
to boost phytoremediation practicability for environmental restoration.
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39. Dane, H.; Şişman, T. A morpho-histopathological study in the digestive tract of three fish species influenced with heavy metal
pollution. Chemosphere 2020, 242, 125212. [CrossRef]

40. Krieger, J.R.; Beaudreau, A.H.; Heintz, R.A.; Callahan, M.W. Corrigendum to “Growth of young-of-year sablefish (Anoplopoma
fimbria) in response to temperature and prey quality: Insights from a life stage specific bioenergetics model”. J. Exp. Mar. Biol.
Ecol. 2020, 526, 151340, Erratum in J. Exp. Mar. Biol. Ecol. 2020, 527, 151363. [CrossRef]

41. Rani, R.; Sharma, P.; Kumar, R.; Hajam, Y.A. Effects of heavy metals and pesticides on fish. In Bacterial Fish Diseases; Elsevier:
Amsterdam, The Netherlands, 2022; pp. 59–86.

42. Topal, T.; Onac, C. Determination of heavy metals and pesticides in different types of fish samples collected from four different
locations of Aegean and Marmara Sea. J. Food Qual. 2020, 2020, 8101532. [CrossRef]

43. Kucukosmanoglu, A.G.; Filazi, A. Investigation of the metal pollution sources in Lake Mogan, Ankara, Turkey. Biol. Trace Elem.
Res. 2020, 198, 269–282. [CrossRef]

44. Mukherjee, S.; Chatterjee, N.; Sircar, A.; Maikap, S.; Singh, A.; Acharyya, S.; Paul, S. A Comparative Analysis of Heavy Metal
Effects on Medicinal Plants. Appl. Biochem. Biotechnol. 2023, 195, 2483–2518. [CrossRef]

45. Bhatti, J.S.; Sehrawat, A.; Mishra, J.; Sidhu, I.S.; Navik, U.; Khullar, N.; Kumar, S.; Bhatti, G.K.; Reddy, P.H. Oxidative stress in the
pathophysiology of type 2 diabetes and related complications: Current therapeutics strategies and future perspectives. Free Radic.
Biol. Med. 2022, 184, 114–134. [CrossRef] [PubMed]

46. Ma, W.; Tang, S.; Dengzeng, Z.; Zhang, D.; Zhang, T.; Ma, X. Root exudates contribute to belowground ecosystem hotspots: A
review. Front. Microbiol. 2022, 13, 937940. [CrossRef] [PubMed]

47. Noor, I.; Sohail, H.; Sun, J.; Nawaz, M.A.; Li, G.; Hasanuzzaman, M.; Liu, J. Heavy metal and metalloid toxicity in horticultural
plants: Tolerance mechanism and remediation strategies. Chemosphere 2022, 303, 135196. [CrossRef] [PubMed]

48. Guo, P.; Rennenberg, H.; Du, H.; Wang, T.; Gao, L.; Flemetakis, E.; Hänsch, R.; Ma, M.; Wang, D. Bacterial assemblages imply
methylmercury production at the rice-soil system. Environ. Int. 2023, 178, 108066. [CrossRef] [PubMed]

49. Rodriguez, E.; Azevedo, R.; Fernandes, P.; Santos, C.A. Cr (VI) induces DNA damage, cell cycle arrest and polyploidization: A
flow cytometric and comet assay study in Pisum sativum. Chem. Res. Toxicol. 2011, 24, 1040–1047. [CrossRef]

50. Ali, S.; Mir, R.A.; Tyagi, A.; Manzar, N.; Kashyap, A.S.; Mushtaq, M.; Raina, A.; Park, S.; Sharma, S.; Mir, Z.A. Chromium toxicity
in plants: Signaling, mitigation, and future perspectives. Plants 2023, 12, 1502. [CrossRef]

https://doi.org/10.1016/j.scitotenv.2017.10.310
https://www.ncbi.nlm.nih.gov/pubmed/29128124
https://doi.org/10.1016/j.chemosphere.2021.132555
https://www.ncbi.nlm.nih.gov/pubmed/34653492
https://doi.org/10.1016/j.chemosphere.2022.134788
https://doi.org/10.1016/j.jclepro.2022.134472
https://doi.org/10.3126/sw.v12i12.13597
https://doi.org/10.1007/s10661-010-1343-5
https://doi.org/10.1016/j.jhydrol.2017.12.014
https://doi.org/10.1016/j.chemosphere.2020.129129
https://doi.org/10.1016/j.chemosphere.2022.135957
https://doi.org/10.5772/intechopen.73763
https://doi.org/10.1002/9781119870562.ch7
https://doi.org/10.1007/s40093-018-0210-1
https://doi.org/10.1016/j.chemosphere.2022.133724
https://www.ncbi.nlm.nih.gov/pubmed/35101432
https://doi.org/10.1002/tcr.202000153
https://doi.org/10.1016/j.chemosphere.2019.125212
https://doi.org/10.1016/j.jembe.2020.151340
https://doi.org/10.1155/2020/8101532
https://doi.org/10.1007/s12011-020-02031-z
https://doi.org/10.1007/s12010-022-03938-0
https://doi.org/10.1016/j.freeradbiomed.2022.03.019
https://www.ncbi.nlm.nih.gov/pubmed/35398495
https://doi.org/10.3389/fmicb.2022.937940
https://www.ncbi.nlm.nih.gov/pubmed/36274740
https://doi.org/10.1016/j.chemosphere.2022.135196
https://www.ncbi.nlm.nih.gov/pubmed/35659937
https://doi.org/10.1016/j.envint.2023.108066
https://www.ncbi.nlm.nih.gov/pubmed/37399771
https://doi.org/10.1021/tx2001465
https://doi.org/10.3390/plants12071502


Plants 2023, 12, 3816 17 of 19

51. Islam, M.R.; Akash, S.; Jony, M.H.; Alam, M.N.; Nowrin, F.T.; Rahman, M.M.; Rauf, A.; Thiruvengadam, M. Exploring the
potential function of trace elements in human health: A therapeutic perspective. Mol. Cell. Biochem. 2023, 478, 2141–2171.
[CrossRef]

52. Ali, Z.; Ullah, R.; Tuzen, M.; Ullah, S.; Rahim, A.; Saleh, T.A. Colorimetric sensing of heavy metals on metal doped metal oxide
nanocomposites: A review. Trends Environ. Anal. Chem. 2022, 37, e00187. [CrossRef]

53. Liu, C.; Liao, W. Potassium signaling in plant abiotic responses: Crosstalk with calcium and reactive oxygen species/reactive
nitrogen species. Plant Physiol. Biochem. 2022, 173, 110–121. [CrossRef]

54. Ma, Y.; Su, Q.; Yue, C.; Zou, H.; Zhu, J.; Zhao, H.; Song, R.; Liu, Z. The effect of oxidative stress-induced autophagy by cadmium
exposure in kidney, liver, and bone damage, and neurotoxicity. Int. J. Mol. Sci. 2022, 23, 13491. [CrossRef]

55. Sethi, S. Phytochelatins: Heavy Metal Detoxifiers in Plants. In Advanced and Innovative Approaches of Environmental Biotechnology in
Industrial Wastewater Treatment; Springer: Berlin/Heidelberg, Germany, 2023; pp. 361–379.

56. Satarug, S.; Vesey, D.A.; Gobe, G.C.; Phelps, K.R. Estimation of health risks associated with dietary cadmium exposure. Arch.
Toxicol. 2023, 97, 329–358. [CrossRef] [PubMed]

57. Abd Elnabi, M.K.; Elkaliny, N.E.; Elyazied, M.M.; Azab, S.H.; Elkhalifa, S.A.; Elmasry, S.; Mouhamed, M.S.; Shalamesh, E.M.;
Alhorieny, N.A.; Abd Elaty, A.E.; et al. Toxicity of Heavy Metals and Recent Advances in Their Removal: A Review. Toxics 2023,
11, 580. [CrossRef] [PubMed]

58. Khan, I.; Bilal, A.; Shakeel, K.; Malik, F.T. Effects of nickel toxicity on various organs of the Swiss albino mice. Uttar Pradesh J. Zool.
2022, 43, 1–12. [CrossRef]

59. Kiran; Bharti, R.; Sharma, R. Effect of heavy metals: An overview. Mater. Today Proc. 2022, 51, 880–885. [CrossRef]
60. Buxton, S.; Garman, E.; Heim, K.E.; Lyons-Darden, T.; Schlekat, C.E.; Taylor, M.D.; Oller, A.R. Concise review of nickel human

health toxicology and ecotoxicology. Inorganics 2019, 7, 89. [CrossRef]
61. Bhan, A.; Sarkar, N.N. Mercury in the environment: Effect on health and reproduction. Rev. Environ. Health 2005, 20, 39–56.

[CrossRef]
62. Famurewa, A.C.; Renu, K.; Eladl, M.A.; Chakraborty, R.; Myakala, H.; El-Sherbiny, M.; Elsherbini, D.M.A.; Vellingiri, B.;

Madhyastha, H.; Wanjari, U.R. Hesperidin and hesperetin against heavy metal toxicity: Insight on the molecular mechanism of
mitigation. Biomed. Pharmacother. 2022, 149, 112914. [CrossRef]

63. Suh, J.H.; Lee, Y.Y.; Lee, H.J.; Kang, M.; Hur, Y.; Lee, S.N.; Yang, D.-H.; Han, S.B. Dispersive liquid–liquid microextraction based
on solidification of floating organic droplets followed by high performance liquid chromatography for the determination of
duloxetine in human plasma. J. Pharm. Biomed. Anal. 2013, 75, 214–219. [CrossRef]

64. Feldmann, J.; Kindness, A.; Ek, P. Laser ablation of soft tissue using a cryogenically cooled ablation cell. J. Anal. At. Spectrom.
2002, 17, 813–818. [CrossRef]

65. Balaram, V.; Ramkumar, M.; Mir, A.R. Developments in analytical techniques for chemostratigraphy, chronostratigraphy, and
geochemical fingerprinting studies: Current status and future trends. J. South Am. Earth Sci. 2023, 104528.

66. El-Naas, M.H.; Banerjee, A. Petroleum Industry Wastewater: Advanced and Sustainable Treatment Methods; Elsevier: Amsterdam,
The Netherlands, 2022.

67. Wang, T.-T.; Huang, X.-F.; Huang, H.; Luo, P.; Qing, L.-S. Nanomaterial-based optical-and electrochemical-biosensors for urine
glucose detection: A comprehensive review. Adv. Sens. Energy Mater. 2022, 1, 100016. [CrossRef]

68. Ashraf, S.; Afzal, M.; Naveed, M.; Shahid, M.; Ahmad Zahir, Z. Endophytic bacteria enhance remediation of tannery effluent in
constructed wetlands vegetated with Leptochloa fusca. Int. J. Phytoremediation 2018, 20, 121–128. [CrossRef] [PubMed]

69. Hussain, I.; Afzal, S.; Ashraf, M.A.; Rasheed, R.; Saleem, M.H.; Alatawi, A.; Ameen, F.; Fahad, S. Effect of metals or trace elements
on wheat growth and its remediation in contaminated soil. J. Plant Growth Regul. 2023, 42, 2258–2282. [CrossRef]

70. Hou, D.; O’Connor, D.; Igalavithana, A.D.; Alessi, D.S.; Luo, J.; Tsang, D.C.W.; Sparks, D.L.; Yamauchi, Y.; Rinklebe, J.; Ok, Y.S.
Metal contamination and bioremediation of agricultural soils for food safety and sustainability. Nat. Rev. Earth Environ. 2020, 1,
366–381. [CrossRef]

71. Wang, L.; Bolan, N.S.; Tsang, D.C.W.; Hou, D. Green immobilization of toxic metals using alkaline enhanced rice husk biochar:
Effects of pyrolysis temperature and KOH concentration. Sci. Total Environ. 2020, 720, 137584. [CrossRef] [PubMed]

72. Lago-Vila, M.; Arenas-Lago, D.; Rodríguez-Seijo, A.; Andrade, M.L.; Vega, F.A. Ability of Cytisus scoparius for phytoremediation
of soils from a Pb/Zn mine: Assessment of metal bioavailability and bioaccumulation. J. Environ. Manag. 2019, 235, 152–160.
[CrossRef]

73. Eid, E.M.; Galal, T.M.; Sewelam, N.A.; Talha, N.I.; Abdallah, S.M. Phytoremediation of heavy metals by four aquatic macrophytes
and their potential use as contamination indicators: A comparative assessment. Environ. Sci. Pollut. Res. 2020, 27, 12138–12151.
[CrossRef]

74. Kumari, A.; Lal, B.; Rai, U.N. Assessment of native plant species for phytoremediation of heavy metals growing in the vicinity of
NTPC sites, Kahalgaon, India. Int. J. Phytoremediation 2016, 18, 592–597. [CrossRef]

75. Eapen, S.; D’Souza, S.F. Prospects of genetic engineering of plants for phytoremediation of toxic metals. Biotechnol. Adv. 2005, 23,
97–114. [CrossRef]

76. Sharma, P.; Kumar, S.; Pandey, A. Bioremediated techniques for remediation of metal pollutants using metagenomics approaches:
A review. J. Environ. Chem. Eng. 2021, 9, 105684. [CrossRef]

https://doi.org/10.1007/s11010-022-04638-3
https://doi.org/10.1016/j.teac.2022.e00187
https://doi.org/10.1016/j.plaphy.2022.01.016
https://doi.org/10.3390/ijms232113491
https://doi.org/10.1007/s00204-022-03432-w
https://www.ncbi.nlm.nih.gov/pubmed/36592197
https://doi.org/10.3390/toxics11070580
https://www.ncbi.nlm.nih.gov/pubmed/37505546
https://doi.org/10.56557/upjoz/2022/v43i143090
https://doi.org/10.1016/j.matpr.2021.06.278
https://doi.org/10.3390/inorganics7070089
https://doi.org/10.1515/REVEH.2005.20.1.39
https://doi.org/10.1016/j.biopha.2022.112914
https://doi.org/10.1016/j.jpba.2012.11.041
https://doi.org/10.1039/b201960d
https://doi.org/10.1016/j.asems.2022.100016
https://doi.org/10.1080/15226514.2017.1337072
https://www.ncbi.nlm.nih.gov/pubmed/28621547
https://doi.org/10.1007/s00344-022-10700-7
https://doi.org/10.1038/s43017-020-0061-y
https://doi.org/10.1016/j.scitotenv.2020.137584
https://www.ncbi.nlm.nih.gov/pubmed/32145631
https://doi.org/10.1016/j.jenvman.2019.01.058
https://doi.org/10.1007/s11356-020-07839-9
https://doi.org/10.1080/15226514.2015.1086301
https://doi.org/10.1016/j.biotechadv.2004.10.001
https://doi.org/10.1016/j.jece.2021.105684


Plants 2023, 12, 3816 18 of 19

77. Cutillas-Barreiro, L.; Pérez-Rodríguez, P.; Gómez-Armesto, A.; Fernández-Sanjurjo, M.J.; Álvarez-Rodríguez, E.; Núñez-Delgado,
A.; Arias-Estévez, M.; Nóvoa-Muñoz, J.C. Lithological and land-use based assessment of heavy metal pollution in soils surround-
ing a cement plant in SW Europe. Sci. Total Environ. 2016, 562, 179–190. [CrossRef] [PubMed]

78. Sharma, P.; Singh, S.P.; Pandey, S.; Thanki, A.; Singh, N.K. Role of potential native weeds and grasses for phytoremediation of
endocrine-disrupting pollutants discharged from pulp paper industry waste. In Bioremediation of Pollutants; Elsevier: Amsterdam,
The Netherlands, 2020; pp. 17–37.

79. Yang, X.; Feng, Y.; He, Z.; Stoffella, P.J. Molecular mechanisms of heavy metal hyperaccumulation and phytoremediation. J. Trace
Elem. Med. Biol. 2005, 18, 339–353. [CrossRef] [PubMed]

80. Zhou, Z.S.; Zeng, H.Q.; Liu, Z.P.; Yang, Z.M. Genome-wide identification of Medicago truncatula microRNAs and their targets
reveals their differential regulation by heavy metal. Plant Cell Environ. 2012, 35, 86–99. [CrossRef] [PubMed]

81. Loix, C.; Huybrechts, M.; Vangronsveld, J.; Gielen, M.; Keunen, E.; Cuypers, A. Reciprocal interactions between cadmium-induced
cell wall responses and oxidative stress in plants. Front. Plant Sci. 2017, 8, 1867. [CrossRef] [PubMed]

82. Maurya, A.; Sharma, D.; Partap, M.; Kumar, R.; Bhargava, B. Microbially-assisted phytoremediation toward air pollutants:
Current trends and future directions. Environ. Technol. Innov. 2023, 31, 103140. [CrossRef]

83. Asgari Lajayer, B.; Khadem Moghadam, N.; Maghsoodi, M.R.; Ghorbanpour, M.; Kariman, K. Phytoextraction of heavy metals
from contaminated soil, water and atmosphere using ornamental plants: Mechanisms and efficiency improvement strategies.
Environ. Sci. Pollut. Res. 2019, 26, 8468–8484. [CrossRef]

84. Li, J.T.; Liao, B.; Lan, C.Y.; Ye, Z.H.; Baker, A.J.M.; Shu, W.S. Cadmium Tolerance and Accumulation in Cultivars of a High-Biomass
Tropical Tree (Averrhoa carambola) and Its Potential for Phytoextraction. J. Environ. Qual. 2010, 39, 1262–1268. [CrossRef]

85. Bian, F.; Zhong, Z.; Zhang, X.; Yang, C.; Gai, X. Bamboo–An untapped plant resource for the phytoremediation of heavy metal
contaminated soils. Chemosphere 2020, 246, 125750. [CrossRef]

86. Guarino, F.; Miranda, A.; Castiglione, S.; Cicatelli, A. Arsenic phytovolatilization and epigenetic modifications in Arundo donax
L. assisted by a PGPR consortium. Chemosphere 2020, 251, 126310. [CrossRef]

87. Mello, I.S.; Targanski, S.; Pietro-Souza, W.; Stachack, F.F.F.; Terezo, A.J.; Soares, M.A. Endophytic bacteria stimulate mercury
phytoremediation by modulating its bioaccumulation and volatilization. Ecotoxicol. Environ. Saf. 2020, 202, 110818. [CrossRef]

88. Hardoim, P.R.; van Overbeek, L.S.; van Elsas, J.D. Properties of bacterial endophytes and their proposed role in plant growth.
Trends Microbiol. 2008, 16, 463–471. [CrossRef] [PubMed]

89. Idris, R.; Trifonova, R.; Puschenreiter, M.; Wenzel, W.W.; Sessitsch, A. Bacterial communities associated with flowering plants of
the Ni hyperaccumulator Thlaspi goesingense. Appl. Environ. Microbiol. 2004, 70, 2667–2677. [CrossRef] [PubMed]

90. El-Deeb, B. Plasmid mediated tolerance and removal of heavy metals by Enterobacter sp. Am. J. Biochem. Biotechnol 2009, 5, 47–53.
[CrossRef]

91. Sun, L.-N.; Zhang, Y.-F.; He, L.-Y.; Chen, Z.-J.; Wang, Q.-Y.; Qian, M.; Sheng, X.-F. Genetic diversity and characterization of heavy
metal-resistant-endophytic bacteria from two copper-tolerant plant species on copper mine wasteland. Bioresour. Technol. 2010,
101, 501–509. [CrossRef] [PubMed]

92. Dimitroula, H.; Syranidou, E.; Manousaki, E.; Nikolaidis, N.P.; Karatzas, G.P.; Kalogerakis, N. Mitigation measures for chromium-
VI contaminated groundwater–the role of endophytic bacteria in rhizofiltration. J. Hazard. Mater. 2015, 281, 114–120. [CrossRef]

93. Gamalero, E.; Glick, B.R. Mechanisms used by plant growth-promoting bacteria. Bact. Agrobiol. Plant Nutr. Manag. 2011, 17–46.
[CrossRef]

94. Abou-Shanab, R.A.; Angle, J.S.; Delorme, T.A.; Chaney, R.L.; Van Berkum, P.; Moawad, H.; Ghanem, K.; Ghozlan, H.A.
Rhizobacterial effects on nickel extraction from soil and uptake by Alyssum murale. New Phytol. 2003, 158, 219–224. [CrossRef]

95. Gulzar, A.B.M.; Mazumder, P.B. Helping plants to deal with heavy metal stress: The role of nanotechnology and plant growth
promoting rhizobacteria in the process of phytoremediation. Environ. Sci. Pollut. Res. 2022, 29, 40319–40341. [CrossRef]

96. Rai, P.K.; Sonne, C.; Kim, K.-H. Heavy metals and arsenic stress in food crops: Elucidating antioxidative defense mechanisms
in hyperaccumulators for food security, agricultural sustainability, and human health. Sci. Total Environ. 2023, 874, 162327.
[CrossRef]

97. Zhao, F.-J.; Tang, Z.; Song, J.-J.; Huang, X.-Y.; Wang, P. Toxic metals and metalloids: Uptake, transport, detoxification, phytoreme-
diation, and crop improvement for safer food. Mol. Plant 2022, 15, 27–44. [CrossRef]

98. Moon, J.Y.; Belloeil, C.; Ianna, M.L.; Shin, R. Arabidopsis CNGC Family Members Contribute to Heavy Metal Ion Uptake in
Plants. Int. J. Mol. Sci. 2019, 20, 413. [CrossRef]

99. Jhilta, P.; Dipta, B.; Rana, A. Phytoremediation of heavy metals and radionuclides: Sustainable approach to environmental
management. In Phytoremediation for Environmental Sustainability; Springer: Berlin/Heidelberg, Germany, 2022; pp. 83–111.

100. Ghuge, S.A.; Nikalje, G.C.; Kadam, U.S.; Suprasanna, P.; Hong, J.C. Comprehensive mechanisms of heavy metal toxicity in plants,
detoxification, and remediation. J. Hazard. Mater. 2023, 450, 131039. [CrossRef] [PubMed]

101. De Paolis, A.; De Caroli, M.; Rojas, M.; Curci, L.M.; Piro, G.; Di Sansebastiano, G.-P. Evaluation of Dittrichia viscosa Aquaporin
Nip1.1 Gene as Marker for Arsenic-Tolerant Plant Selection. Plants 2022, 11, 1968. [CrossRef] [PubMed]

102. Anglana, C.; Capaci, P.; Barozzi, F.; Migoni, D.; Rojas, M.; Stigliano, E.; Di Sansebastiano, G.P.; Papadia, P. Dittrichia viscosa
Selection Strategy Based on Stress Produces Stable Clonal Lines for Phytoremediation Applications. Plants 2023, 12, 2499.
[CrossRef] [PubMed]

https://doi.org/10.1016/j.scitotenv.2016.03.198
https://www.ncbi.nlm.nih.gov/pubmed/27099999
https://doi.org/10.1016/j.jtemb.2005.02.007
https://www.ncbi.nlm.nih.gov/pubmed/16028496
https://doi.org/10.1111/j.1365-3040.2011.02418.x
https://www.ncbi.nlm.nih.gov/pubmed/21895696
https://doi.org/10.3389/fpls.2017.01867
https://www.ncbi.nlm.nih.gov/pubmed/29163592
https://doi.org/10.1016/j.eti.2023.103140
https://doi.org/10.1007/s11356-019-04241-y
https://doi.org/10.2134/jeq2009.0195
https://doi.org/10.1016/j.chemosphere.2019.125750
https://doi.org/10.1016/j.chemosphere.2020.126310
https://doi.org/10.1016/j.ecoenv.2020.110818
https://doi.org/10.1016/j.tim.2008.07.008
https://www.ncbi.nlm.nih.gov/pubmed/18789693
https://doi.org/10.1128/AEM.70.5.2667-2677.2004
https://www.ncbi.nlm.nih.gov/pubmed/15128517
https://doi.org/10.3844/ajbbsp.2009.47.53
https://doi.org/10.1016/j.biortech.2009.08.011
https://www.ncbi.nlm.nih.gov/pubmed/19762232
https://doi.org/10.1016/j.jhazmat.2014.08.005
https://doi.org/10.1007/978-3-642-21061-7_2
https://doi.org/10.1046/j.1469-8137.2003.00721.x
https://doi.org/10.1007/s11356-022-19756-0
https://doi.org/10.1016/j.scitotenv.2023.162327
https://doi.org/10.1016/j.molp.2021.09.016
https://doi.org/10.3390/ijms20020413
https://doi.org/10.1016/j.jhazmat.2023.131039
https://www.ncbi.nlm.nih.gov/pubmed/36867909
https://doi.org/10.3390/plants11151968
https://www.ncbi.nlm.nih.gov/pubmed/35956446
https://doi.org/10.3390/plants12132499
https://www.ncbi.nlm.nih.gov/pubmed/37447060


Plants 2023, 12, 3816 19 of 19

103. Deng, B.; Gu, X.; Chen, S.; Zhang, M.; Hao, S.; Wei, L.; Cao, Y.; Hu, S. Genome-wide analysis and characterization of Dendrocala-
mus farinosus SUT gene family reveal DfSUT4 involvement in sucrose transportation in plants. Front. Plant Sci. 2023, 13, 1118398.
[CrossRef]

104. Pradhan, B.; Bhuyan, P.P.; Nayak, R.; Patra, S.; Behera, C.; Ki, J.-S.; Ragusa, A.; Lukatkin, A.S.; Jena, M. Microalgal phycoremedia-
tion: A glimpse into a sustainable environment. Toxics 2022, 10, 525. [CrossRef]

105. Seregin, I.V.; Kozhevnikova, A.D. Phytochelatins: Sulfur-containing metal (loid)-chelating ligands in plants. Int. J. Mol. Sci. 2023,
24, 2430. [CrossRef]

106. Bayanati, M.; Al-Tawaha, A.R.; Al-Taey, D.; Al-Ghzawi, A.L.; Abu-Zaitoon, Y.M.; Shawaqfeh, S.; Al-Zoubi, O.; Al-Ramamneh,
E.A.-D.; Alomari, L.; Al-Tawaha, A.R. Interaction between zinc and selenium bio-fortification and toxic metals (loid) accumulation
in food crops. Front. Plant Sci. 2022, 13, 1001992. [CrossRef]

107. Sharma, J.K.; Kumar, N.; Singh, N.P.; Santal, A.R. Phytoremediation technologies and their mechanism for removal of heavy
metal from contaminated soil: An approach for a sustainable environment. Front. Plant Sci. 2023, 14, 1076876. [CrossRef]

108. Beatrice, A.; Varco, J.J.; Dygert, A.; Atsar, F.S.; Solomon, S.; Thirumalai, R.V.K.G.; Pittman, C.U., Jr.; Mlsna, T. Lead immobilization
in simulated polluted soil by Douglas fir biochar-supported phosphate. Chemosphere 2022, 292, 133355. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3389/fpls.2022.1118398
https://doi.org/10.3390/toxics10090525
https://doi.org/10.3390/ijms24032430
https://doi.org/10.3389/fpls.2022.1001992
https://doi.org/10.3389/fpls.2023.1076876
https://doi.org/10.1016/j.chemosphere.2021.133355

	Introduction 
	Status of Heavy Metals Pollution in India 
	Sources of Heavy Metal Accumulation 
	Heavy Metals Contaminated Impacts Environments 
	Heavy Metal Harmfulness Disturbs Human Health 
	Techniques for Detecting Heavy Metals 
	Phytoremediation for the Removal of Heavy Metals from Contaminated Soil 
	Genetic Modification in Plants 
	Phytoextraction 
	Endophytic Microorganisms Utilization 

	Recent Biotechnological Approaches for Potential Phytoremediation of Soil 
	Factors Impacting Heavy Metals Phytoremediation 
	Conclusions 
	References

