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Abstract 

The agricultural soil has extremely become contaminated with various pollutants. These pollutants arise from 

divergent sources including agricultural and industrial drainage, erosion and weathering of rocks, and various 

human activities, especially after the great development in the industrial sector through the latest decades. Such 

contaminants negatively affect humankind due to their direct or indirect access to the food chain. Hence, their 

remediation should be highly considered. A number of techniques have been exploited in contaminant 

elimination including thermal, chemical or combination of both methods, but these methods are expensive and 

more complicated. Some plants possess a high capability to eliminate pollutants safely and without the need for 

a lot of expenses, these plants are called hyperaccumulators. Hyperaccumulators can utilize different techniques 

to decontaminate soils such as phytoextraction, phytostabilization, phytovolatalization, rhizofitration, and 

phytodegradation. All the techniques used in soil decontamination are called “phytoremediation”, which is 

essentially affected by soil and metal properties and plant species. Hyperaccumulators are equipped with various 

mechanisms to counteract toxic metals safely with no toxicity symptoms. The principle buddies in this process 

are the phytochelatins and metallothioneins which chelate metals by forming complex with them, which is 

followed by freeing the sensitive sites from polluting metals or vacuolar sequestration of ligand-metal complex. 

Phytoremediation is a promising approach that can be utilized for contaminant remediation from impacted sites 

with some limitations. Therefore, attention has been given to develop modern biological and genetic engineering 

strategies to increase plant detoxification capabilities 
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Introduction 

Heavy metal is a term referring to an element with metallic properties and a proton number higher than 20. The 

most widespread metal pollutants comprise Hg, Pb, Cd, Cr, Cu, and Zn. These metals could be categorized into 

micronutrients required in too small quantities like Cr, Co, Cu, Fe, Mn, Ni, and Zn, functioning in (a) redox-

processes, (b) molecular stabilization through electrostatic interactions, (c) enzymatic activators, and (d) 

osmoregulators (Bruins et al., 2000).  
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Others are non-essential without specific action, like Hg, Pb, Cd, and Pu (Gaur &Adholeya, 2004; Kumar et al., 

2013). Soil and water pollution occur naturally and from anthropogenic sources (Khalid et al., 2017). The major 

natural sources include weathering, erosion and volcanic activity, whereas of anthropogenic sources comprise 

metal-rich mine tailing, smelting, use of agricultural pesticides and fertilizers, sludge wastes, factories effluents, 

and atmospheric precipitation (Wuana&Okieimen, 2011).  It gets entrance to the body through food, water, air, 

and touch with the skin causing serious ailments to all life forms (Saad-Allah &Elhaak, 2017). Arsenate is 

considered as a principle source of drinking water contamination. It causes cancer of skin, lung, urinary bladder 

and prostate (Martinez et al., 2011). Also, lead is of great concern that causes tissue and organ injuries in 

children and nerve damage in adults (Sanders et al., 2009). In addition, long-term exposure to cadmium can 

cause liver, kidney and bone damage (Zhang et al., 2008), inhibition of progesterone and estradiol (Massanyi et 

al., 2007), and act as estrogen in breast cancer (Brama et al., 2007). Also, mercury can cause dyspnea, fever, 

tremble, weariness, motor neuropathy, gum disorders, illusions and delirium (Guzzi& La Porta, 2008). 

Numerous techniques are certainty used to expurgate the environment from these pollutants, however nearly all 

of them are expensive and irrelevant from optimal performance. The chemical technologies are costly and 

discharge great amount of wastes (Rakhshaee et al., 2009). Also, combining chemical and thermal techniques is 

technically complicated, expensive, and can result in impairing of some soil components (Hinchman et al., 

1996). Conventionally, soil remediation from metal pollution could be managed onsite or through excavation 

after disposal to a dump site (Tangahu et al., 2011). However, this elimination manner has the risk of 

transporting waste and contaminants from the dump sites to clean soil and the possibility of polluted soil transfer 

to another non-polluted site. Soil washing is an alternative way for excavation of contaminated soils. However,  

this technique requires a lot of expenses and can produce heavy metal-rich residues, that need further 

management. Moreover, remediation techniques prevent soil utilization in plant growth, due to the cessation of 

all biological processes (Gaur &Adholeya, 2004), along with groundwater contamination. 

Recently, different technologies concerning presence and mobility of inorganic pollutants in the soil, agricultural 

water and wastewater have been developed (Shtangeeva et al., 2004). Phytoremediation is a proficient, 

reasonable and practical choice for removal of contaminants from polluted soil. In the current review, we will 

discuss some fundamental topics in phytoremediation including various mechanisms, types, influencing factors, 

uptake, translocation and tolerance mechanisms. Modern biological and genetic engineering approaches are also 

highlighted.  

Phytoremediation concept 

Phytoremediation is the utilization of plants and rhizospheric microorganisms, agronomic strategies, and soil 

amendments in eradication or detoxifying harmful environmental contaminants (Ouyang, 2002). The concept of 

phytoremediation was proposed by IlyaRaskin in 1994, which comes from two suffixes, the Greek phyto 

(meaning plant) and the Latin remedium (meaning able to cure or restore) (Vamerali et al., 2010). The most 

useful target of phytoremediation is its application in removing many classes of soil pollutants including heavy 

metals, radionuclide, petroleum hydrocarbons, chlorinated organic compounds, pesticides, explosives, etc 

(Yang, 2008). Plants to be used in phytoremediation, should fulfill four main requirements: a) fast-growing and 

large biomass producing, b) ability to develop deep roots, c) easily harvestable d) high ability to accumulate 

metals in their shoots (Schnoor, 1997). The idea of utilizing green plants for heavy metal remediation gains the 

public acceptance because green remediation of hazardous metals and metalloids is the best alternative for 

physical and chemical remediation strategies (Ali et al., 2013). Additionally, phytoremediation is considered as 

an inexpensive prospect for recovering soils from heavy-metals pollution, principally if the produced biomass is 
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used for economic purposes like biodiesel production. Both advantages and disadvantages of phytoremediation 

are presented in Table 1. 

Table 1. Advantages and disadvantages of phytoremediation approach 

Advantages of phytoremediation Disadvantages of phytoremediation 

1. Inexpensive and aesthetically 

attractive. 

2. Exhibit an ability to reduce soil 

erosion and metals leaching into the 

soil.  

3. The yielded biomass can be used in 

regeneration of remediated metals. 

4. This green remediation technology has 

a wide range of applicability in terms 

of toxic heavy metals. 

5. Eco-friendly technique. 

6. Has an ability to eliminate secondary 

toxic materials from water, soil, and 

air.  

7. Enhanced public and regulatory 

authority (Glass, 1999; Hosh & Singh, 

2005). 

1. The prolonged time required for remediation 

process. 

2. Limited growth rate and low biomass production 

of hyperaccumulator used in phytoextraction 

process. 

3. Accumulation capacity is much affected by 

environmental and biological factors. 

4. Indigenous flora diversity is potentially affected 

by hyperaccumulator invasion. 

5. More handling techniques concerning the 

accumulation of pollutants into food chain are 

required (Mahar et al., 2016). 

 

There are approximately 45 plant families (comprising about 500 plant species) that have been validated as 

metal hyperaccumulators. The most significant families comprise Brassicaceae, Euphorbiaceae, Compositae, 

Leguminosae, Labiatae, and Scrophulariaceae (Hosh& Singh, 2005). Hyperaccumulation potential is the 

function of plant species and metal type. In this concern, Thlaspicaerulescens is the most operative plant species 

for zinc, cadmium, and nickel (Mitch, 2002). In phytoremediation, bio-concentration and bio-translocation are 

the main two factors in identifying hyperaccumulator species. Bio-concentration is the metal ion concentration 

in plant tissue/soil ratioand bio-translocation factor is heavy metal ions in the shoot/the root ratio. About 0.2% of 

plants were classified as heavy metal accumulators (Sarma, 2011). However, hyperaccumulators with low 

biomass production face limitation in their use for bioremediation (Pence et al., 2000). Recently, various 

approaches have been directed to increase hyperaccumulators growth and biomass production using gene 

engineering tools.  Also, various microbes such as plant growth promoting bacteria (PGPR) and 

arbuscularmycorrhizal fungi (AMF) can be used as potential biological decontaminants of heavy metals. 

Phytoremediation mechanism 

The mechanism of phytoremediation essentially depends on the pollutant type, the bioavailability of the 

pollutant and soil properties (Cunningham & David, 1994; Laghlimi et al., 2015). 
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Plant metal uptake  

Metal bioavailability is essential for its uptake by plants. Roots struggle with soil cation/anion exchange sites for 

ions. Particularlyin clay soils which have high organic matter content, metal bioavailability is low (Ross, 1994). 

Root activity in the rhizosphere critically affects metal bioavailability to plants (Hinsinger et al., 2005). 

Additionally, the mechanisms of metal absorption by roots are more complicated. Metal absorption process 

involves transmittance of metals from the soil solution to the root surface interface, and then diffusion across the 

cell membrane of root cells. Metal movement through cellular membranes is mainly affected by its charge and 

valence. Hence, metals and ions passage across cells must be mediated by specific proteins which are known as 

transporters. Such proteins possess frontiers by which ions connect immediately before their transport, and a 

transmembrane adherence structure that binds extracellular and intracellular media. The ion uptake can be 

motivated by the electrochemical gradient across the plasma membrane of the recipient cell, but the transport 

energetics are not yet fully comprehended (Maser et al., 2001). 

Factors affecting heavy metal bioavailability 

There are many factors that affect metal bioavailability like soil reaction (pH), soil organic matter, root exudates, 

soil redox potential, soil texture, plant species, and properties of the heavy metal. These factors may affect the 

metal ion release into the soil solution or plant uptake ability in soil (Figure 1). 

 

Figure 1. Diagram of factors affecting heavy metal bioavailability. 

Soil properties 

Soil pH 

Soil pH affects metal solubility and availability to the plant as plants uptake metals in ionic form which is 

affected by medium pH (Dzantor& Beauchamp, 2002). At certain pH value, heavy metals are divided into two 

groups: Cd, Ni, and Zn which shows comparatively high mobility, and Cu, Cr, and Pb which exhibits low 

mobility (Yoon et al., 2015). At low pH, heavy metal adsorption decrease resulting in high metalconcentration in 

the soil solution. Increasing hydrogen activity at low pH causes heavy metals displacement from exchangeable 

sites on solid surfaces increasing their concentration. Metal availability for plant uptake is a natural consequence 
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for increased metal concentration. The lower pH values have reported to increase the bioavailability of many 

cations like cadmium, copper, mercury, lead, and zinc (Sheoran et al., 2016). 

Soil Organic Matter 

Trace metals behavior in the soil is found to be affected by organic matter. Organic matter in the soil results in 

metal-organic complexation leading to decreasing metals phytotoxicity (Gupta &Sinha, 2007). Soil content of 

organic carbon effectively controls its bioavailability. The high content of organic carbon (>5%) results in low 

availability of the metal due to strong adsorption, whereas moderate concentrations of organic carbon (1–5%) 

could limit metal availability (Otten et al., 1997). Thus, soils rich in organic substances help reduce heavy metals 

absorption by plants, but low concentration of organic carbon in soils make plants more vulnerable to 

contamination with heavy metals. 

Root exudates 

The root zone is of pivotal importance in phytoremediation. Plant root activities result in increasing metal 

solubility and uptake, and changing heavy metal characteristics through acidification/alkalinization, alteration of 

the reduction-oxidation potential, secretion of metal chelators and organic ligands (Jones et al., 2004). 

Consequently, plant root can take up contaminants and accumulate/metabolize it within the target tissue. 

Another phytoremediation mechanism of pollutants could be achieved by enzymes exuded into the root zone 

resulting in their degradation (Merkl et al., 2005). Uptake of heavy metals by these proteins is maintained by 

their conversion and chemical speciation in soils (Mallmann et al., 2014; Laghlimi et al., 2015). Root properties 

are considerably affected by a wide range of environmental conditions including temperature, drought, 

precipitation and soil moisture that control growth rate and root length (Mccormack&Guo, 2014). Hence, the 

root zone properties and composition analysis of enzyme exudates can be the best screening technologies for 

better identification of hyper-accumulator plant species. 

Redox potential 

Redox is an abbreviation for the term “reduction-oxidation reaction”, the processes control the electrons flow 

from a reducing agent to an oxidizing one. Soil Redox reactions are affected by the aqueous free electron 

activity, pE, which can also be expressed in terms of Eh, the redox potential (Sposito, 1983). Redox potentials 

were reported to be high in dry, well-aerated soils, but it has been reported to be low in waterlogged and rich 

organic matter soils (Evans, 1989). These redox reactions eliminate metal toxicity by decreasing their mobility 

or through converting them into less toxic or inert forms (Alkorta et al., 2004). 

Soil texture 

The texture is a term referring to the particle size, distribution, and content of fine particles like oxides and clay 

in the soil (Sherene, 2010). Qian et al (1996) studied the impact of soil texture on some metals concentrations 

like lead and copper and reported that these metals are more concentrated in the clay fraction. Additionally, 

moderate amounts of available lead and copper were detected in the fine sand fraction, and the clay fraction 

showed high amounts of available lead. Qian and his coworkers attributed that organic matter, Fe–Mn oxides 

and sulphides, beside the high surface area and elevated concentration of minerals in the clay, are the main 
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causes of heavy metals accumulation in the clay fraction. They suggested that heavy metals are heavily 

accumulated in the clay as a result of their adsorption on the clay minerals or their sorption within the clay 

lattice. The ease with lead to be extracted from the clay was attributed to adsorption of high amounts of lead on 

the clay particles. Meanwhile, high amount of lead is found to be more extractable from sand fractions as a result 

of the low binding force with sand particles (Qian et al., 1996). 

Plant species 

The capability of the plant to accumulate heavy metals differs significantly among plant species. These 

differences in metal accumulation capacity among plant species could be attributed to the differences in: a) root 

architecture; b) water use efficiency; c) rhizosphere chemistry; d) affinity of root surface transporter proteins to 

metals; e) xylem capacity for metals loading and translocation within the plant (Hamon& McLaughlin, 2003). 

The recognition of appropriate hyperaccumulator species producing large biomass is the main challenge in 

phytoextraction technique success (Kumar et al., 2018). In addition, phytoremediation depends upon 

hyperaccumulator species accumulating contaminants (Lorestani et al., 2011). Plant/cultivar species undergoing 

hyper-accumulation via utilization of cultivar specific established crop production and management practises, 

can produce high biomass yields (Rodriguez et al., 2005). Therefore, a zone -specific cropping system exhibiting 

the highest capacity for heavy metals accumulation should be highlighted. 

Heavy Metal Properties 

The chemical structure of the metal is the main factor affecting its mobility, bioavailability, and toxicity (Fuentes 

et al., 2004). The major mobile heavy elements comprise cadmium, zinc, and molybedinum, whereas the least 

mobile are chromium, nickel and lead (Fijakowski et al., 2012). Some heavy metals in the solid phase were 

found in soils amended with organic matter, these metals can replace primary and secondary minerals in the soil 

(Pichtel& Anderson, 1997). 

Vacuolar sequestration  

As metabolic activities occur in cellular sap and other compartments, these sites have to be freed from the toxic 

metals. Therefore,  the plant cell central vacuole is found to be the most proper compartment for the storage of 

ions (Marschner, 2011). Through transporter protein family members, principally ZIP (zinc/iron-regulated 

transporters), heavy metals enter the cytosol and stimulate phytochelatin synthase (PCS) that catalyzes 

phytochelatins (PCs) synthesis from glutathione. Phytochelatin-heavy metal complexes are driven to the vacuole 

via tonoplast-localized ATP-binding-cassette (ABC) transporters. Heavy metals are also sequestered in the 

vacuole by tonoplast-localized cation/proton antiporters which direct exchanges of the HMs with protons. In the 

vacuole, heavy metals may access the vacuole by means of direct exchange mechanism of different heavy metal-

protons exchanger transporters like metal tolerance proteins (MTPs) and natural resistance-associated 

macrophage-proteins (NRAMPs). These transporter proteins reside in the tonoplast and control metal ions 

passage to be remobilized or compartmentized (Yang & Chu, 2011). 
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Metal translocation to shoots and shoot metabolism 

The root to shoot movement of metals is achieved by many types of proteins. Once metals are absorbed via plant 

roots, they are transported to the aerial parts through xylem in the form of complexes with various chelators 

(Migeon et al., 2010). Organic acids (e.g., malate and citrate) and different amino acid derivatives (e.g., 

nicotinamide (NA) and histidine) are chelators of copper, nickel, and iron in the xylem (Marschner, 2011). In 

shoots, metals overload may cause oxidative stress injuring the exposed cells through the substitution of major 

ions in many molecules like chlorophyll, proteins and nucleic acids. Photosynthetic machinery is mainly 

sensitive to heavy metal toxicity. The redox active metals (Cu) and non-redox active metals (Cd and Zn) both 

can cause oxidative damage. Plants have natural antioxidative defense systems that protect the cells from this 

damage, these systems are based on reduced metabolites like glutathione (GSH) and antioxidant enzymes like 

peroxidase and catalase that regulates the redox state. GSH is an essential molecule that is synthesized from 

Glutamate, Cystine, and Glycine through the activity of glutamyl cysteine synthetase and GSH synthetase. 

Glutathione is a precursor of phytochelatins. It can bind to metals and metalloids, and scavenge reactive oxygen 

species (ROS) induced by heavy metals and maintains redox homeostasis for metabolism, signal transduction, 

and gene expression (Foyer &Noctor, 2005). 

Phytochelatins 

Phytochelatins (PCs) are low molecular weight cysteine-rich metal-binding peptides whose synthesis is induced 

by heavy metals. PCs are synthesized non-translationally from glutathione by the activity of phytochelatin 

synthase forming (γ-EC) nG molecules (where N=2–11). Many heavy metals are reported to activate PC 

synthase to produce PCs (Cobbett, 2000). Although PC-synthase activity has been detected many years ago, the 

gene responsible for its synthesis remained vague till Vatamaniuk and his co-workers identified AtPCS1 gene in 

Arabidopsis (Vatamaniuk et al., 1999). The activity of AtPCS1 resulted in an increased accumulation of 

cadmium, suggesting that AtPCS1 plays a role in cadmium chelation and/or sequestration (Vatamaniuk et al., 

1999). Phytochelatins (PC) role in the homeostasis of essential metal was reported by (Tennstedt et al., 2009). 

The cad1-3 (a PC-deficient mutant of Arabidopsis thaliana) and cad1-6 (a newly isolated second strong allele) in 

context to zinc homeostasis were studied. It was found that zinc accumulation in the root was significantly 

lowered in the PC-deficient mutants. Expression of AsPCS1 and YCF1 in Arabidopsis resulted in increased 

tolerance to cadmium and arsenate than corresponding wild-type and individual-gene transgenic lines (Guo et 

al., 2012). These genes implicated the chelation of heavy metals via thiols and vacuolar compartmentalization. 

Translocation and access of metal ions into the plant cell are facilitated by overexpression of natural chelators 

(metallothioneins, and organic acids) (Guo et al., 2012). 

Metallothioneins 

Metallothioneins (MTs) are well-known low molecular weight proteins (5–10 kDa) rich in cysteine residue, and 

common in plants, animals, fungi, and cyanobacteria. In plants, MTs are key players in metal tolerance or 

homeostasis, detoxification, and distribution via binding metal ions by forming mercaptide bonds (metal-sulfur 

bond) with various cysteine residues. In addition, scavenging of metal-induced ROS is found to be mediated 

with the aid of MTs (Hassinen et al., 2011). In addition, metallothionein metal complex can be glutathioned 

(Brouwer et al., 1993), implying that they can be transported into vacuoles for long-time sequestration.  
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Expression of plant metallothionein genes using reverse transcription polymerase chain reaction (RT-PCR) and 

in situ hybridization in a detailed study carried on Arabidopsis revealed distinct patterns for two genes, MT1a 

and MT2a (Garcia-Hernandez et al., 1998). Both genes were expressed in root maturation zones and leaf 

trichomes. However, the cells of vascular and mesophyll tissues only expressed MT1a. Kumar et al. (1995) 

correlated Cu tolerance in Arabidopsis ecotypes to the induction of MT2a through Cu treatment. Metallothionein 

genes have been cloned in many plant species. Cloning of human MT-2 gene into tobacco or oilseed rape plants 

resulted in Cd tolerance enhancement (Misra et al., 1989). Moreover, MT gene from pea was cloned in 

Arabidopsis thaliana and resulted in improved Cu accumulation (Evans et al., 1992). 

Phytoremediation types  

Five major processes are well recognized in phytoremediation. They comprise phytoextraction, 

phytostabilization, phytovolatilization, rhizofitration, and phytodegradation (Figure 2). Phytoremediation 

techniques, their mechanisms of heavy metal removal and selection of plant species are summarised in Table 2. 

 

 

Figure 2. Diagram of phytoremediation types. 

Phytoextraction 

Phytoextraction, also named phytoaccumulation, phytoabsorption or phytosequestration, is the absorption of 

contaminants from soil or water via plant roots and their mobility and accumulation in aboveground tissues, that 

simply burned after harvesting for energy production and possible restoration of the metal from the ash (Rafati et 

al., 2011). The metal-accumulating plants can be sown or transferred into soils heavily contaminated with these 

metals and then cultivated with traditional agricultural practices. Salt et al (Salt et al., 1995) reported that the 
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costs of phytoextraction would be ten-folds lower than usual remediation techniques. Phytoextraction had been 

assured a complete elimination of some contaminants like Pb, Cd, Ni, Cu, Cr, and V, from the soils. 

Nevertheless, its application is limited to low or moderately metal contaminated sites due to restricted plant 

growth in heavily contaminated sites (Padmavathiamma& Li, 2007). There are different methods by which 

efficacious phytoextraction of heavy metals along with their accumulation in plant species have been achieved. 

These include biosynthesis of metal ligands/transporters, alternations in enzyme kinetics responsible for sulfur 

metabolism, variations in redox states leading to heavy metal formation, and synthesis of some products of 

primary metabolism such as intermediate moieties (Fasani et al., 2018). Plants used in phytoextraction should 

exhibit specific features like (a) fast rate of growth and high biomass content, (b) deep and highly branched root 

systems, (c) high adaptability to various growth sites, (d) simplicity of cultivation and growing (e) more or less 

inedible by animals to prevent accumulation of metals in food chain (Seth, 2012).  

Table 2. Examples of some plants that can be used for phytoremediation of heavy metals 

Metal  Plant  Process Remarks References 

As  Pterisvittata Phytoextraction P.vittata exhibits high capability 

for phytoextraction of As when 

treated with water-soluble 

chitosan. 

(Yang et al., 

2017a; Yang 

et al., 2017b) 

Cd Athyriumwardii Phytostabilization Athyriumwardii is a promising 

plant for Cd phytostabilization 

with a fast growth rate and large 

amount of biomass. 

(Zhang et al., 

2012) 

 

 

Pistiastratiotes L Rhizofiltration Pistiastratiotes L is effective 

for removing Cd from surface 

waters. 

(Das & 

Goswami, 

2014) 

Ni Typhadomingensis Phytostabilization T. domingensisis capable of 

surviving under Ni-

contaminated sites. 

T. domingensishas high ability 

to accumulate high levels of Hg. 

(Bonanno & 

Vymazal, 

2017) 

Arundodonax L Phytoextraction A. donax L. is considered as a 

great candidate for Ni 

phytoextraction. 

(Atma et al., 

2017) 

Mn Pistiastratiotes Rhizofiltration P. stratiotes has high 

accumulation 

potential.Therefore, this plant 

can be used successfully in 

rhizofiltration process. 

(Neuberg, 

2012) 

Pb Miscanthussinensis Phytostabilization 

 

It is suggested that 

M. sinensiscan be used in aided 

phytostabilization for Pb mine 

tailings. 

(Lee et al., 

2014) 

Plantago major L Phytostabilization P.majormajor is considered a 

bioaccumulator species for Pb 

(Romeh & 

Khamis, 
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and can be used as a 

bioindicator of pollution with 

lead. 

2016) 

Plectranthusamboinicus Rhizofiltration P. amboinicusis a promising 

plant for the clean-up of Pb-

contaminated waste water in 

combination with safe biomass 

disposal alternatives. 

(Ignatius et 

al., 2014) 

 

Zn Anthyllis vulnerary Phytoextraction A.vulnerary is used efficiently 

for phytoextraction of Zn after 

inoculation with R. 

metallidurans, a natural 

symbiont. 

(Grison et 

al., 2015) 

 

Cyperusalternifolius 

 

Phytostabilization C. alternifolius has the potential 

for use in phytoremediation of 

Zn-contaminated wetlands. 

(Yang et al., 

2017a; Yang 

et al., 2017b) 

Cu Oenotheraglazioviana Phytostabilization O. glazioviana has great 

potential for the 

phytostabilization of copper-

contaminated soils and a high 

commercial value without risk 

to human health. 

(Guo et al., 

2014) 

Cr Tradescantiapallida Phytoextraction T. pallida is considered as an 

excellent candidate for 

continuous removal of Cr(VI) 

from contaminated water. 

(Sinha et al., 

2016) 

Co Helianthus annuus Phytoextraction Sunflower roots show high 

potential for Co phytoextraction 

(Lotfy & 

Mostafa, 

2018) 

Al Solanumnigrum phytoextraction S. nigrum can accumulate Al in 

its organs to an extent higher 

than that of the polluted soil. 

(Saad-Allah 

&Elhaak, 

2017) 

Hg Lepidiumsativum L. 

 

Phytoextraction LepidiumsativumL. is used as 

Hg extractant.  

(Smolinska 

& Rowe, 

2015) 

Phragmitessustralis 

 

Rhizofiltration 

 

P. australis is a promising 

species used to remediate Hg-

contaminated wetlands. 

(Bonanno & 

Vymazal, 

2017) 

hytoextraction could be linked with income making processes like forestry and bioenergy production (Van 

Ginneken et al., 2007). For example, castor bean is reported to accumulate Cd (Melo et al., 2009) and Pb 

(Romeiro et al., 2016). Phytoextraction of cadmium by carambola tree is an ideal solution for soils 

decontamination from Cd as it has proven that  50% of Cd could be extracted throughout 13 years in a slightly 

contaminated soil with Cd (Li et al., 2009). In this respect, jatropha tree used in energy production must be 

explored for its possible use in phytoextraction process.  

https://www.sciencedirect.com/topics/immunology-and-microbiology/lepidium-sativum
https://www.sciencedirect.com/topics/immunology-and-microbiology/lepidium-sativum
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Phytostabilization 

Phytostabilization, also recognized as phytoimmobilization, is the use of specific plants in stabilizing heavy 

metals in polluted soils (Singh, 2012). This technique could be applied in regulating the transformation of metal-

pollutants into a stable form, either organic or inorganic, lowering their risks to the environment. The main goals 

of this process are to (a) decrease the leaked water amount into the soil, which could form harmful leachate, (b) 

form barrier preventing direct contact with the polluted soil and (c) avoid soil erosion and dispersion of the 

heavy metals to other sites (Ensley, 2000). Plants used in phytostabilization are characterized by slow 

translocation rate of the contaminants from the root to the aerial parts, fast growing, having developed root 

systems and large shoot system, and must be tolerant to environmental and biological stresses (Ismail, 2012). In 

this context, willow species showed high capacity towards phytostabilization of soils contaminated with heavy 

metals (Tack et al., 2005). Some metals like cadmium and zinc, are reported to be accumulated mainly in roots. 

However, their occurrence in the shoots increased following the increase of their concentration (Soudek et al., 

2012). In addition, Agrostis species and Festuca species are considered as the most popular plants utilized for the 

phytostabilization of soils contaminated with Cu, Zn and Pb in European countries (Mahar et al., 2016). Bare 

sites as a result of high metal contamination levels could be reclaimed using phytostabilization. Once a 

community of tolerant plant has been established, the soil becomes stable and coherent and resists the spread of 

the pollutant metals, and the leakage of the contaminants into the soil. Phytostabilization is a convenient 

approach because throwing away of contaminated biomass is not required, and it is very useful in preserving 

ground and surface waters (Wuana&Okieimen, 2011). 

Phytovolatilization 

Phytovolatilization could be recognized as the absorption of contaminants from the soil, transforming them into 

volatile forms and their transpiration into the atmosphere (Jadia&Fulekar, 2009). Phytovolatilization has been 

applied with some contaminants as mercury; volatile inorganic chemicals as selenium and arsenate; along with 

volatile organic compounds e.g., trichloroethene. Phytovolatilization has a feature of releasing toxic pollutant 

into the atmosphere after transforming them into less toxic forms. However, precipitation may cause the 

redeposition of the polluting substances again in aquatic systems (Nikolic&Stevovic, 2015). Some organic 

volatile compounds like 1,4-dioxane have been found to effectively removed by phytovolatilization (Ferro et al., 

2013). Genetically modified plants like Arabidopsis thaliana, Nicotianatabacum, and Liriodendron tulipifera 

have been accounted to be used in mercury phytovolatilization from polluted soils (Ali et al., 2013). These plants 

are cloned with a gene called mercuric reductase “merA”. Another bacterial gene called organomercuriallyase 

(merB) was reported to be used in methyl-mercury detoxification. Though both genes can be used for mercury 

detoxification, merB cloned plants are safer as this gene prevents the incorporation of methyl-mercury into the 

food chain. Phytovolatilization could be applied for selenium detoxification through the assimilation of metallic 

selenium into organic seleno-amino acids (seleno-cysteine and seleno-methionine). Seleno-methionine is further 

biomethylated to dimethylselenide which is lost in the atmosphere via volatilization (Terry et al., 2000). 

Effeciency of Selenium phytovolatilization is more efficient especially when Brassica species are used 

(Banuelos et al., 1997).  

There are different mechanisms by which plant root systems participate successfully in the phytovolatilisation of 

toxic metals such as  1) a lower water table, 2) advection with gas fluxes because of alternations in diel water 

tables, 3) high soil permeability, 4) hydraulic chemical redistribution, 5) advection of VOCs with water toward 
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the surface, and 6) interception of rainfall that would otherwise infiltrate the soil causing VOCs to be diluted and 

withdrawn away from surface (Limmer&Burken, 2016). 

Rhizofiltration 

Rhizofiltration is the use of plants in absorption, concentration, and deposition of contaminants from aqueous 

sources in their roots (Schwitzguebel, 2002). Rhizofiltration could be used mainly in the purification of 

wastewater, extracted groundwater, and surface water containing lower concentrations of contaminants. The 

ideal plant species for rhizofiltration should have deep and highly branched roots possessing high ability to 

absorb toxic metals from solution throughout a long time. These plants should also be characterized by intensive 

biomass production (1.5 kg/ month. m2 of water surface) (Dushenkov et al., 2002). During rhizofiltration, the 

plant roots take up contaminant and relay it into other plant parts, according to the contaminant type, its 

concentration, and the plant species. Rhizofiltration is achieved by the help of specific compounds synthesized 

inside the roots, that drive heavy metals to be accumulated in the plant body. The adsorption of contaminants on 

the root surfaces is attributed to root secretions and soil pH (Krishna et al., 2012). The widely used plant species 

in rhizofiltration include the Indian mustard, sunflower, and maize (Brooks & Robinson, 1998). After metal 

rhizoextraction from the polluted sites, the used plants can be used for many purposes like energy production 

and metal chemical extraction of Ni, Cu, and Au (Verma et al., 2007;  Kathi, 2015). 

Phytodegradation 

Phytodegradation, also known as phytotransformation, is the involvement of plant metabolic processes in the 

internal or external breakdown of organic contaminants. In other words, the involvement of specific metabolic 

processes in the hydrolysis of organic compounds into simpler forms that can be easily absorbed by the plant 

(Suresh &Ravishankar, 2004). Some plant enzymes like peroxidase, nitroreductase, laccase, nitrilase, and 

dehalogenase are involved in the degradation of pollutants (Morikawa&Erkin, 2003). 

Plants used in phytodegradation must be characterized by (a) highly branched roots for secreting a significant 

amount of enzymes, (b) tolerance to high pollutants levels, (c) fast growth rate, and (d) a relatively high biomass 

content (Wang & Chen, 2007). The microbes present in the root medium could enhance organic pollutants 

degradation in the soil. In the same time, secretion of exudates like carbohydrates, amino acids, and flavonoids 

by root surface could motivate microbial activity 10–100 folds, compared to the activity in bulk soils (Ali et al., 

2013). Phytodegradation is more specific to organic pollutants because heavy metals have non-biodegradable 

nature. Recent studies are more concentrated on phytodegradation of many organic pollutants such as herbicides 

and insecticides.  

Role of transgenic plants in phytoremediation  

As the phytoremediation of pollutants is a slow process and accumulation of toxic metabolites also leads to the 

cycling of these metabolites into the food chain. From the last few decades, experiments has been carried out to 

develop transgenic plants to overcome the inbuilt constraints of plant detoxification capabilities. Transgenic 

technology has been developed to enhance metal uptake, transport, and accumulation as well as plant tolerance 

capacity to abiotic stresses (Kärenlampi et al., 2000). Genetic engineering technology has successfully exploited 

in altering the biological functions of plants via modifications of primary and secondary metabolism and by 

developing new phenotypic and genotypic traits in order to comprehend and improve their phytoremediation 
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properties (Fasani et al., 2018). Heavy metals were the first contaminants to be remediated by transgenic plants 

using tobacco plant which expressed a metallothionein gene to create higher tolerance for cadmium and 

Arabidopsis thaliana plant which overexpressed a reductase gene mercuric ion for better Hg tolerance ( Misra et 

al., 1989). Similarly, transgenic A. thaliana plants expressing SRSIp/ArsC and ACT 2p/γ-ECS together showed 

high tolerance to As. These plants accumulated 4- to 17-fold greater fresh shoot weight and 2- to 3-fold more 

arsenic per gram of tissue than wild plants or transgenic plants expressing γ-ECS or ArsC alone ( Dhankher et 

al., 2002). Example of other genes that can be used for developing transgenic plants for metal tolerance and 

phytoremediation are shown in Table 3.Though, the risks of escaping genes from transgenic plants have been 

found negligible (Zhu et al., 1999). One of the possible risks associated with transgenic application is the 

biological transformation of metals into chemical species that are easily bioavailable. This will enhance 

exposure of various wildlife and human beings to toxic heavy metals. Another aspect of concern could be the 

uncontrolled distribution of transgenic plants owing to higher fitness of such plants in the particular climatic 

conditions and/or interbreeding with populations of wild relatives (Dhankher et al., 2002). Also, transgenic 

approach enhance exposure of humans and wildlife to metals through increased metal concentration in plant 

edible parts, or volatilization. These risks have to be assessed and weighed not only against the benefits of the 

technique, but also against the non-targeted risks. Undoubtedly, the plants to be employed for  

Table 3. Some transgenic plants used in phytoremediation of heavy metals  

Gene Source Target plant 

species 

Heavy 

metals 

Effects  References 

RhlA, RhlB Pseudomonas 

aeruginosa 

Nicotianataba

cum 

Al Increased Al tolerance. (Brichkova 

et al., 2007) 

As(III) vacuolar 

antiporter ACR3 

Pterisvittata Arabidopsis 

thaliana 

As Increase As tolerance 

and translocation to the 

shoot. 

(Chen et 

al., 2013) 

PgIREG1 Psychotriagabri

ellae 

Arabidopsis 

thaliana 

Ni Ni tolerance and 

accumulation. 

(Merlot et 

al., 2014) 

Selenocysteinelyase Musmusculus Arabidopsis 

thaliana 

Se Enhanced Se tolerance. (Pilon et 

al., 2003) 

MerA, MerB Gram-negative 

bacteria 

Arabidopsis 

thaliana 

Hg Improved Hg tolerance (Seth, 

2012) 

IlMT2b Iris lactea var. 

chinensis 

Arabidopsis 

thaliana 

Cu Increased Cu 

concentration and 

reduced H2O. 

(Deng, 

2015) 

OsMT2c Oryza sativa L. Improved tolerance to 

Cu stress and increased 

ROS scavenging ability. 

(Liu et al., 

2015b) 

GshI Escherichia coli Populustremu

la P. alba 

Cd Enhanced Cd uptake and 

accumulation in aerial 

parts. Reduced 

concentrations of O2, 

and H2O2. 

(He et al., 

2014) 

SpMTl Sedum Sedum Elevated SpMTL (Peng et al., 
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plumbizincicola plumbizincico

la 

transcript level might 

contribute to the trait of 

Cd hyperaccumulation 

and hypertolerance. 

2017) 

γ-Glutamyl-cysteine 

synthetase glutathione 

synthetase GCS-GS 

operon 

Streptococcus 

thermophilus 

Beta vulgaris S.thermophilus enhanced 

Cd tolerance compared 

with wild types. 

(Liu et al., 

2015a) 

Glutathione 

synthetase 1 

Escherichia coli Brassica 

juncea 

Zn Enhanced Zn tolerance 

and accumulation. 

(Bennett et 

al., 2000) 

AtZIP1, AtMTP1 Arabidopsis 

thaliana 

Manihotescul

enta 

Higher Zn accumulation. (Schachtma

n, 2015) 

phytoremediation, should not go through the food/feed chain. Meanwhile, sterile cultivars can be utilized for 

transformation to prevent inadvertent dispersion of the transgene. Modern technologies tend to focus on 

developing maker-genes free transgenic plants (Yau&Jr, 2013), thus leading to more applicable genetically 

modified crops, and more tremendous opportunities for their use. 

Role of microbes in phytoremediation 

Phytoremediation can be potentially used in elimination of soil organic and inorganic pollutants and has been 

considered to be the most powerful technique as it inexpensive and more applicable compared with usual 

remediation methods. Nevertheless, expanding its application suffers from numerous problems, like lower 

biomass production, phytotoxicity, and volatilization of some contaminants during transpiration (Li et al., 2004). 

The solution to such problems lies in using microbe-assisted phytoremediation. Numerous earlier studies 

suggested that rhizosphere microorganisms could efficiently enhance phytoremediation efficacy (Gerhardt et al., 

2009). For example, arbuscularmycorrhizal fungi (AMF) and plant growth-promoting rhizobacteria (PGPR) 

were explored for their possible utilization in phytoremediation. These microorganisms improved plant growth 

rate, confined metals harmful effects, and increased trace elements uptake (Glick, 1995).  

PGPR and endophytic microbes possess the ability to reduce heavy metals stress on host plants through: (a) 

chelating heavy metals via the produced organic matters (Dobbelaere et al., 2003), (b) adjusting soil heavy 

metals content (Lebeau et al., 2008), (c) secretion of 1-amino-cyclopropane-1-carboxylate (ACC) deaminase by 

PGPR, which catalyze ACC (ethylene prerequisite) to α-ketobutyrate and ammonium (Glick, 2003), and (d)  

production of auxins that improve heavy metals bioavailability and uptake by the plant (Zaidi et al., 2006). 

Metal-resistant endophytes found in many metal-hyperaccumulatorplants, play an essential role during their 

endurance and growth in heavy metal-contaminated soils. Their stimulatory action occurs through different 

mechanisms as nitrogen fixation, solubilization of minerals, phytohormone and siderophore synthesis, use of 1-

aminocyclopropane-1-carboxylic acid as the only N source, and alteration of supplement components (Glick et 

al., 1999). Ma et al (2011) established that Alyssum serpyllifolium inoculated with Pseudomonas sp. A3R3 

markedly enhanced Ni content in the plant tissues. Additionally, Beolchini et al (2009) found that that zinc, 

copper, mercury and cadmium mobility had increased by 90% after the inoculation of iron/sulphur oxidizing and 

iron-reducing bacteria. They accredited this to synergistic metabolism and coupled action of both bacterial 

species. Examples of some PGPR and AMF that can be used in phytoremediation are shown in Table 4. 
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Table 4. Effects of some microbes against respective heavy metals in different plant species 

Microbe Target Plant 

species 

Heavy 

metal 

Effects  References 

  PGPR   

Pseudomonas 

fluorescens G10 and 

Microbacterium sp. 

G16 

Brassica napus Pb Enhanced Pb uptake from Pb-

amended soils.  

(Sheng et 

al., 2008) 

Azotobactorchroococu

m and Rhizobium 

leguminosarum 

Zea mays L. Increased Pb accumulation. (Hadi & 

Bano, 2010) 

Bacillus thuringiensis 

GDB-1 

Alnus firma As Enhanced As accumulation. (Babu et al., 

2013) 

Rhodococcuserythropol

is NSX2 

Sedum 

plumbizincicola 

Cd Improved plant growth and Cd 

uptake. 

(Liu et al., 

2015c) 

Polygonumpubescens Brassica napus Cd, Pb 

and Zn 

Enhanced Cd, Pb, and Zn 

tolerance and accumulation. 

(Jing et al., 

2014) 

Pseudomonas veronii S. alfredii Zn Enhanced plant growth and Zn 

tolerance. 

(Long et al., 

2013) 

acillusthuringiensis 002

, Bacillus 

fortis 162, Bacillus 

subtilis 174, 

and Bacillus 

farraginis 354 

Althea rosea Ni Enhanced Ni accumulation. (Khan et al., 

2017) 

  AMF   

Gigaspora, Glomus, Sc

utellosporaand Acaulos

pora species 

22 different 

pioneering plant 

species from 11 

families. The 

most common 

species were in 

the 

familiesFabaceae

, Asteraceae and 

Poaceae 

Cd The majority of the pioneer 

species presented high 

mycorrhization levels and 

showed Cd stabilization. 

(Carrillo-

gonz & 

Guti, 2009) 

Glomusintraradices, 

Glomusetunicatum, and 

Glomusclaroideum 

Agrostiscapillari

s 

As, Cu, 

Pb, and Zn 

A. capillaris inoculation helped 

the development of plants in the 

amended mine tailing substrate. 

Furthermore, it enhances P 

uptake, favoring the 

accumulation of proteins in the 

plant ś shoots and roots.  

(Neagoe, et 

al. 2014) 
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Claroideoglomusclaroi

deum 

Origanummajora

na L. 

Cd and Pb C. claroideum inoculation 

enhanced the removal of Cd and 

Pb from a contaminated area.  

(Hristozkov

a et al., 

2015) 

Funneliformismosseae,

 Glomusmosseae 

Festucaarundina

cea, Schedonoru

sarundinaceus 

Ni Inoculation with AMF enhanced 

Ni tolerance. 

(Shabani & 

Sabzalian, 

2016) 

Rhizophagusclarus Canavaliaensifor

mis 

Cu R. clarus inoculation along with 

grape bagasse vermicompost 

treatment improved the 

efficiency of the 

phytoremediation of Cu-

contaminated areas. 

(Almeida et 

al., 2015) 
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