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Abstract
The accumulation of toxic substances involving the inorganic and organic 
contaminants in the soil is a global problem.Status of the World's Soil 
Resources Report (SWSR) recognized soil pollution as one of the main 
reasons affecting global soils and the ecosystem services provided 
by them. However, transgenic approaches utilizing the biodegradation 
capabilities of microbes and mammals into plants pledge an efficient and 
eco-friendly approach to renewing the environment. An effective method of 
phytoremediation involves an enhanced rate of pollutant uptake by the plant, 
followed by the detoxification of the chemicals absorbed or translocated. 
It also involves the production of genetically modified herbicide-resistant 
plants for herbicide remediation and exploits the principles of biotechnology 
and molecular biology for the introduction and improvement of potentially 
superior genes into plants. This review discusses the various transgenic 
approaches involved in the phytoremediation of persistent organic 
pollutants, metals, metalloids, and explosives. Besides, it also focuses on 
the limitations of transgenics and provides an insight into the future potential 
of emerging biotechnological tools and techniques in this field.
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Introduction
The exploitation of plants, either directly or 
indirectly to mitigate the contamination of natural 
resources like soil and groundwater and improve 
their quality is called phytoremediation. It is found 
to be a perfect approach and an acceptable 
way to address the ever-increasing problem of 
environmental contamination. The accumulation 
of toxic substances in the soil is a global problem 

and the development of plant-based technologies 
exploiting the strategies of biotechnology is of 
significant interest. These transgenic approaches, 
introducing biodegradation capabilities of microbes 
and mammals into plants, pledge an efficient and 
eco-friendly approach to renewing the environment. 
Although there are innumerable applications of 
phytoremediation such as cost effectiveness, long 
term application, and other aesthetic advantages 
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but there are certain limitations too that cannot 
be overseen.These include the introduction of 
contaminant or their metabolites into the food chain, 
mutagenesis, long clean-up times, assimilation 
of toxic substances, establishing and maintaining 
vegetation at waste sites. 

Phytoremediation of Organics and Herbicides
Persistent organic pollutants (POPs) involving 
dioxins, trichloroethylene (TCE) and carbon 

tetrachloride (CCl4) and broad-spectrum herbicides 
like glyphosates, though play a major role in 
agriculture, also impact the environment negatively 
in the form of pollutants and toxicants. They may 
sorb to the roots followed by translocation and 
metabolism, which further leads to the hydrophobic 
interactions of these chemicals with the plant cell wall 
and plasma membrane, transporting them inside the 
cell via active transport [Fig 1]. 

Fig.1: Cellular transport and metabolism of xenobiotics

The uptake of these chemicals is solely dependent 
on the plant’s uptake efficiency, the concentration of 
the chemicals in soil water, and the transpiration rate 
of the plant. The rate of chemical uptake by the plant 
(U) is given by the expression: U=(TSCF) (C) (T); 
where TSCF is the efficiency of uptake ranging from 
0-1 (dimensionless), C is the soil water concentration 
of the chemical in mg/L and T is the transpiration 
rate in L/day.

An effective method of Phytoremediation involves 
an enhanced rate of chemical uptake by the plant, 
followed by the detoxification of the chemicals 
absorbed/ translocated. For instance, the introduction 
of the mammalian cytochrome p450 into rice plants 
to remediate atrazine. Similarly, improvement of the 
isoenzyme Glutathione S Transferase (GST) that 
catalyse the conjugation of γ  glutathione synthetase 
to alachlor in poplar plant resulting in its elimination. 
Alternatively, microbial genes encoding atrazine 
chlorohydrolase (atzZ) and 1-aminocyclopropane-
1-carboxylate deaminase (for increasing root 
mass) have also shown promising results in 
phytoremediation. 

Moreover, approaches involving the remediation of 
organic chemicals have been developed including 
the expression of cytochrome p450 such as human 
CYP2E1 in model plants (e.g., tobacco and poplar) 
where these GM plants have shown an increase 
in POP and TCE metabolism for chemicals like 
vinyl chloride, benzene, toluene, and chloroform. 
Furthermore, the use of bacterial genes like dhlAB 
for the degradation of 1, 2-dichlorethane from 
Xanthobacter is known to enhance removal of this 
compound in plants.

Herbicide Tolerance (Glyphosate Tolerance)
Plants that can tolerate herbicides are called 
herbicide-resistant plants.

Glyphosate, a broad-spectrum herbicide, is a glycine 
(amino acid) derivative and acts as a substrate 
analogue or competitive inhibitor of the enzyme 
5-enolpyruvylshikimate-3-phosphate synthase 
(EPSPS), an essential biocatalyst in the shikimic 
acid pathway. It thus hinders the biosynthesis of 
amino acids (Phe, tyr and trp), vitamins, and many 
secondary plant metabolites [Fig 2]. The various 
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strategies implemented include; overexpression 
of the target protein (EPSPS), mutation of the 
target protein, enhanced plant detoxification, and 
detoxification of the herbicide usinggene from a 

foreign source. As mentioned above, the xenobiotics 
are detoxified or eliminated by targeting pathways 
that involve hydroxylation, conjugation, and transport 
processes. 

Fig.2: Shikimate pathway and the constructs for engineering glyphosate tolerance

Phytoremediation of Metals and Metalloids
Some of the major pollutants that fall in this category 
include arsenic, mercury, and selenium.

Arsenic (As) being one of the major environmental 
pollutants, offers a more opportunistic approach 
for the researchers in terms of phytoremediation 
to clean up the environment more practically and 
cost-effectively. Considering the biotechnological 
strategies, various methods in the laboratory 
have shown elevated tolerance and elimination of 
As from the contaminated soil. This involves the 
expression of microbial genes such as ArsC from 
Escherichia coli combined with the co-expression 
of γ -glutamylcysteine synthetase, which leads to the 
synthesis of glutathione (GSH), causing subsequent 
conjugation of As. 

Yet another approach involves the translocation to 
the leaves through efflux homolog of the gene, ArsB 
followed by volatilization of arsenic by its methylation 
to trimethylarsine by incorporating ArsM gene. 
 
Another potential pollutant, selenium (Se) which 
is also a naturally found micronutrient in the soil, 
becomes extremely toxic at high concentrations. 
Being chemically similar to sulphur (S), it is 
hypothesized that the toxicity might be consequential 
to the substitution of S with Se in the proteins. The 

development of GM plants implies the expression 
of certain enzymes, wherein methylation of Se 
derivatives prevents the substitution reaction and 
convertsthese to more volatile forms to be removed 
from the soil. 

Mercury (Hg) which also causes deadly, mercury 
poisoning is a highly toxic environmental pollutant. 
Depending upon the form of Hg i.e., either elemental 
or organomercurial, the toxicity varies from being 
less to highly toxic respectively. The biotechnological 
approach to deal with such unwanted accumulation 
in the environment involves the use of some 
bacteria, expressing genes such as merA and merB 
encoding Hg ion reductase and organomercurial 
lyase respectively. Furthermore, the expression 
is enhanced by the localized expression of these 
genes in the chloroplasts via plastid engineering, 
in the absence of gene silencing. In tobacco plants, 
expressing these genes efficiently, enhanced 
resistance to phenyl mercury acetate is observed 
and they also show efficient volatilisation of 
elemental Hg after the translocation of organic Hg 
[Fig 3].   

Phytoremediation of Explosives
Explosives l ike 2,4,6-tr ini trotoluene (tnt) , 
hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX), and 
glyceryltrinitrate (GTN) are some of the persistent 
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polluting contaminants worldwide, found especially 
in the military sites, manufacturing sites, and conflict 
areas, where they majorly contribute towards 
the soil, air, and groundwater contamination. 
Various transgenic plants have been developed for 

eliminating these pollutants from the environment 
through phytoremediation. It implies the use of certain 
bacterial nitroreductases (pnrA) and cytochrome 
p450 genes which increases the tolerance, uptake, 
and detoxification of these explosives. 

Fig.3: Potential strategies for Phytoremediation of metals & metalloids

The exploitation of certain model plants like 
Arabidopsis for such experiments have shown 
promising results for cleaning up the environment. 

Phytoremediation of Pesticides & Transgenic 
Crops
According to data compiled by various concerned 
organizations, over thousands of compounds 
are used as pest control agents, representing 
numerous organo chemical classes: carbamates, 
thiocarbamates, organophoshates, dipyridyls, 
triazines, phenoxyacetates, coumarins, nitrophenols, 
pyrazoles, pyrethroids, and several other organic 
compounds containing chlorine, phosphorus, tin, 
mercury, arsenic, copper, etc. In fact, millions of tons 
of pesticides are synthesized and used annually in 
close association with agricultureand horticulture 
which in turn cause severe environmental impact.
 
As discussed earlier, overexpression of genes 
involved in metabolism, uptake and transportof 
pollutantsin plants is a suitable method of increasing 
the efficacy of phytoremediation. 

Additionally, the expression of suitable genes in 
root system enhances the rhizodegradation of 
PCBs and PAHs, which developedthe idea to 

amplify plant biodegradation of xenobiotics by 
genetic manipulation. Genes from various sources 
like humans, microbes, plants, and animals are 
being successfully utilized for this venture. The 
transformation of these genes can be readily 
achieved for many plant varieties using approaches 
such as Agrobacterium tumefaciens-mediated plant 
transformation, Biolistic method of gene transfer, etc.
 
GM or  Transgen ic  p lants  deve loped by 
Biotechnological approaches can be used for 
efficient phytoremediation of pollutants. Earlier, the 
commercially available GM plants were produced 
to minimize the loss of crop yield due toinsect 
damage (particularly larvae) at the same time as 
reducing the amount of pesticides required (e.g., 
plants expressing Bt toxin). However, transgenic 
plants for phytoremediation were first developed for 
remediating heavy metal contaminated soil sites; for 
example, Nicotiana tabaccum expressing a yeast 
metallothionein gene for higher tolerance to Cd, or 
Arabidopsis thaliana over expressing a Hg reductase 
gene for higher tolerance to Hg. Several other plants 
have been developed over the years with either 
transgene inserts, responsible for the metabolization 
of xenobiotics or increased resistance of a number 
of pollutants.
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Limitations and Future Directions
Although several significant approaches have been 
made in the field of metagenomics to enhance the 
phytoremediation of the undesired pollutants in our 
environment one of the major drawbacks of the 
transgenic approaches includes the unforeseen 
pleiotropic effects of these transgenes into the plant. 
This is due to the presence of complex metabolic 
pathways in plant systems that are directly or 
indirectly interlinked to each other and even a 
single manipulation can have a huge impact on the 
homeostatic system of the plant or even the entire 
food chain. 

Additionally, the ethical concerns associated with 
gene containment cannot be overlooked either. 

However, to make real progress a system-wide 
approach, considering the entire plant metabolic 
pathways should be developed. The recent 
advances in CRISPR/dCas based gene-editing 
tools also provide insights into a wide range of 
plant genomics research. It can be implemented 
in gene activation, repression, epigenome editing, 

and many other possible manipulations in the 
genome. This requires in-depth knowledge about 
the pleiotropic effects of the target genes and 
the metabolic pathways involved. The advanced 
knowledge will allow phytoremediation to be applied 
more effectively, without any significant side effects 
or yield drag. 
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