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Abstract 

Heavy metal contamination in soil has become increasingly problematic in 

many regions around the world where anthropogenic pressures are high and 

is the leading cause for lost agricultural yield. A plant’s requirement of basic 

micronutrients for growth and development is relatively small, however 

natural soils contain non-essential – often toxic – elements. Despite a plant’s 

root cell selective membrane, much of the undesired elements found in 

natural soils can be detected in plant tissues. Some of the most common toxic 

elements to plants include Cadmium (Cd), Arsenic (As), Lead (Pb) and 

Mercury (Hg). Although plants do require essential micronutrients for 

development such as Copper (Cu), Nickel (Ni), and Zinc (Zn), excessive 

amounts can still be toxic for plants. Heavy metal contamination in natural 

soils has adverse effects on plants and even more serious effects on humans. 

As such, phytoremediation of contaminated soils has become increasingly 

important and calls for a better understanding of plant heavy metal uptake 

and detoxification mechanisms. In this review, we provide a concise 

overview plant metal uptake transporters and detoxification mechanisms. In 

this review, we provide a concise overview of plant metal uptake transporters 

and detoxification mechanisms. 
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Introduction 

A comprehensive investigation of the signal 

transduction pathway by which plants reuptake metals is 

essential to understanding metal accumulation and 

phytoremediation [1]. After metals have accumulated in 

the soil, the root cell binds metal ions, and subsequently 

to high affinity binding sites where they will be 

transported to plasma membrane by localized transport 

systems. The membrane potential of the plasma 

membrane, which is negative from the cytosol side, help 

regulate the uptake of metal cations through secondary 

transporters, such as channel proteins and/or proton 

carrier proteins [2,3]. Depending on the variety and 

species of the plant, there are often several pathways 

and mechanics through which heavy metals can be 

absorbed [4].  

There are two well studied primary mechanisms by 

which plants reuptake metals through the roots: (1) 

apoplastic and (2) symplastic [5,6]. Due to the higher 

exchange capacity for cations within the apoplast, only 

non-cationic metal chelates can diffuse freely: this is 

characterized as an apoplastic movement [2]. Therefore, 

most of the metal ions absorbed are not soluble as they 

are immobile in their vascular system. The majority of 

highly concentrated metals absorbed by 

hyperaccumulator plants via symplastic movement 

occurs through the xylem via the stele after crossing the 

plasma membrane [7,8]. The plasma membrane carries 

a naturally negative potential which helps facilitate the 

cationic metals. There are three main processes that 

determine metal entry into the xylem (1) meta ion 

sequestration into root cells (2) symplastic transport into 

stele and (3) metal release into the xylem tissue. Once 

present in the xylem, metals transport through the 

casparian strip is mediated by membrane transport 

proteins, a process that requires energy to utilize active 

transport systems. Once the metal has been translocated 

inside the cell, the metal can use a cation channel in the 

cell membrane to move along the concentration 

gradient. Through various sequencing techniques, yeast 

mutant complementation and genomic studies on 

transgenic plants, several transporter gene families have 

been identified that suggest its aid in facilitating heavy 

metals; some of the identified gene families include 

heavy metal (or CPx-type) ATPases, ZNT (zinc-iron 

permease [ZIP] gene homolog) proteins, cation 

diffusion facilitators (CDF’s), natural resistance-

associated macrophage proteins (NRAMPs), cation 

transporters, and the ZIP family (Figure 1) [4,7-9]. 

Properties, Hazards, and Uptake Mechanism of 

Heavy Metals in Plants 

Arsenic (As) 

Arsenic (atomic number 33), a semi-metallic metal, is a 

brittle steel-gray metalloid with an atomic mass of 74.92 

u, melting point of 817°C at 28 atm, vapor pressure of 

1 mm Hg at 372°C, and specific gravity 5.73 kg/m3 [10]. 

In the soil, Arsenic (As) can combine with other 

elements to form organic arsenicals or inorganic arsenic 

compounds if combines with elements such as oxygen, 

chlorine, and sulfur [3]. It is important to note that As 

exists in the environment in several oxidation states (−3, 

0, +3 and +5). Each state of the metal is absorbed 

through different transduction pathway [3, 10]. In 

natural water, As is mostly found in its inorganic forms 

as oxyanions of trivalent arsenite [As(III)]/ (AsO3
3-) or 

inorganic pentavalent arsenate [As(V)] or (AsO4
3-). 

Although arsenate exists in different oxidation states 

due to their valence configuration, arsenite (AsO3
3-) and 

arsenate (AsO4
3-), the pentavalent state As5+ tends to 

become the major contaminant in ground water. 
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Figure 1: Cellular mechanisms and transporters involved in the uptake and transport of heavy metals cadmium 

(Cd2+), lead (Pb2+), nickel (Ni2+), Cobalt (Co2+), and Arsenate (As3+). 

Arsenic is one of the contaminants found in the 

environment which is notoriously toxic to man and 

other living organisms. Patients with As poisoning can 

experience vomiting and encephalopathy (degeneration 

to brain tissue/ dysfunction). Prolonged exposure can 

result in cardiovascular disease and inevitably cancer in 

major organs, such as skin, lung, liver and kidney [11]. 

Due to the highly toxic nature of inorganic compounds 

of As, phytoremediation can be an effective way to 

degrade soil contamination [12,13]. 

In most plant species, arsenate (As5+) uptake is mediated 

by its competition with phosphate (PO4
3−) to bind the 

phosphate transporter; this mechanism has been studied

in Oryza sativa [14] and, Brassica juncea [15] among 

others. The high affinity phosphate transporter system 

activity determines the arsenate accumulation at a 

concentration range that follows Michaelis-Menton 

kinetics [14]. In contrast to As5+, As3+ utilizes 

aquaglyceroporin multifunctional channels (Figure 1), a 

subset of the aquaporin family, for transportation. Of 

note, these aquaglyceroporins have been reported in 

several plant species [2,16]. 

Cadmium (Cd)  

Cadmium (atomic number 48), a major air and soil 

contaminant, is a soft bluish-white metal with an atomic 

mass of 112.41 u, melting point of 321.1°C, vapor 

pressure of 1 mm Hg at 394°C, and specific gravity of 

8.65 kg/m3 [17]. Cadmium (Cd) is released into the 

environment in fluctuating amounts from natural and 

anthropogenic activities, such as forest fires and 

volcanic eruptions. In addition, Cd can be found in the 

environment weathering parent rocks, such as Mafic and 

ultramafic rocks. Additionally, carboniferous shale, also 

known as black shale, contains high amounts of Cd (up 

to 100 mg kg-1) that can be released in soil at toxic 

levels [18].  
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Toxic levels of Cd toxicity in plants, particularly green 

vegetables, can cause a decrease in biomass, diminish 

growth, reduce chlorophyll content, which can 

significantly reduce the plant’s ability to perform 

photosynthesis and associated chemical processes 

[11,18]. In addition to plant toxicity, high levels of Cd 

can also have major adverse effects to human health. 

Individuals living in areas of high levels of 

environmental Cd are highly susceptible to fatal 

respiratory, cardiovascular, renal diseases. Cadmium 

nephrotoxicity (toxicity of the kidneys) can lead to 

progressive renal tubular dysfunction that would lead to 

secondary osteoporosis [11,19,20]. As the global 

environmental and human health concern continues to 

increase, a Cd remediation and a better understanding of 

Cd uptake in plants is necessary. 

Plant Cd uptake is facilitated through various 

mechanisms that operate using transport proteins. One 

mechanism in which plants uptake and transport of Cd2+

utilizes ZNT proteins; the variable histidyl regions of 

the ZNT proteins allow for Cd2+ binding and its 

subsequent transport [2]. Cadmium can also be 

transported via special metal transporters that are 

encoded by AtNramps (Natural resistance associated 

macrophages proteins); this mechanism has been 

reported in Arabidopsis to uptake high concentrations of 

Cd (Figure 1) [2,3]. 

Mercury (Hg) 

Mercury (atomic number 80), the only metallic element 

that is liquid at standard temperature and pressure 

(STP), is a shiny silver-white odorless liquid with an 

atomic mass of 200.59 u, vapor pressure of 1 mm Hg at 

41.85°C, and specific gravity of 13,534 kg/m3 [3]. 

Mercury has the lowest melting point (-39°C) of all pure 

metals and has a low boiling point (357°C) making it an 

important component in industrial products. Similar to 

As and other metals, Hg can occur in the soil in various 

forms; Hg exists in three soluble forms in the 

environment. In highly oxidized soils, particularly soils 

with a low pH, mercury occurs as Hg0, the most reduced 

form, Hg2
2+ (mercurous ion), and Hg2+ (mercuric ion) 

[2,3]. 

Mercury has been a global environmental pollutant and 

concern due to its bioaccumulation ability in oceanic 

organisms, animals, as well as human beings. Mercury 

salts and organomercury compounds have been labeled 

by the Environmental Protection Agency (EPA) and the 

Food and Drug Administration (FDA) as one of the 

most poisonous substances in the environment. Despite 

being under stringent restrictions by the EPA and FDA, 

Hg soil toxicity is still a growing concern due to 

increased Hg pollution by major industries, such as 

mining, painting, petrochemicals, battery acids, 

fertilizers, and fungicidal sprays. Exposure to Hg can 

have significant adverse effects on plants and even more 

detrimental effects on humans. 

Patients with Hg toxicity can present with muscle 

weakness, speech problems, blurry vision that can 

progress into life threatening diseases, such as 

Minamata disease, a serious neurological disorder that 

can further lead to paralysis and blindness [21,22]. Also, 

due to Hg’s ability to pass through the blood brain 

barrier, Hg can cause serious neurological disorders 

[22]. In addition to its hazardous effects on humans, Hg 

toxicity can effectively disrupt photosynthesis and 

oxidative metabolism processing in plants by interfering 

with electron transport reactions within the 

mitochondria and chloroplasts [2,21]. Additionally, high 

levels of Hg can significantly reduce plant water uptake 

as it disrupts the functionality of aquaporin channel 
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activity (Figure 1). As Hg is highly toxic to plants and 

humans, even in the smallest amounts, it is critical to 

understand as to how it can be remediated from soils 

[3].  

Nickel (Ni) 

Nickel (atomic number 28), a hard and ductile transition 

metal, is a silvery-white lustrous metal with an atomic 

mass of 58.69 u, melting point of 1,455°C, vapor 

pressure of 1 mm Hg at 1,65.85°C, and specific gravity 

of 8.908 g/cm3. Nickel (Ni) occurs in several oxidation 

states (-1, 0, +1, +2, +3, and +4), however Ni2+ is the 

most common in biological systems [23]. 

Similar to cadmium, Ni is released into the environment 

in various amounts from natural and anthropogenic 

sources (approximately 150,000 and 180,000 metric 

tonnes per year) [3]. Primary sources of Ni released into 

the environment are largely due to combustion of coal 

and oil for heat or power generation, steel and cement 

manufacturing, and nickel mining [3].  

Depending on soil pH, Ni can exist as inorganic 

crystalline minerals or precipitates. Nickel toxicity has 

been shown to disrupt iron uptake and metabolism 

resulting in chlorosis, necrosis, and wilting in plants 

[23]. Furthermore, increased Ni levels can inhibit plant 

growth, photosynthesis, water balance, seed 

germination, as well as sugar transport [3,23]. In 

addition to its adverse effects in plants, Ni toxicity is 

highly hazardous to humans due to its detrimental 

effects on the heart and lungs [24]. A patient affected 

with Ni poisoning can present with vomiting, heart 

arrhythmias, and in some cases, lung cancer [24]. 

Nickel toxicity in soil is a great environmental and 

health concern and calls for an in depth understanding 

of the processes and mechanisms involved in nickel 

remediation possibly via phytoremediation. 

In higher plants, proton electrochemical gradient 

generated by plasma H+/ATPase drives the primary 

active mechanism by which Ni is absorbed and 

transported across the plasmalemma and tonoplast of 

plant cells (Figure 1) [3]. Furthermore, once Ni crosses 

the plasma membrane, it can enter the vacuoles through

cation diffusion facilitators (CDF’s) [3]. Although the 

specific Ni-uptake systems in higher plants has not been 

established, prokaryotes have two primary Ni-uptake 

mechanisms: Ni2+ Permeases, which belongs to the 

nickel/cobalt transporter (NiCoT) and NiK systems 

(shown in Figure 1), which belongs to the ABC 

transporter family [2,3]. Typically ABC transporters are 

a group of important membrane proteins that facilitate 

the active transport of ligands across biological 

membranes. 

Lead (Pb) 

Lead (atomic number 82) is a bluish or silvery-grey soft 

and malleable heavy metal with an atomic mass of 

207.19 u, melting point of 327.5°C, vapor pressure of 

1 mm Hg at 1740°C, and specific gravity of 11.34 

kg/m3 [3]. In increasing order of abundance, Pb has 

four naturally occurring isotopes with atomic weights of 

204, 207 u, 206 u, and 208 u. Lead occurs at oxidation 

states +2 and +4, however +2 is its typical state despite 

having four electrons in its outer valence shell [3]. Lead 

(Pb2+) was found to be highly toxic to humans and soil 

leading to increased restrictions placed in August of 

2010 by the Environmental Protection Agency [25]. 

Accumulation of Pb in soils from car exhaust dust and 

other various gases from industrial sources can result in 

contamination of plants as well as animals that may be 

feeding on the plants [3]. In addition to plant 

contamination, high levels of lead poisoning have 

shown to have serious side effects on humans as this 
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contaminant reaches through the food chain. Patients 

presenting with Pb poisoning can develop progressive 

encephalopathy, brain diseases that alters brain function 

and/ or structure, and in some cases, can lead to death 

[11]. The serious adverse effects of toxic levels of Pb in 

plants, soil, and humans calls for better understanding of 

how plants may be used to remediate Pb as means of 

phytoremediation and the underlying mechanism. 

Particularly, plants such as industrial hemp that 

demonstrate a high accumulator capacity and strong 

resistance [26] deserve special attention. 

Plants are able to uptake Pb primarily through the plant 

roots via passive absorption, however specific proteins 

have been studied and shown to facilitate Pb transport 

across the membrane movement [2]. Tobacco and 

Arabidopsis plants has been shown to regulate their 

ability to uptake Pb through NtCBP4 and AtCNGC1 

protein expression (shown in Figure 1) [2,27]. 

Conclusion 

Plant growth and development can be adversely affected 

by excessive amounts of heavy metals uptake as evident 

by through research so far. Natural soils containing high 

levels of toxic heavy metals and regions of high 

anthropogenic pressures results in a significant loss of 

agricultural yield. The alarming increase in the uptake 

of heavy metals Cd, As, Pb, Hg, and Ni has become 

problematic and therefore raises concern for human and 

plant health. Studies so far have been able to identify 

some of the key metal transporters and their respective 

gene families; however, additional research is required 

to better understand the metal specificity of transporters. 

In the past decade, the power of phytoremediation of 

contaminated soils has been widely recognized by 

research investigators. Additional phytoremediation 

studies are necessary to help identify distinctive metal 

transporters and mechanisms that allow certain plant 

species the capability to uptake heavy metals through 

phytoremediation technologies.  
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