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Preface

Lead (Pb) is a metal utilized by humans for many thousands of years. Metallic Pb 
globules manufactured in 6400  BC were discovered at Çatalhöyük (presently in 
Republic of Turkey). Pb is a bluish-white lustrous metal, which is very soft, highly 
malleable, and ductile, and is a relatively poor electric conductor. Metal is resistant 
to corrosion but tarnishes upon exposure to air. In nature, it is typically found as 
minerals, in combination with other elements.

A total of 49 isotopes of Pb were recorded till date with four stable isotopes 
(204,206,207,208 Pb). Among the stable isotopes, only 204Pb is a primordial nuclide, and 
not a radiogenic one. The three other stable isotopes, 206,207,208Pb, are the endpoints 
of three decay chains, i.e., uranium, actinium, and thorium series, respectively. 205Pb 
and 202Pb are the longest-lived radioisotopes with a half-life of approximately 
15.3 million years and 53,000 years, respectively. The radiologically most relevant 
radioactive nuclide 210Pb is part of the 238U series and has a half-life of 22.3 years. 
210Pb is suitable for studying the chronology of sedimentation on time scales shorter 
than 100 years. Anthropogenic activities, like combustion of coal, are one of the 
major sources of 210Pb in the atmosphere, but 210Pb also occurs naturally since it is a 
progeny of the radioactive noble gas radon (222Rn) emanating from soil air due to the 
omnipresent uranium.

Pb is a microelement with no known physiological function but found in trace 
amounts in all biotic resources, e.g., in soil, water, plants, and animals. Pb is a toxic 
element, pollution of which may come from various sources. In the environment, 
nearly 98% of stable Pb originates from paints, petrochemicals, pipes and supply 
systems, etc. Routes of Pb poisoning may be through consumption of contaminated 
food and water, breathing contaminated air from cigars and automobile exhausts, 
and using uncleaned adulterated hands/face where individual health and hygiene 
issues are compromised. However, usually, Pb is not absorbed through skin.

Recent extensive work on 210Pb radioisotope for examining plant uptake, where, 
mostly, artificial spiking of the metal in the soil and observing its consequent absorp-
tion in plant and soils. Usually, Pb forms complexes with soil particles, and a very 
small amount or fractions are easily available for plants. Despite its lack of essential 
function in plants, Pb is taken up mostly through the roots from soil solutions at 
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rhizosphere level, which may cause the entry of Pb into the food chain. It is also 
reported that uptake of Pb by roots occurs mainly through apoplastic pathway or via 
Ca2+ absorbent channels. Pb in soil and its uptake by plants depends on several fac-
tors, like soil pH, soil particle size, soil moisture, cation-exchange capacity, presence 
of other (in)organic substances (including humus), root structure and rhizosphere, 
root exudates, and root mycorrhizal properties. Once Pb enters into the plants 
through root, initially, it is getting deposited at root cells. However, reports also sug-
gest that negatively charged root cell walls adsorb Pb. Accumulation of Pb in plants 
renders phytotoxic symptoms, disturbing morphological, physiological, and bio-
chemical functions, like inhibition of ATP production, lipid peroxidation, and DNA 
damage by overproduction of reactive oxygen species (ROS). However, monitoring 
Pb remobilization and related secondary pollution and effective, environment-
friendly remediation measures to reduce Pb pollution is the need of the hour.

The main features of this volume are interrelated to how Pb enters into the envi-
ronment and its translocation from soil to plants and into the food chain. Chapters 
1 and 2 deal with the analytical methods for determining Pb both in environmental 
and in biological samples and also the effect of radioisotopic lead behavior in plants 
and environment and distribution of radioactive Pb and its distribution in environ-
ment through modelling application. Chapters 3 and 4 focus on Pb exposure to 
humans via agroecosystem and its consequences. Chapters 5 and 6 focus on how Pb 
behaves in soil plant system and how it uptakes in plants. Chapters 7 and 8 empha-
size on how Pb reacts on physiological and biochemical changes in plants with 
reference to different plant enzymes and photosynthetic apparatus. Last but not 
least, Chaps. 9 and 10 present the biological strategies of lichens symbionts, under 
Pb toxicity, and how Pb pollution is going to remediate via phytoremediation. The 
material composed in this volume will bring in-depth holistic information on Pb 
(both stable and radioactive) uptake and translocation and its toxicity in plants and 
effect on human health and phytoremediation strategies.

Drs. Dharmendra K. Gupta, Soumya Chatterjee, and Prof. Clemens Walther indi-
vidually acknowledge all authors for contributing their valuable time, information, 
and interest to bring this book into its current form.

New Delhi, India�   Dharmendra K. Gupta 
Tezpur, Assam, India �   Soumya Chatterjee 
Hannover, Germany �   Clemens Walther 
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1  �Introduction

Lead (Pb) is a blue-gray malleable metal found in Group 14 (IV A) periodic table of 
elements. Natural lead is a mixture of predominantly four stable isotopes: 208Pb, 
206Pb, 207Pb and 204Pb. Altogether, there are 49 known lead isotopes, the occurrences 
of the four of them mentioned above are most abundant: 208Pb (52%), 206Pb (24%), 
207Pb (22%) and 204Pb (less than 2%). Of these four isotopes of lead, the only 204Pb 
is non-radiogenic (it is not the product of radioactive decay, it originates outside the 
decaying series) and its presence on Earth is on Earth is unvarying. The other three 
are radiogenic final isotopes of the disintegration series: 206Pb is the final disintegra-
tion product of 238U (uranium 238U decay chain), 207Pb is the final product of 235U 
(uranium 235U decay chain), and 208Pb is the ending product of 232Th (Table 1). It is 
possible to distinguish with different isotopic composition whether it is a natural or 
anthropogenic source. This is possible if all pollution sources are characterised by 
their ratio of lead isotopes and pollutants therefore have their own specific isotopic 
composition. For example, lead released during combustion processes shows a dif-
ferent isotopic composition of 206Pb/207Pb from other sources of pollution. Also, the 
isotopic composition of lead emitted into the atmosphere in metallurgical processes 
corresponds to the isotopic composition of the original materials.

Lead was known and used since prehistoric times. Exposure to lead has been 
consequently increased mainly because the environment is more and more contami-
nated by this element. Although acute lead poisoning has become sporadic, chronic 
exposure to low levels of lead is still considered to be a public health issue (Shilu 
et al. 2000). Lead intake can lead to a variety of adverse health impacts All over the 
word; the relevant standards for lead emissions have become increasingly stringent 
because of new findings about its possible health impacts. The associated regula-
tions require monitoring the situation in order to keep the level and lead concentra-
tion below the limits and action levels set by national regulatory authorities.

Lead had previously been mainly introduced into the waters by road and vegeta-
tion flushes from the immediate vicinity of busy roads. The exhaust gas contained 
lead as the decomposition products of tetra-alkyl, which was a common anti-knock 
additive for gasoline. To a lesser degree lead and lead alloy plants also contribute to 
contamination. It also gets into the water from the lead pipe. The tetra-alkyl com-
pounds are very volatile and easily pass into the atmosphere when aerating the water. 
It accumulates in bones and other tissues with age. It interferes with red blood cell 
enzymes and may cause death at higher doses, causing mental retardation. Often 
enough lead (200 mg kg−1) in the grass along the highways could even kill cattle.

The nuclides produced as results of the decay of natural radionuclides with very 
long half-life such as 238U (half-life 4.5 109 years), 235U (half-life 0.7 109 years) and 
232Th (half-life 14 109 years) are radioactive and continue to form more radioactive 
nuclides until a non-radioactive nuclide is formed. A uranium-radium decay chain 
begins with 238U and ends with the stable 206Pb after going through 18 intermediate 
steps. Uranium-235 is at the beginning of the uranium-actinium decay chain leading 
via 15 radionuclides to 207Pb. With ten intermediate states, the thorium decay chain 

J. Sabol
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Table 1  Three main decay chains (or families) are observed in nature, commonly called the 
thorium series, the radium or uranium series, and the actinium series, representing three of these 
four classes, and ending in three different, stable isotopes of lead (A, mass number corresponding 
to number of protons and neutrons; Z atomic or proton number; N number of neutrons)

(continued)

Major Analytical Methods for Determining Lead in Environmental and Biological…
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starting with 232Th and ending at 208Pb is the shortest. The daughter nuclides arising 
from the disintegration of naturally occurring 238U, 235U and 232Th are all radioactive 
and therefore disintegrate until the last one which is stable lead, namely 206Pb, 207Pb 
and 208Pb, respectively.

2  �Health Effects

While the use of lead has been greatly reduced in developed countries, it is still used 
widely in developing countries because it has some unique useful properties suit-
able and required in a number of various applications. The continued use of lead has 
caused its levels to raise worldwide, posing serious threats not only to the environ-
ment but also to the humans living in it. Lead can cause some damage in every organ 
and tissue in human body, Exposure to high lead levels can severely affect the brain 
and kidneys and eventually cause death. High levels of exposure can lead to miscar-
riage in pregnant women. Lead is also widely thought to be cancerogenic. Toxic 
effects of lead have been observed especially on the renal, reproductive and nervous 
system. Therefore, some the techniques were developed for treating lead toxicity. 
Some more information about the recent progress in this area is given in the review 

Table 1  (continued)

J. Sabol
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(Wani et al. 2015). An overview of possible health effects caused by lead which 
entered human body through various routes is given in Table 2.

In general, it has been widely accepted that lead is a probable human carcinogen. 
Lead can affect every organ and system in the body. Exposure to high lead levels can 
severely damage the brain and kidneys and ultimately cause death. In pregnant 
women, high levels of exposure to lead may cause miscarriage. Internationally for 
lead regulatory limits have been introduced corresponding to15 parts per billion 
(ppb) in drinking water and 0.15 μg per cubic meter in air.

Since lead is an element that occurs naturally in the earth, trace amounts of lead 
may occur in the foods we eat and the water we drink. Regulatory authorities in 
most countries are trying to control population exposure to lead from various 
sources. The main sources of lead entering human body include the following: 

•	 Inhalation of lead dust which originates from lead-based paint and lead-
contaminated soil.

•	 Touching by hands other objects contaminated with lead dust and then putting 
them into mouths.

•	 Consuming food, candy or water contaminated by lead.
•	 By means of dishes or glasses that contain lead.
•	 From colour additives in paints and cosmetics (special case may be children 

playing with toys that contain lead paint).

In addition to occupationally related exposure by some workers, the most sensi-
tive group among population represent children, which may be affected by lead due 
to many different situations (Fig. 1).

Table 2  Toxicology of lead (adopted from Das and Grewal 2011)

Form 
entering 
body

Major route of 
absorption Distribution

Major clinical 
effects

Key aspects 
of mechanism

Metabolism 
and 
elimination

Inorganic 
lead 
oxides and 
salts

Gastrointestinal, 
respiratory

Soft tissues; 
redistributed 
to skeleton 
(>90% of 
adult body 
burden

CNS deficits; 
peripheral 
neuropathy; 
anaemia; 
nephropathy; 
hypertension; 
reproductive 
toxicity

Inhibits 
enzymes; 
interferes 
with essential 
cations; alters 
membrane 
structure

Renal 
(major); 
faeces and 
breast milk 
(minor)

Organic 
(tetraethyl 
lead

Skin, 
gastrointestinal, 
respiratory

Soft tissues, 
especially 
liver, CNS

Encephalopathy Hepatic de 
alkylation 
(fast) tri alky 
metabolites 
(slow) 
dissociation 
to Pb

Urine and 
faeces 
(major); 
sweat 
(minor)

Major Analytical Methods for Determining Lead in Environmental and Biological…



6

3  �Overview of Basic Analytical Methods 
for Determining Lead

There are several methods used for the monitoring and identification of the occur-
rence of lead in analysed samples. The techniques differ as to sample preparation 
and treatment as well as to instrumentation used.

3.1  �X-Ray Fluorescent Spectroscopy and PIXE Method

The principles of both methods are similar. In case of X-ray fluorescence (XRF) 
method, an incident X-ray photon removes an orbital electron leaving a hole which 
is filled by an electron from an outer shell which results in the emission of a photo-
electron and a characteristic photon with an energy inherent to the type of the atom 
of a nuclide under examination. The PIXE (particle induced X-ray emission) method 
is essentially the same, only instead incident X-ray photons charge particles (in 
most cases protons) are used. The process is illustrated in Fig. 2.

X-ray photons or charged particles excite inner electron shells of the sample 
material. The ejected electron leaves the atom of the target element as a photoelec-
tron. Other electrons fill the gap and give off large amounts of energy in the form of 
characteristic X-rays, which are detected, their energy can thus identify the element, 
and the intensity of X-rays identifies concentration of the element in the sample. In 
general, incident photons may be produced either by an X-ray tube or a radionuclide 
emitting soft gamma radiation.

As a source of primary radiation, the XRF analysers can use either an X-ray tube 
(Fig. 3a) or a suitable radioactive excitation source (Fig. 3b) such as 57Co and 109Cd.

In addition to laboratory XRF analysers, usually equipped with radioactive 
sources, there are several various types of portable analysers (Fig. 4) designed to 

Fig. 1  The main routes of 
lead entering children’s 
bodies

J. Sabol
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monitor the detection of heavy metals (including Pb) in soil, paint, toys, and so on. 
These handheld XRF analysers can also be used for specific material identification 
and hazardous material analysis, and for metal alloy identification, consumer goods 
screening, compliance screening and many other analysis needs. These analysers 
serve also for checking compliance with the standards and limits introduced by the 
relevant regulatory authorities,

An X-ray spectrographic technique known as the PIXE method, can be used to 
analyse solid, liquid or aerosol filter samples in a non-destructive, simultaneous 
elemental way. The X-ray photons are initiated when energetic protons excite target 
atoms in the inner shell of electrons. When these inner shell electrons are subse-
quently expelled, they produce X-rays whose energies are emitted when the result-
ing vacancies are again filled. These vacancies are unique to the sample elements 
being analysed, with the number of X-rays emitted being proportional to the mass 
of the corresponding sample element.

Fig. 2  The principle of the mechanism of XRF (and PIXE) method; (a) the generation of charac-
teristic photons; (b) their energy distribution (Based on Motohiro et al. 2015)

Fig. 3  Basic arrangement of an XRF analyser using (a) an X-ray tube and (b) a radioactive source

Major Analytical Methods for Determining Lead in Environmental and Biological…
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The PIXE method for the most part uses protons to generate X-rays in a sample, 
the probability of which depends on the proton energy (in MeV) as well as on the 
total number of incident protons. This number can be expressed as proton current 
(in mA): the greater the proton current, the greater the probability for X-ray 
production. As the proton energy changes, the probability for X-ray production also 
changes. Both of these factors must be accurately known in order to perform a cor-
rect quantitative analysis. When protons interact to produce X-rays, each collision 
in turn transfers kinetic energy from the mobile proton to the immobile target atom. 
While each collision produces a small amount of energy, as the collisions and result-
ing energy increase, they eventually reduce the proton’s energy as well as its ability 
to generate X-rays, and in the end the proton becomes immobile. The instrument 
calibration is carried out at specific proton energy, Data on proton energy loss is 
necessary to calibrate instruments for performing accurate quantitative analysis. 
Since instrument calibration is carried out at specific proton energy, information of 
the proton energy loss is indispensable for quantitative analysis. The PIXE tech-
nique has been used in the monitoring of lead and other metals. The range of Pb 
concentrations in human rib bone was found to be in the range of 1.4–11.5 μg g-1 for 
the trabecular surface by PIXE (Deibel et al. 1995).

3.2  �Atomic Spectroscopy

In general, atomic spectroscopy (spectrometry) represents the determination of ele-
mental composition based on the evaluation of electromagnetic radiation absorbed 
and emitted. The analysis of the electromagnetic spectrum of elements, called 

Fig. 4  Some examples of portable XRF analysers, (a) Oxford X-MET5000 Handheld XRF 
Analyzer (Oxford 2019) and (b) Thermo scientific XRF analyser (Thermo 2019)

J. Sabol
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optical atomic spectroscopy, includes three techniques: atomic absorption, atomic 
emission and atomic fluorescence versions (Fig. 5). The excitation and decay to the 
ground state is involved in all three fields of atomic spectroscopy. Either the energy 
absorbed in the excitation process, or the energy emitted in the decay process is 
measured and used for analytical purposes.

Atomic absorption measures the amount of light of a certain (resonant) wave-
length which is absorbed as it penetrates through a cloud of atoms; the greater the 
number of atoms the greater the amount of light absorbed. This measurement can 
give a quantitative determination of the amount of analysed element in the sample. 
The specific light source emitting photons of suitable wavelength can determine 
quantitatively individual elements among other elements. This technique is fast and 
accurate, making atomic absorption a popular method for determining the amount 
of lead as well as other metals in any given substance.

Atomic emission spectrometry is a technique in which a high energy, thermal 
environment such as an electrical arc, a flame, or even plasma is applied to a sample 
in order to produce excited atoms which can emit light. The resulting emission 
spectrum consists of the discrete wavelengths (emission lines) which can also be 
used for qualitatively identifying an element.

The third field of atomic spectroscopy is atomic fluorescence. This method incor-
porates aspects of both atomic absorption and atomic emission modality. Like 
atomic absorption, ground state atoms created in a flame are excited by focusing a 
beam of light into the atomic vapor. Instead of looking at the amount of light 
absorbed in the process, however, the emission resulting from the decay of the 
atoms excited by the source light is measured.

Atomic fluorescence spectrometry takes characteristics from atomic absorption 
as well as atomic emission. Like atomic absorption, a beam of light is shone into 
atomic vapour, exciting ground state atoms created in a flame. Unlike it, however, 
the emission from the decay of the atoms excited is measured.

Fig. 5  The illustration of all three techniques of atomic spectroscopy based on atomic emission, 
atomic absorption and atomic fluorescence

Major Analytical Methods for Determining Lead in Environmental and Biological…
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3.2.1  �Atomic Absorption Spectroscopy

Atomic absorption spectroscopy (spectrometry), AAS, is a spectrometric analytical 
method used to determine both trace and significant concentrations of individual 
elements in an environmental or biological sample. The method can analyse over 60 
elements of the periodic table with sensitivity from about 0.01–100 ppm. The great-
est boom was recorded in the 1960s and 1980s, when it was one of the most sensi-
tive and widely used instrumental analytical techniques. In forensic chemistry, it is 
mainly used to detect heavy metals and ammunition residues.

The analytical sample solution is fogged, and the resulting aerosol is introduced into 
a flame or graphite atomiser, where the solution is immediately evaporated and the 
chemical bonds in the molecules of the present compounds are broken. At the same time, 
the atomisation conditions are chosen so that the largest possible population of measured 
atoms remains in the neutral state and does not ionise to form charged particles.

A beam of light passes through a flame from a special discharge lamp whose 
photons are absorbed when they meet the atoms of the analysed element and the 
atom of the element passes into the relevant excited state. This leads to a decrease 
in the intensity of the transmitted light, and the loss is given by the Lambert–Beer 
law in the following form

	 I I e k n l= −( )
0

. .

	

where I0 is the intensity of the exciting radiation, I is the intensity of the radiation 
after passing through the absorbing environment (flame), k is the atomic absorption 
coefficient for the specified absorption line, n is the number of atoms of the analysed 
element in the volume unit and l is the length of the absorption layer.

In practice, the logarithm of the attenuation of light energy called absorbance (A) 
is used as the measure corresponding to the concentration of the nuclide monitored. 
The absorbance is expressed by the relation

	
A

I

I
k n l= = ( )log . . .0 2 303

	

A very simple linear dependence on the atomic concentration of the measured ele-
ment is then valid for absorbance. Therefore, all AAS spectrometers indicate the mea-
sured results in terms of absorbance units reflecting the actual measured light transmittance. 
Individual parts of a common atomic absorption spectrometer are shown in Fig. 6.

The atomic emission spectrometry is suitable for the assessment of lead concen-
tration in various waters. Results of some measurements in Iran are presented in 
Table 3 (Dadfarnia et al. 2001). Another table (Table 4) illustrates the use of atomic 
absorption spectrometry in determining lead concentration in tea leaves, mixed 
Polish herbs and oriental tobacco leaves (Chwastowska et  al. 2008). The same 
authors (Chwastowska et al. 2008) measured also lead concentration in soil, street 
dust and grass with the results of 67.6, 21.3 and 2.0 μg g−1, respectively.

J. Sabol
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3.2.2  �Atomic Emission Spectroscopy

Atomic emission spectroscopy relies on the principle that when light or heat is 
applied to a molecule, it gets excited and moves to a higher energy level, making it 
unstable. The excited molecule then jumps to a lower energy level, thereby emitting 
photons of characteristic energy. The emitted wavelengths are then recorded in the 
emission spectrometer.

Similarly, to atomic absorption spectroscopy, the sample should be transformed into 
free atoms. This is normally achieved using a high-temperature excitation source. 
Liquid samples are dispersed and led in the excitation source by a flowing gas. Solid 
samples can be introduced into the source by slurry or by laser ablation of the solid 
sample in a gas stream. Solids can also be directly vaporised and excited by a spark 
between electrodes or by a laser pulse. The excitation source must desolvate, atomise, 
and excite the analyte atoms. The excitation sources include flame, inductively coupled 
plasma, laser-induced plasma, direct-current plasma, microwave-induced plasma and 
spark or arc. The basic scheme of a standard atomic emission spectrometer is in Fig. 7.

Fig. 6  Block diagram of a 
typical atomic absorption 
spectrometer (Based on 
Alshana 2007)

Table 3  Determination of 
lead in natural waters; sample 
volume: 1000 mL (pH = 3); 
eluent: 5 mL of HNO3 (4 M)

Samples
Concentration 
(μg L−1)

Tap water 2.4 ± 0.1
River water 2.8 ± 0.1
Well water 2.0 ± 0.1
Spring water 3.2 ± 0.1

Table 4  Results of analysis of the concentration of lead together with Cu and Cd determined in 
three different samples

Sample Pb (μg g−1) Cu (μg g−1) Cd (μg g−1)

Tea leaves 1.78 ± 0.24 20.4 ± 1.5 0.030 ± 0.004
Mixed Polish herbs 2.16 ± 0.23 7.77 ± 0.53 0.199 ± 0.015
Oriental tobacco leaves 4.91 ± 0.80 14.1 ± 0.50 1.12 ± 0.12

Major Analytical Methods for Determining Lead in Environmental and Biological…
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3.2.3  �Atomic Fluorescent Spectroscopy

An X-ray region in the electromagnetic spectrum is that which lies between the wave-
lengths of 0.01 and 10 nm. X-rays are produced, for example, in elementary reactions 
particles, in the decay of radioactive elements and other processes. Secondary X-rays 
are also produced by exposing the sample with appropriate (primary) X-rays. This 
phenomenon is called X-ray fluorescence and is the basis for qualitative and quantita-
tive X-ray fluorescence spectroscopy (XRF—X-ray fluorescence) analytical tech-
niques. Upon absorption of the primary photon by the electron in the inner shell of 
the atom, the release of this electron (photo effect) and the formation of an electron 
hole occur. This hole is filled with an electron jumping from higher energy level. In 
doing so, the secondary (fluorescent) X-rays are released, the spectrum of which is of 
a line character and characteristic of the element being analysed.

As a source of the fluorescent radiation, usually an X-ray tube or suitable radio-
active sources are used. The X-ray source consists of an evacuated tube, tungsten 
fibre cathode, water-cooled target anode (Ca, Rh, Pd, Ag, W), supplied voltage 
source (5–80 kV) and a beryllium window. A radioactive source is an appropriate 
radionuclide emitting gamma radiation which is usually of lower intensity com-
pared to X-ray tube. These sources are especially useful in smaller and portable 
spectrometers. Characteristic parameters of some suitable radionuclides used in 
XRF spectrometers are presented in Table 5.

4  �Conclusion

Lead is clearly among the toxic elements. Historically, overuse of lead is one of the 
factors that have contributed to the extinction of the Roman Empire. The main con-
tribution to the excessive intake of lead was due to the use of lead acetate as a sweet-
ener. At present, lead is a ubiquitous environmental contaminant due to the use of 
lead in drinking water installations, in the production of paints, as an additive in 
gasoline and its other industrial applications. Lead penetrates into the body mainly 
in the bone, and a certain amount is found in the blood. Even traces of lead in the 
environment and food can lead to subsequent severe illnesses, as lead is accumulated 
in the body. Therefore, the instrumentation for the measurement and monitoring of 

Fig. 7  Principal 
arrangement of an atomic 
emission spectrometer

J. Sabol
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lead concentration in specific environmental and biological samples is so important. 
For the time being, there are some gaps in controlling lead and in adoption of con-
sistent regulations and standards where the situation must be improved.
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Environmental Distribution and Modelling 
of Radioactive Lead (210): A Monte Carlo 
Simulation Application

Fatih Külahcı

Abstract  The abundance of lead element with an atomic number 82 is 1.03 × 10−8 
% in the Solar System, 14 mg kg−1 in the Earth’s surface and 3 × 10−5 mg L−1 in the 
oceans. The most dangerous radioisotope of lead is the 210Pb, which has a half-life 
of 22.26 years and gamma energy of 46.5 keV. Modelling is one of the most effec-
tive ways of appreciation about the distribution effects and transport of the elements 
to the earth. It has a wide range of content from pure differential equations to spatial 
analysis calculations. In this section, the modelling with Monte Carlo Simulation 
method of the environmental distribution of the lead can be found. The Monte Carlo 
Simulation method on 210Pb data lead to concentrations for future times. In addition, 
models of auto regressive integrated average (ARIMA), generalized autoregressive 
conditional heteroscedastic (GARCH) and autoregressive conditional heteroscedas-
tic (ARCH) are obtained to determine the environmental distribution characteristics 
of the lead. The proposed simulation methodologies can also be used successfully 
for other variables other than lead.

Keywords  Lead 210 · Monte Carlo simulation · ARIMA · Modelling · Probability 
distribution · GARCH · Forecasting

1  �Introduction

Lead (Pb) is one of the most important pollutants and its mining, production and 
recovery are possible in the environment its use in technology, and especially, in 
shielding, battery and toy industry. Pb is available in a high proportion within the 
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earth’s crust (Table 1) and is spread to the atmosphere and environment by dust 
storms, volcanic movements and water passing through the rocks.

In this section the focus is on the radioactive 210Pb, which is difficult to study 
chemically and physically, depending on the relatively low radioactive energy. Pb 
has 49 radioisotopes of which only three are stable (Table 2).

2  �Radioactive Lead

Naturally occurring radioactive lead nuclei have 214Pb (t1/2 = 26.8 min) from 238U, 
210Pb (t1/2  =  22.3  years) from 238U, 211Pb (t1/2  =  36.1  min) from 235U, and 212Pb 
(t1/2  =  10.64  h) from 232Th. Due to its relatively long half-life, 210Pb is the most 
remarkable among other radioisotopes. Although the half-lives of other radionu-
clides are relatively small in the geological time scale, they are continuously repro-
duced, because they are members of the U and Th disintegration series and degraded 
by these core nuclei. Different fractions of radioactive lead are found in significant 
amounts in nature (Valkovic 2000). When 210Pb breaks down to decay product 210Bi 
(t1/2 = 5.013 days), high energy Bremsstrahlung causes beta radiation, which is a 
major problem for detector systems. High-energy beta radiation increases back-
ground radiation, so it is necessary to take care when using lead shields in detectors. 
If the detection systems are protected from external background radiation then they 
can produce strong Bremsstrahlung radiation, which causes the spectroscopic sys-
tems to take incorrect measurements.

Table 1  Physical and 
chemical properties of lead 
(adopted from Kaye 1995; 
Lide and Frederikse 1995)

Atomic symbol: Pb
Atomic number: 82
Atomic weight: 207.2 a.m.u
Density: 11.342 g/cm3 (×1000 for kg/m3)
State: solid
Ionizing potential: 7.417 eV
Melting point: 327.46 °C
Boiling point: 1749 °C
Specific heat: 0.129 J/g.K (×1000 for J/g.K)
Heat of fusion: 4.799 kJ mol−1

Heat of vaporization: 177.7 kJ mol−1

Element abundance
Solar system: 1.03×10−8%
Earth’s surface: 14 mg kg−1

Earths ocean: 3×10−5 mg l−1

F. Külahcı
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Table 2  List of lead nuclides (adopted from Kaye 1995; Lide and Frederikse 1995)

Nuclide Half-Life Abundance

Pb-181 45 ms
Pb-182 55 ms
Pb-183 300 ms
Pb-184 0.55 s
Pb-185 4.1 s
Pb-186 4.83 s
Pb-187 18.3 s
Pb-188 24 s
Pb-189 51 s
Pb-190 1.2 m
Pb-191 1.33 m
Pb-192 3.5 m
Pb-193 ~2 m
Pb-194 12.0 m
Pb-195 ~15 m
Pb-196 37 m
Pb-197 8 m
Pb-198 2.40 h
Pb-199 90 m
Pb-200 21.5 h
Pb-201 9.33 h
Pb-202 5.25E4 years
Pb-203 51.873 h
Pb-204 >1.4E17 years 1.400%
Pb-205 1.53E+7 years
Pb-206 Stable 24.100%
Pb-207 Stable 22.100%
Pb-208 Stable 52.400%
Pb-209 3.253 h
Pb-210 22.3 years
Pb-211 36.1 m
Pb-212 10.64 h
Pb-213 10.2 m
Pb-214 26.8 m
Pb-215 36 s
Pb-187m 15.2 s
Pb-191m 2.18 m
Pb-193m 5.8 m
Pb-195m 15.0 m
Pb-197m 43 m
Pb-199m 12.2 m
Pb-201m 61 s

(continued)

Environmental Distribution and Modelling of Radioactive Lead (210): A Monte Carlo…
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210Pb emits 16.96 keV of 84% intensity and 63.50 keV of beta radiation with 
intensity of 16%. When detecting 210Pb, high-purity Ge detectors detect 46.54 keV 
gamma emission energies at the intensity of 4.25%.

3  �Modelling of 210Pb

Spatial and spatiotemporal modelling techniques were developed in order to clearly 
determine the distribution of 210Pb, which is the most effective environmental ele-
ment of Pb in terms of radioactivity (Külahcı and Şen 2009). The determination of 
the risk of the activity after determining the coordinates of the sampling points is 
important for the environmental distribution of the studied variable. In one opera-
tional example, 210Pb embodiment the probability distribution function (PDF) for 44 
stations in the Hazar Lake in Turkey as in Fig. 1a and the spatial distribution in 
Fig.  1b. In this study, the Spatiotemporal Point Cumulative Semivariogram 
(STPCSV) method proposed by Külahcı and Şen (2009) models are employed for 
the aquatic distribution of 210Pb both spatially and temporally.

Equation 1 is the basis of the STPCSV method.

	

γ d CVt CVti
j

n

j j
( ) = ( ) − ( )





=
−∑12 1
1

2

	

(1)

where γ(di) is the semivariogram value at distance d; Cj corresponds to the concen-
tration in station j; V is the speed of surface water and finally t is the desired time for 
the 210Pb exchange in future. This simple equation does what many mixed equations 
cannot do. With the help of the STPCSV graphs (Külahcı and Şen 2009), the effect 
radius (range) of each station for 210Pb can be calculated and they can be adapted to 
all micro and macro systems. Figure  2 indicates the temporal change of 210Pb 
depending on the radius of action (Külahcı and Şen 2009).

A Monte Carlo Simulation for 44 stations is applied with each 44 lead concentra-
tion values, which were taken from the surface water. Since, the standard errors in 
the concentration variation are statistically acceptable, an approximation can be 
made by assuming that the data have relatively homogeneous change. Prior to the 

Nuclide Half-Life Abundance

Pb-202m 3.53 h
Pb-203m 6.3 s
Pb-204m 67.2 m
Pb-205m 5.54 ms
Pb-207m 0.805 s
Pb-193m2 5.8 m
Pb-203m2 0.48 s

Table 2  (continued)
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Fig. 1  (a) Logarithmic normal PDF model for 210Pb data, (b) 210Pb concentration map (Bq l−1) 
(Adopted from Külahcı and Şen 2009)

Fig. 2  Simulation curves calculated with STPCSV for Hazar Lake, Turkey. (a) Radius of influ-
ence for 1 km at 1 h; (b) radius of influence for 1 km at 3 h; (c) radius of influence for 1 km at 5 h; 
(d) radius of influence for 3 km at 5 h; (e) radius of influence for 3 km at 1 h; (f) radius of influence 
for 3 km at 3 h

Environmental Distribution and Modelling of Radioactive Lead (210): A Monte Carlo…
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simulation analysis, performance of some statistical calculations in a gradual man-
ner helps to evaluate and interpret the results. Figure 3 exposes the statistical distri-
bution in the form of 210Pb histogram that shows the corresponding environmental 
distribution and this histogram indicates the mathematical expression of the normal 
PDF is given as, PDF (Feller 1968; Patel and Read 1996).

	
y f x e
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= ( ) =
− −( )

µ σ
σ π
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22

	
(2)

The corresponding cumulative probability distribution (CDF) (Papoulis and 
Pillai 2002) of 210Pb, is presented in Fig. 4.

The graph in Fig.  4 corresponds to the cumulative probability change and it 
shows the cumulative probability (Feller 2008) in the desired range with the param-
eters of the distribution given in Table 3. The necessary inferences and useful inter-
pretations can be obtained from Fig. 4 with reflections in Table 4.

In this table X indicates the entries of the vector in at X = field; F(X) is the cor-
responding values of the CDF at the entries of X; LB (UB) is the lower (upper) 
bounds for the confidence interval.

Figure 5 shows a PDF that matches the histogram for Pb data. The main window 
displays data sets using a probability histogram, in which the height of each rect-
angle is the fraction of data points that lie in the bin divided by the width of the bin 
(MathWorks 2019). The sum of the fields of rectangles is 1.

Fig. 3  210Pb histogram plot
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Fig. 4  210Pb Cumulative probability exchange

Table 3  210Pb CDF plot 
parameters

Distribution: Normal

Log likelihood: 49.5841
Mean: 0.244
Variance: 0.006
Parameter Estimate Std. error

μ 0.244 0.012
σ 0.080 0.008

Table 4  Cumulative probability prediction of 210Pb

X
Normal curve
F(X) Lower bounds Upper bounds

0.1000 0.0350 0.0108 0.0924
0.1400 0.0956 0.0434 0.1837
0.1800 0.2111 0.1263 0.3222
0.2200 0.3827 0.2741 0.5015
0.2600 0.5816 0.4631 0.6931
0.3000 0.7613 0.6475 0.8514
0.3400 0.8878 0.7946 0.9460
0.3800 0.9572 0.8942 0.9857
0.4200 0.9869 0.9522 0.9973
0.4600 0.9968 0.9811 0.9996
0.5000 0.9994 0.9935 1.0000

Environmental Distribution and Modelling of Radioactive Lead (210): A Monte Carlo…
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Fig. 5  Probability density 
function of 210Pb

Fig. 6  Quantile (inverse CDF) plot of 210Pb

The percentage point function (PPF) of the 210Pb is calculated as in the inverse 
cumulative distribution function (inverse CDF) in Fig. 6, which helps PDF calcula-
tion. Based on this PDF the PPF and the corresponding X value are calculated for 
the CDF leading to results in Table 5.
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Table 5  Percent point function results

Probability
Normal distribution
F/P LB UB

0.01 0.059174 0.013488 0.10486
0.108 0.145543 0.114173 0.176914
0.206 0.178601 0.151392 0.20581
0.304 0.202982 0.178006 0.227959
0.402 0.223978 0.200176 0.247781
0.5 0.243659 0.220227 0.267091
0.598 0.26334 0.239537 0.287142
0.696 0.284336 0.259359 0.309312
0.794 0.308717 0.281508 0.335926
0.892 0.341775 0.310404 0.373146
0.99 0.428144 0.382458 0.47383

Fig. 7  210Pb probability change

The probability changes of the data are given in Fig. 7 and the probability change 
calculations are given in Table 6.

The survivor function performs a kind of reliability analysis of the data at hand. 
This function is the probability of a variable greater than X (Fig. 8).

Environmental Distribution and Modelling of Radioactive Lead (210): A Monte Carlo…



24

The ratio of the PDF to the survival function gives the hazard change in 210Pb 
(Table 7). The integral of this function leads to the cumulative hazard function in 
Fig. 9. The cumulative hazard calculation for each X value results as in Table 8. 
Calculations are made by consideration of 95% confidence limits. The environmental 
impacts of 210Pb can be calculated effectively in this way (Patel and Read 1996; 
Spiegel et al. 1982).

Table 6  Probability change results of 210Pb

X
Normal distribution
F(X) LB UB

0.1 0.035029 0.010811 0.092398
0.14 0.095583 0.043379 0.183656
0.18 0.211063 0.126321 0.322212
0.22 0.382722 0.274071 0.501542
0.26 0.581627 0.463092 0.693137
0.3 0.761289 0.647514 0.851363
0.34 0.887789 0.794581 0.946005
0.38 0.957216 0.894215 0.98571
0.42 0.986914 0.952161 0.997291
0.46 0.996814 0.981107 0.999636
0.5 0.999386 0.993512 0.999966

Fig. 8  Survivor function change of 210Pb
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Table 7  Survivor function results of 210Pb

X
Normal distribution
S(X) LB UB

0.1 0.964971 0.907602 0.989189
0.14 0.904417 0.816344 0.956621
0.18 0.788937 0.677788 0.873679
0.22 0.617278 0.498458 0.725929
0.26 0.418373 0.306863 0.536908
0.3 0.238711 0.148637 0.352486
0.34 0.112211 0.053995 0.205419
0.38 0.042784 0.01429 0.105785
0.42 0.013086 0.002709 0.047839
0.46 0.003186 0.000364 0.018893
0.5 0.000614 3.44E-05 0.006488

Fig. 9  Cumulative hazard exchange of 210Pb

4  �Monte Carlo Simulation of 210Pb Data

Monte Carlo simulation is a technique that looks for the answer to the question of 
how a model responds to randomly generated inputs or events. Generally, it can be 
summarized in three steps:

Environmental Distribution and Modelling of Radioactive Lead (210): A Monte Carlo…
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	1.	 Randomly formed, N input or event,
	2.	 Creation of a simulation for each N event,
	3.	 Collection and evaluation the outputs from the simulation.

In this evaluation, the average output value and the output values distribution are 
obtained with the minimum and maximum output values. Monte Carlo uses proba-
bility theory to solve a physical and or mathematical event. The system performs the 
characterization of the entered data and simulates as much as desired outputs cor-
responding to the desired time frame. For example, if N different probability outputs 
are desired then the same numbers of output values are generated according to the 
probability theory. Finally, the simulation results average corresponds with the 
observations. The Monte Carlo method is a stochastic model for simulation of real-
ity and it helps to prepare sample experiments. Such simulations are used in the 
study of system outputs with a large number of variables in stochastic structure 
(Brémaud 2013; Rubinstein and Kroese 2016).

5  �Monte Carlo Forecasting

Monte Carlo simulation can predict future operation possibilities and obtain mean-
ingful inferences. Monte Carlo simulations are useful to make estimates following 
below steps (Mun 2006):

	1.	 A model is obtained for the estimation of series to be used,
	2.	 Observation series, any inference residue and conditional variance are employed 

from the sample data,
	3.	 Simulation provides several sample paths for on the desired estimation.

To determine the environmental distribution of the lead, in addition to the classi-
cal spatial methods, the modelling and simulation techniques here also give mean-
ingful results. In particular, they provide a different perspective for predicting the 

Table 8  Cumulative hazard function results of 210Pb

X
Normal distribution
Hazard (X) LB UB

0.1 0.0357 0.0969 0.0109
0.14 0.1005 0.2029 0.0443
0.18 0.2371 0.3889 0.1350
0.22 0.4824 0.6962 0.3203
0.26 0.8714 1.1814 0.6219
0.3 1.4325 1.9062 1.0427
0.34 2.1874 2.9189 1.5827
0.38 3.1516 4.2482 2.2464
0.42 4.3362 5.9113 3.0399
0.46 5.7491 7.9188 3.9690
0.5 7.396 10.2777 5.0378
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relevant variable prospectively. Monte Carlo estimation can achieve not only point 
estimations or a standard error, but also a full distribution for future events. Monte 
Carlo Simulation estimations are by statistics, through an Auto Regressive Integrated 
Moving Average (ARIMA) and probability of occurrence (P) event after the stan-
dard deviations and variances calculations of proposed different elements (e.g., in 
here, 210Pb concentrations). Table 9 gives the ARIMA model for the available data 
according to the normal (Gaussian) PDF. The answer to the question “What would 
be the concentration values under the same conditions after the 44th cycle of 210Pb?” 
can be searched easily by the Monte Carlo technique. Figure 10 yields such estima-
tions with 95% confidence level. In order to estimate the concentration of the raw 
210Pb data after a further 44 cycles, 100 different pathways are identified with the 
help of computer, and hence, the simulation of the paths is obtained. Here, the cycle 
represents the measurement of a new concentration value of 40Pb. After 44 real-time 
measured values, the answer to the question of what will be the result of 40 mea-
surements looking forward. Monte Carlo simulations are real stochastic simula-
tions. They define the final situation based on the initial state and distribution 
functions. The latter may be static or dynamic. Any process can show a random 
characteristic for many reasons. The abrupt changes in the estimation values in 
Fig. 10 vary accordingly. The reasons for these arbitrary characteristics can be listed 
as follows:

•	 A real physical process is stochastic as the events are observed at large scales.
•	 The process is based on large-scale fluctuations such as the random display of the 

process due to our lack of information.

Table 9  ARIMA model of 210Pb

ARIMA (14, 1, 1) model (Gaussian distribution):
Values Standard error T-statistic P-value

Constant 0.0036192 0.0016141 2.2422 0.024949
AR(1) −0.18177 0.24868 −0.73095 0.46481
AR(2) −0.026117 0.24989 −0.10452 0.91676
AR(3) −0.003746 0.21262 −0.017619 0.98594
AR(4) −0.1012 0.24321 −0.41611 0.67733
AR(5) −0.002084 0.26057 −0.007998 0.99362
AR(6) −0.33684 0.25186 −1.3374 0.18109
AR(7) −0.25006 0.22902 −1.0918 0.2749
AR(8) −0.087773 0.22811 −0.38478 0.7004
AR(9) 0.13004 0.23581 0.55145 0.58132
AR(10) −0.022881 0.22438 −0.10197 0.91878
AR(11) −0.40474 0.25434 −1.5913 0.11153
AR(12) −0.097401 0.29713 −0.32781 0.74306
AR(13) −0.25968 0.20738 −1.2522 0.21049
AR(14) −0.10775 0.26893 −0.40065 0.68868
MA(1) −1 0.19191 −5.2108 1.880e−07
Variance 0.0043306 0.00149 2.9009 0.00372

Environmental Distribution and Modelling of Radioactive Lead (210): A Monte Carlo…
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•	 The process also depends on human behaviour. For example, the form and style 
of sampling from the research area is important as in this case.

•	 The model installed for the system may not adequately represent the process of 
the system.

As a result, if we have something that we cannot know for certain, it shows a 
stochastic property.

Furthermore, the use of conditional mean and variance models gives meaningful 
information for variable estimation. In the following example, generalized 
autoregressive conditional heteroscedastic (GARCH) model is used for the analysis 
of univariate systems as in 210Pb case.

Herein, GARCH (P,Q) model is

	 ε σt = t tz 	 (3)

and

	
σ κ γ σ γ σ α ε α ε2

1
2

1
2

1
2

1
2t t t t t= + +…+ + +…+− − − −P P QQ

	
(4)

Fig. 10  Monte Carlo Simulation of 210Pb with 95% confidence. The black curve was obtained by 
simulating the course of 40 cycles of forward time. This curve is the result of the average of 100 
different simulation curves
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They are all in the form of Gaussian or Student-t PDF innovation (independent). 
κ is a constant (MathWorks 2019). zt is degree of freedom (DoF); γ and α are 
GARCH and autoregressive conditional heteroscedastic (ARCH) coefficients, 
respectively. The parameters of the GARCH model are P and Q. The GARCH poly-
nomial consists of lagged conditional variances and is represented by P, which is 

Table 10  GARCH conditional variance time series model for 210Pb

ARIMA (14, 0, 0) model (t distribution):
Value Standard error T-statistic P-value

Constant 3.74E−06 0.22456 1.66E−05 0.9999
AR (14) 1 0.07192 13.852 1.24E−43
DoF 2.4071 1.0119 2.3788 0.01737
GARCH (4, 1) conditional variance model (t distribution):

Value Standard error T-statistic P-value

Constant 2.00E−07 0.016981 1.18E−05 0.9999
GARCH (4) 0.0010781 0.00743 0.14511 0.88463
ARCH (1) 0.99892 1.6632 0.6006 0.54811
DoF 2.4071 1.0119 2.3788 0.0137

Fig. 11  Simulation of the post-100 cycle after 44 samples of the 210Pb
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(a)

(b)

Fig. 12  (a, b) Simulated conditional variances of 210Pb
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the number of GARCH terms. An ARCH polynomial is composed of lagged squared 
innovations and is represented by Q as the number of ARCH terms. Table 10 gives 
GARCH and ARCH calculations, which have been computed by means of 
MATLAB, Python, R or SAS software. In this study MATLAB programming lan-
guage is used.

Innovations are standardized using the square root of conditional variance opera-
tions, and the standardized innovations for estimation are obtained as in Fig. 13. The 
results in Table 10 help to get simulations. Monte Carlo method generates 10 sam-
ple paths for the returns, innovations, and conditional variances during 100-period 
future horizon by the usages of the observed returns, inferred residuals and condi-
tional variances as pre-sample data (MathWorks 2019; Palmer et al. 1990).

The simulation results in Fig. 11 show rather stable volatility over the forecast 
horizon.

The decrease of volatility in the simulation returns is due to smaller conditional 
variances over the forecast horizon (see Fig. 12a, b).

Innovations are standardized by using the square root of the conditional variance 
process and they plotted on the forecast horizon in Fig. 13.

Fig. 13  Standardized innovations for estimation of 210Pb
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The fitted model assumes that the standardized innovations follow a standard 
Student’s t PDF. Thus, the simulated innovations have larger values than would be 
expected from a Gaussian innovation PDF.
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Abstract  At the global scale, persistent lead (Pb) pollution has been considered as 
a major threat for human health due to its exposure through numerous pathways. 
The scientific literature regarding potential adverse health effects of Pb is mainly 
related with human exposure through ingestion, occupational exposure, or dermal 
absorption. Lead exposure mainly occurs when Pb dust or fumes are inhaled, or 
when Pb is ingested via contaminated hands, food, water, cigarette, or clothing. 
Lead entering the digestive and respiratory system is released to the blood and dis-
tributed to the whole body. However, data regarding exposomics of Pb (all possible 
human exposures to Pb including diet, lifestyle, and endogenous sources) is much 
more limited. Most research on the health effects of Pb focused on the individual 
routes, mostly soil and water ingestion pathway.

In this chapter, we summarize the current scientific information regarding human 
exposure to Pb through the various possible routes, their bioaccessible fraction and 
its accumulation in different body organs. Moreover, the contamination of different 
exposure media, Pb concentration and the associated human health indices have 
been calculated to assess the possible carcinogenic and non-carcinogenic risk. 
These studies indicate that Pb exposure may cause potential human health hazards 
which suggested being the cause of various organ disorders. Thus, the possible 
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exposure to potentially toxic element Pb through occupational exposure (in addition 
to workers members of the general public may also be affected due to lead contain-
ing releases), atmospheric exposure, skin-contact, water, soil and plant ingestion 
have been described in four tables and four figures. Based on this current state of 
knowledge, strategies can then be proposed to reduce human Pb exposure in a con-
text of increasing human density in highly anthropogenic urban areas, and ulti-
mately other metals that have been less studied.

Keywords  Lead · Environmental contamination · Human exposure · Toxicity · 
Health risk

1  �Introduction

Among common environmental toxic substances that negatively affect living organ-
isms, lead (Pb) is the most commonly occurring and toxic element (Shahid et al. 2011). 
Actually, after arsenic, Pb is considered as the most hazardous pollutant by the Agency 
of Toxic Substance and Disease Registry (ATSDR 2015). It is the 37th most abundant 
element in Earth’s crust with its background concentration of about 0.003 ppb in sea-
water (Sarkar et al. 2011). Lead has been extensively used in paints, building materi-
als, batteries, ammunition, and radiation protection, and for several decades it was also 
present in car gasoline with extensive diffusion into the atmosphere (Fig. 1).

Fig. 1  Possible human exposure to Pb in the environment
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Lead is the most toxic cumulative environmental pollutant due to their high 
mobility and toxicity in soil–plant–human system because of their persistence in the 
environment that affects multiple body systems and is particularly harmful to young 
children. Although Pb is not known to have any role in biological systems, it can 
impact the central nervous system especially in children leading to reduced growth 
of the brain. These are ranked number two of all hazardous substances by the 
Agency for Toxic Substances and Disease Registry (ATSDR 2007, 2015).

Human exposure to Pb is mainly through ingestion and inhalation pathway. 
Acute Pb poisoning may occurs form inhalation of Pb particles/fumes and form 
ingestion of Pb-contaminated soil or Pb-based paints. After inhalation/ingestion, 
Pb is transferred to the blood stream and transported to the whole body via circu-
latory system. The absorption of Pb also depends on the type of Pb inorganic/
organic and its bioaccessibility in the gastrointestinal tract. Chronic poisoning 
from Pb occurs when Pb accumulates in the body over time in soft or mineralizing 
tissues. This chapter highlights the current status of Pb contamination of the envi-
ronment and all the possible human exposure routes. Moreover, health risk indices 
have also been calculated to determine the possible human risk. Finally, few 
advices are proposed to reduce human exposure to lead and promote human  
health particularly in high population density urban areas at the global scale 
(Bories et al. 2018).

2  �Uses and Sources of Lead

Lead is the 37th most abundant element of the Earth crust. Naturally, it accounts for 
high crustal abundance of 14 ppm and (Sarkar et al. 2011). Lead is the most com-
monly occurring and toxic heavy metal (Shahid et al. 2011). It can be found in all 
components of the environment (rocks, sediments, soil, air, water or plants) at low 
concentration; however, it can occur at high concentrations over large areas because 
of natural and human inputs.

Naturally, Pb is introduced into the environment by volcanic eruptions, wild 
fires, and various rock/soil erosional processes (Michalak 2001). Moreover, anthro-
pogenically, high levels of Pb are introduced into the environment, particularly due 
to mining and smelting of the metallic ores. Previously, Pb was used extensively in 
paints, plastic pipes, building materials, batteries, ammunition, and radiation pro-
tection. Elevated levels of Pb have been released into the environment since modern 
industrialization (Klaminder et al. 2008). Lead has been used as a main component 
of many products, including plastics, pipes, paints, ceramic ware, cosmetics, wine, 
glazes and finishes, glassware and gasoline for many years and hence widely dis-
tributed and mobilized in the environment.

Lead Pollution and Human Exposure: Forewarned is Forearmed, and the Question Now…
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3  �Exposomics of Pb

The exposome of a substance can be defined as the estimation of all the possible 
exposures of an individual throughout the life to that toxicant (including diet, life-
style, and endogenous sources) that are not genetic and how those exposures relate 
to health (Fig. 2). These exposures might begin before birth (at embryonic stage) 
and includes all environmental and occupational sources.

Lead is considered as highly poisonous element since the time of ancient Greece. 
Much of the human exposure to Pb comes from anthropogenic activities such as the 
use of fossil fuels, previously used leaded gasoline, industrial fallouts, and the use 
of Pb-based paint in homes (Pourrut et al. 2011; Xiong et al. 2016). The primary 
human exposure to Pb is at homes. As, Pb, and its compounds have been used in a 
wide variety of products found in and around our homes, including paint, ceramics, 
pipes and plumbing materials, gasoline, ammunition, Pb-acid batteries (Kawamura 
and Yanagihara 1998; Lasheen et  al. 2008; Johnson et  al. 2009; Srivastava et  al. 
2015). Moreover, occupation exposure of industrial workers to Pb continues to be a 
matter of health concern worldwide (Mansouri et al. 2018).

Routes of Pb poisoning and its effects, however, are still being discovered. Lead 
is considered as the most toxic pollutant by the Agency of Toxic Substance and 
Disease Registry (ATSDR 2015). They are several modes of human exposure to Pb. 
People can become exposed to Pb through occupational and environmental sources. 
These may include inhalation of Pb particles from the atmosphere, ingestion of 
Pb-contaminated soil dust, drinking of Pb-contaminated water and consumption of 
Pb-contaminated vegetables/crops. Inhalation and ingestion are the two main routes 
of human exposure to Pb. The all possible routes of human Pb exposure have been 
presented in Fig.  2. Besides the common exposure pathways, humans can be 
exposed to Pb through other means (e.g., jewelry, cosmetics, intravenous exposure, 

Human Health

Exposome
Exposure Scenarios

Fig. 2  Different exposure 
sources of Pb
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transplacental exposure). That is why in Europe the REACH (Registration, 
Evaluation, Authorization and Restriction of Chemicals) regulation aims to reduce 
Pb concentration (and other toxic chemical substances) in the objects currently used 
by citizens for various activities.

4  �Pharmacokinetics of Lead

Pharmacokinetics refers to the pathway of Pb entrance in the body and blood. The 
pharmacokinetics of Pb in humans is complex. The absorbed Pb (that is not excreted) 
is traded primarily among the following three compartments: blood, soft tissue 
(liver, kidneys, lungs, brain, spleen, muscles, and heart) and mineralizing tissues 
(bones and teeth) (Holstege et al. 2013). The deposition of Pb in these tissues can 
cause serious health disorders. Several pathways are involved for the enhanced Pb 
levels in the human body are discussed as follows. In addition to the characteriza-
tion of sources and transfers, the exposure scenarios, the human practices need also 
to be studied by social sciences investigations in order to access the sanitary risks.

4.1  �Ingestion Pathways

4.2  �Soil

Lead, a Ubiquitous and Versatile Element, has been known since ancient times and 
is freely present in the soil with the background concentration of 27 mg kg−1 in soil 
(Kabata-Pendias 2011). High levels of Pb in soil has been reported in some anthro-
pogenically contaminated sites such as Smelting site (14–7100 mg g−1) (Chlopecka 
et  al. 1996), road dust (105.6  mg  kg−1) (Bi et  al. 2018), mining site (133.4–
45015.97  mg  kg−1) (Higueras et  al. 2017), industrial contaminated site (42.4–
130.7 mg kg−1) (He et al. 2017), former garden soil (1025 mg kg−1) (Egendorf et al. 
2018), flooded soil (104–113 mg kg−1) (Antić-Mladenović et  al. 2017), shooting 
ranges (33,000 mg kg−1) (Mariussen et al. 2018) and electronic waste dust (1630–
131,000 mg kg−1) (Fujimori et  al. 2018). Lead is rarely present in its free form, 
while mostly found in mineral forms such as galena (PbS), cerussite (PbCO3), 
anglesite (PbSO4), and minum (Pb3O4) (Shahid 2017).

The potential human exposure to Pb-contaminated soil might result various 
health hazards. The ingestion of the Pb-contaminated soil is a direct route of human 
exposure to Pb. Soil ingestion is referred to the consumption of soil which can be 
attributed to, but not limited to, mouthing, contacting dirty hands, eating dropped 
food, inhalation of soil dust or consuming soil directly, especially children due to 
their hand-to-mouth activities (Watt et  al. 1993). The densely populated cities, 
agricultural area, playgrounds, parks are the main sites where people are more 
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vulnerable to Pb poisoning via soil ingestion. Many studies have focused on human 
disabilities/disorders after Pb exposure related to direct contact with the soil.

Aelion et al. (2013) assessed the soil Pb concentrations in rural and urban areas of 
South Carolina USA and correlate it with the intellectual disabilities in populations 
of minority and low-income individuals and children (≤6 years of age). The study 
showed a significant positive association between the mean estimated Pb concentra-
tions and the individuals and children in both urban (r = 0.38, p = 0.0007) and rural 
(r = 0.53, p = 0.04) areas. It was anticipated that the soil metal concentrations con-
tribute greatly to making a population at higher risk for adverse health effects, which 
is of particular concern for infants and children living in both urban and rural areas.

Moreover, the toxicity of Pb depends on the bioaccessible fractions of Pb in 
the stomach portion not the total concentration of Pb. It has been noted that the 
bioaccessible fraction of Pb was lower than the total concentration of Pb in gastric 
fluid. Only 49% of the total Pb was orally bioaccessible in the surface soils of an 
urban park of Xiamen City, China (Luo et al. 2012). Bradham et al. (2017) stud-
ied the relationship between soil total or bioaccessible Pb and children’s blood Pb 
levels in an urban area in Philadelphia. The bioaccessible concentration of Pb in 
soil was measured using an in vitro bioaccessibility assay. The observed total soil 
Pb concentration was 58–2821  mg  kg−1; the bioaccessible Pb concentration was 
47–2567 mg kg−1. In Children’s blood the Pb ranged from 3 to 98 μg L−1. It was esti-
mated that total Pb soil concentration accounts for 23% variability in child blood Pb 
levels while bioaccessible soil Pb concentration accounted for 26% of variability. 
Increased level of Pb in blood contribute greatly to the health hazards of the children 
(Mielke et al. 2017).

Many studies have focused on the health risk from Pb-contaminated soil in terms 
of Pb bioaccessibility (Table 1) (Lu et al. 2011; Mombo et al. 2016; Attanayake et al. 
2017; Mielke et al. 2017; Hu et al. 2018). The health risk related to direct contact 
with soil (dermal) or through soil ingestion has been considerably reported in litera-
ture. The high carcinogenic risk (6.2% higher than the target value) has been reported 
by Luo et al. (2012) via dermal contact and oral ingestion of the soil. The overall risk 
was higher for the oral ingestion than dermal contact from Pb-contaminated soil. Soil 
ingestion has been reported as a direct exposure in children with elevated blood Pb 
levels (Johnson and Bretsch 2002; Morrison et al. 2013; Han et al. 2018).

Beside the direct human exposure to soil, there are some indirect pathways as 
well by which human are susceptible towards metal exposure. These pathways 
include the soil–plant–human pathway. The contamination of soil from various pol-
lution sources (including agriculture, pesticide application, traffic, mining etc.) 
result in metal buildup in soil and transfer towards food crops. Plants have the abil-
ity to store metals in their tissues severalfold higher than the permissible limits (Liu 
et al. 2013; Popova 2016) and consequently result in food chain contamination and 
deterioration of the whole ecosystem. The soil–plant–human mobility of the toxic 
elements has been of great concern from the recent past. Moreover, a set of studies 
has focused on the health risk assessment of metals by the consumption of contami-
nated food crops (Zheng et al. 2007; Khan et al. 2008; Maleki and Zarasvand 2008; 
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Table 1  Bioaccessibility of Pb fractions in human body from different contaminated media

Study area
Pb concentration in the 
medium

Bioaccessible 
fractions of Pb

Pb concentration 
in blood (μg L−1) References

San Luis 
Potosi, 
Mexico

Soil 4062 mg kg−1 Intestine 53% 110 Carrizales 
et al. (2006)

Liverpool, 
UK

Dust 646 mg kg−1 Lungs 8.8% – Dean et al. 
(2017)

Karachi, 
Pakistan

Dust 91 mg kg−1 – 216 Hozhabri 
et al. (2004)

China Dust 208 mg kg−1 53% Han et al. 
(2012)

USA Soil 58–2821 mg kg−1 47–2567 mg kg−1 3–98 Bradham et al. 
(2017)

Brazil Air 16.65–40.31 μg m−3 – 148.9 Peixe et al. 
(2014)

Italy Air 45.74 μg m−3 – 485 Rapisarda 
et al. (2016)

Portugal Soil 6–441 mg kg−1 G 6–260 mg kg−1;
GI 0.4–77 mg kg−1

– Reis et al. 
(2014)

UK Dust 452–2435 mg kg−1 Lungs 1.2–8.8% – Dean et al. 
(2017)

China Dust 220–6348 mg kg−1 Stomach 
17.6–76.1%;
Intestine 
1.2–21.8%

–

USA Dust 508.6 mg kg−1 – 50.7 Lanphear 
et al. (1998)

Idaho Soil 1686 mg kg;
Dust 996

Soil 33%
Dust 28%

500–930 von Lindern 
et al. (2016)

Canada Soil 74.7 – 14.1 Safruk et al. 
(2017)

Australia Soil 2450 mg kg−1 – >100 Taylor et al. 
(2014)

France PM 61.2% G 25%;
GI 15%

– Uzu et al. 
(2011)

Africa Lettuce shoot 77 mg kg−1 49.5% – Uzu et al. 
(2014)

Australia Soil 1049 mg kg−1 G 100%;
GI 2%

– Xia (2016)

China Air 180 ng/m3 59.6% – Hu et al. 
(2012)

China Air 88.2 ng/m3 Lung 59–79% – Li et al. 
(2016)

China Dust 0.2 mg g−1 G 60% Hu et al. 
(2018)

G gastric, GI gastrointestinal. WHO limit value of Pb in blood: 10 μg dL−1 or 100 μg L−1, limit 
bioaccessible fractions <10%.
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Khalid et al. 2017; Egendorf et al. 2018; Ndong et al. 2018). Additionally, wastewa-
ter irrigation has been of great concern due to the Pb accumulation in the soil and 
ultimately transferred to the plants (Khalid et al. 2017, 2018).

4.3  �Soil Dust

Lead is a potent neurotoxin in children, particularly for toddlers whose brains are 
developing and who often are exposed to Pb through hand-to-mouth transfer. The 
ingestion of soil dust is an important Pb exposure pathway by hand-to-mouth trans-
fer or unintentionally by eating food dropped on the floor (Levin et  al. 2008; 
Bierkens et al. 2011; Wang et al. 2018). The major exposure of soil dust, primarily 
to children, is mainly from playground, urban parks, schoolyards and household 
dust (Acosta et al. 2009; Reis et al. 2014; Taylor et al. 2014). Soils of playgrounds, 
day-care centers, kindergartens, schools and sport facility areas in particular are 
unique because children play on the ground and tend to mouth objects or hands 
more than adults. Thus, children may ingest significant quantities of Pb-contaminated 
soil dust, causing severe health disorders.

Besides the direct inhalation/ingestion of soil dust, the dermal absorption of soil 
dust particles is another main route of exposure to Pb (Benhaddya et al. 2016). Bi 
et al. (2015) determined the Pb concentration in the urban dust samples showing the 
range of 79–1544 mg kg−1 Pb. Furthermore, the bioaccessible concentration of Pb 
was measured in stomach and intestinal phase. About 39 and 8.5% of the total Pb in 
dust was found in stomach and intestinal phase, in vitro. The transfer of Pb via dust 
ingestion is the main factor contributing to the bioaccessible fractions of the total Pb 
exposure of children/adult. The concentration of Pb in soil dust (mg kg−1) has been 
reported in different studies; 99.13 (Abdollahi et al. 2018), 288 (Benhaddya et al. 
2016), 300.9 (Christoforidis and Stamatis 2009), 213 (Dehghani et al. 2017), 90.7 
(Eqani et al. 2016), 110 (Gope et al. 2017), 110,000 (Leung et al. 2008), 166 (Liu 
et al. 2014), 7.38 (Solgi and Konani 2016), 120.7 (Suryawanshi et al. 2016), 57.9 
(Yoshinaga et al. 2014), 85.3 (Yu et al. 2016) and 4489 (Zheng et al. 2013).

Likewise, Fujimori et al. (2018) measured bioaccessible fractions of Pb in gas-
trointestinal fluids (in vitro) containing Pb-contaminated dust from electronic waste 
recycling sites to evaluate the risk of Pb ingestion. The bioaccessible fractions of Pb 
in gastric fluid were low although the total Pb content was much higher. However, 
relative high bio-accessibility of organic species of Pb was found in the stomach. 
Some studies also indicated that Pb citrate present in the soil can increase the Pb 
bioaccessibility in the stomach (Rasmussen et al. 2011). Health risk from Pb depend 
on the bioaccessible fractions of Pb in the stomach (Roussel et  al. 2010). Many 
studies have focused on determining the bioaccessible fractions of Pb in intestinal 
or gastric phase after ingestion Pb-contaminated soil dust (Table  1). Urban 
agriculture matures in popularity, in post-industrial cities vacant parcels have 
become a main target for the cultivation (Fig. 3). Many efforts by organizations and 
individuals to transform the vacant land into fertile, productive agricultural land are 
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spearheaded keen to provide nutritious and healthy fresh produce near and for resi-
dents of low-income areas where healthy and fresh food production are limited and/
or non-existent because of low purchasing power and market logic of the supermar-
ket location (Gottlieb and Joshi 2010; Alkon and Agyeman 2011). Urban agricul-
ture shows a vital role in food justice movement thus giving fresh produce and 
range of social benefits. Contamination of Pb in soil is most important and promi-
nent in low income societies where urban agriculture is most common practice 
(Bernard and McGeehin 2003; Campanella and Mielke 2008; Filippelli and Laidlaw 
2010). Urban agriculture and increasing urban food production has been related 
wide range of benefits. According to public health perspective, urban agriculture 
has been linked to higher levels of physical activity, improved nutrition, benefits 
linked with exposure to nature and the increased food security (Davis et al. 2011; 
Carney et al. 2012; Alaimo et al. 2015; Smith et al. 2018). In order to promote sus-
tainable urban agriculture with low human exposure to metals, it is the quite impor-
tant to study the biogeochemical cycles of pollutants.

4.4  �Exposure Through Pb-Contaminated Water Consumption

Drinking water has been considered as a significant contributor to the individual’s 
overall Pb exposure trajectory with an estimate of 1–20% of the total Pb exposure 
(Jarvis et al. 2018). Studies have shown that high concentration of Pb in water is linked 
to the elevated levels of Pb in blood (Akers et al. 2015). World Health Organization 
has set a provisional guideline of 10 μg L−1 of Pb in drinking water (WHO 2004, 
2011), while the Pb contamination level goal is set 0 μg L−1 due to the recognition of 
severe Pb toxicity at any exposure level (EPA 2018). It was estimated that about 50% 
of the world’s population rely on groundwater as a drinking source (UNESCO 2015).

Fig. 3  Recycle and reuse of resources with urban agriculture
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There are couple of sources that cause Pb-contamination of groundwater, geo-
genic or might be anthropogenic. The water exposure of Pb is an increasingly press-
ing matter. The condition of Pb exposure is severe where groundwater is frequently 
pumped out and used for household chores (Akers et  al. 2015). Nowadays, it is 
noticed that Pb can enter drinking water through the corrosion of Pb-containing 
pipes (PVC pipes), especially when the chlorine concentration of water is high 
(Stets et al. 2018). Moreover, brass or chrome-plated brass faucets and fixtures with 
Pb solder, also add significant amounts of Pb in water. Soldered connections can 
release high concentration of Pb in drinking water to cause severe toxicity 
(Tchounwou et  al. 2012). More than 36 billion dollars are spent annually in the 
USA to control corrosion and Pb content in tap water (NWQMC 2017). The release 
from industries, urban runoff, atmospheric deposition are also the major contribu-
tors of Pb in surface water. According to EPA’s Toxic Release Inventory, about 4000 
facilities released almost 42,581 pounds of Pb and 218,510 pounds of Pb com-
pounds in water in 2007 (TRI 2009).

A set of data presents the Pb concentration in drinking water higher than the 
threshold level (10 μg L−1). Deshommes et al. (2016) reported the maximum con-
centration of 13200 μg L−1 of Pb in the 78,791 water samples collected from four 
Canadian provinces which represent a significant health risk to the consumers. Luu 
et  al. (2009) showed that about 86% of the total water samples from Kandal 
Province, Cambodia exceed the WHO limit value of Pb in drinking water. Khan 
et al. (2013) investigated the Pb concentration in drinking water sources (surface/
groundwater) collected from Swat valley, Khyber Pakhtunkhwa, Pakistan. All the 
groundwater samples showed Pb concentration >10 μg L−1 due to the geological 
processes, agricultural and industrial activities, and corrosion of plumbing systems 
in the proximity of different groundwater sources. Another, possible mode of 
groundwater Pb contamination is from landfill leachate (Mor et al. 2006; Kubare 
et al. 2010; Longe and Balogun 2010). The Pb contamination of beds and sediments 
are due to both natural and anthropogenic inputs (Nazeer et al. 2014). The concen-
tration of Pb in drinking water has been reported in Table 2.

4.5  �Ingestion of Pb-Contaminated Vegetable/Crops

Mostly plants growing on metal-contaminated sites can accumulate high enough 
range of metals to cause serious health risk in the consumers. Compared to inhala-
tion or dermal contact, ingestion of Pb-contaminated food is reported to be the main 
pathway (almost 90%) of human exposure (Wang et al. 2011; Xiong et al. 2014b). 
Consumption of contaminated plants is the primary route of human exposure to Pb. 
Lead has been widely documented to be taken up by plants and accumulate in the 
tissues. Many studies have been focused on the uptake and accumulation of Pb in 
plants through root (Cai et al. 2017; Kumar et al. 2017; Kutrowska et al. 2017) as 
well as through foliar organs (Uzu et al. 2010; Schreck et al. 2012a; Xiong et al. 
2014a; Amato-Lourenco et al. 2016).
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The uptake of Pb by plants depends on Pb behavior in the soil, in the context of 
its speciation, solubility, mobility, and bioavailability (Pourrut et  al. 2011). The 
plants growing naturally/artificially on contaminated soil accumulate high concen-
trations of Pb in their tissues. Leafy vegetables grown in urban/industrial vicinity 
are more susceptible to accumulate high concentration of Pb in their tissues. 
Accumulation of Pb by leafy vegetables has been extensively reported (Schreck 
et al. 2012a, 2014; Mohammad et al. 2017; Bi et al. 2018; Naser et al. 2018; Paltseva 
et al. 2018).

Crops/vegetables are the major constituent of the human diet, and intake of heavy 
metal contaminated vegetables can induce numerous human health risks (Shaheen 
et al. 2016; Rehman et al. 2017; Ghasemidehkordi et al. 2018; Ratul et al. 2018). 
Thus, vegetable/crop contaminating with Pb can be a potential threat to environmen-
tal quality and human health. Many plants are also used for the phytoremediation of 
Pb-contaminated soil as a low-cost approach for the cleanup of soil (Alaboudi et al. 
2018), but the use/dumping of these plants can further effect the environmental qual-
ity. Alexander et al. (2006) evaluated the consumption pathway of vegetables grown 
on Pb-contaminated soil. High accumulation of Pb was observed in spinach, onion 
and lettuce, widely used as human food, and might cause serious health issues. 
However, no health risk of consuming vegetables grown in Pb-contaminated soil 
(Pb-rich mineralization) was observed by Augustsson et al. (2018).

Table 2  Concentration of Pb (μg L−1) in drinking water and the estimated health risk . HQ and CR 
are respectively the Hazard Quotient and Carcinogenic risk

Area Pb concentration HQ CR References

Tamatave 44 0.314 0.00267 Akers et al. (2015)
India 287 2.050 0.01743 Buragohain et al. (2010)
Saudi Arabia 4.2 0.030 0.00026 Chowdhury et al. (2018)
Canada 13200 94.286 0.80143 Deshommes et al. (2016)
Iran 30.38 0.217 0.00184 Fakhri et al. (2018)
Pakistan 42 0.300 0.00255 Khan et al. (2013)
India 3.19 0.023 0.00019 Kumar et al. (2016)
Cambodia 60 0.429 0.00364 Luu et al. (2009)
Pakistan 24 0.171 0.00146 Muhammad et al. (2011)
Pakistan 1030 7.357 0.06254 Nazeer et al. (2014)
Nigeria 4.49 0.032 0.00027 Odukoya et al. (2017)
Nigeria 3 0.021 0.00018 Omo-Irabor et al. (2008)
Maryland 1.08 0.008 0.00007 Ryan et al. (2000)
Pakistan 146 1.043 0.00886 Ul-Haq et al. (2011)
Thailand 66.9 0.478 0.00406 Wongsasuluk et al. (2014)
China 0.45 0.003 0.00003 Xiao et al. (2019)
Mean 934.2 6.7 0.0567 –

Minimum 0.5 0.003 0.0000 –

Maximum 13200.0 94.3 0.8014 –

S.D. 820.2 5.9 0.0498 –
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Recent practices are focusing on the Pb accumulation in plants by untreated 
wastewater irrigation (Jamali et al. 2007; Jan et al. 2010; Khan et al. 2013; Mahmood 
and Malik 2014; Khalid et al. 2017). Recently, Balkhair and Ashraf (2016) reported 
that Pb contamination of the vegetables was primarily due to the irrigated with sew-
age/wastewater. The significant accumulation of Pb in edible portions of the vegeta-
bles can cause health disorders on consumption with the estimated health risk index 
8.1 and target hazard quotient of 1.8. The evaluation of health risk parameters helps 
better understand the health hazards from the ingestion of Pb via food products 
(Chaoua et al. 2018).

Lead accumulation via foliar organs (leaves) has been a matter of concern from 
the past few years. The increasing demand of local food has forced the farmers to 
cultivate crops in urban area; along roadsides—heavy traffic emissions, industrial 
vicinity, along railway lines, and so on. The emitted toxic metals are potentially 
adsorbed by the aerial organs of the plants and translocated to the whole plant 
(Shahid et al. 2017). Previously, Schreck et al. (2012a) reported 108, 107, 99, 122 
and 171 mg kg−1 of Pb accumulation in lettuce shoot after foliar exposure to indus-
trial atmospheric fallouts of a secondary Pb-recycling plant, respectively for 1, 2, 3, 
4, and 6 weeks. In another study, Schreck et al. (2012b) evaluated that the Pb con-
tent reached about 100 mg kg−1 DW in lettuce and parsley and 300 mg kg−1 DW in 
ryegrass after exposure to atmospheric fallouts. Under foliar application of Pb-PMs, 
about 485 and 214 mg kg−1 of Pb was reported, respectively in spinach and cabbage 
(Xiong et  al. 2014a). Similarly, Uzu et  al. (2010) showed that after 43 days of 
Pb-PMs exposure, the thoroughly washed leaves of lettuce contained 335  ±  50 
mg kg−1 of Pb in shoot tissues. The atmospheric contamination and foliar deposition 
of Pb can seriously affect vegetable growth and can induce human health risks due 
to consumption of metal-enriched vegetables. The accumulation of Pb in the edible 
vegetable/crops from different mode of contamination has been listed in Table 3. It 
is suggested that particular attention should be given to Pb levels in food stuff for 
quality assurance and protecting human health injures.

5  �Inhalation Pathways

5.1  �Occupational Exposure

As lead is widely used in different industries, it is considered as a potent environ-
mental toxin due to its persistent, nonbiodegradable, and toxic nature. Lead poison-
ing associated with occupational exposure was first reported in 370 BC (Kazantzis 
1989). Nowadays, it is common among industrial workers from the past two centu-
ries, when workers were exposed to Pb in smelting, plumbing, printing, painting, 
and many other industrial activities (Tong et al. 2000). Occupational exposure of 
workers to Pb could result in elevated levels of Pb in blood and body fluids (Barbosa 
Jr et al. 2005; Tutuarima 2018). The concentration of Pb in blood should not exceed 
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10 or 100 μg L−1 (WHO 2009). The higher concentration of Pb in the blood can 
cause significant toxicity, leading to organ and tissues damage vital for human life. 
Lead in blood have strong affinity for proteins and can dismutase other essential 
ions in the macromolecules (Chwalba et  al. 2018). It may be absorbed from the 
gastrointestinal tract (via ingestion of Pb-contaminated media) or through the respi-
ratory system (inhalation in Pb-contaminated atmosphere). Once Pb enters the body 
fluid, it is transported to the whole tissues and body organs by circulation (Li et al. 
2004; Andreassen and Rees 2005; Olojo et al. 2005) and consequently severe toxic-
ity to nervous system (Finkelstein et  al. 1998; Cecil et  al. 2008;), renal failure 

Table 3  Lead concentration (mg kg−1) in edible plants and the assessment of risk parameters

Plant
Pb 
Concentration HQ CR ADD References

Spinacia oleracea 1.89 0.06 0.000002 0.00023 Alexander et al. (2006)
Spinacia oleracea 0.18 0.01 0.000000 0.00002 Amari et al. (2017)
Abelmoschus esculentus 0.88 0.03 0.000001 0.00011 Balkhair and Ashraf 

(2016)
Water spinach 0.88 0.03 0.000001 0.00011 Bi et al. (2018)
Triticum æstivum 38.075 1.16 0.000039 0.00464 Chaoua et al. (2018)
Allium cepa 39.3 1.20 0.000041 0.00479 Cherfi et al. (2014)
Lactuca sativa 0.0037 0.00 0.000000 0.00000 Dala-Paula et al. (2018)
Abelmoschus esculentus 10.7 0.33 0.000011 0.00130 Demirezen and Aksoy 

(2006)
Chili pepper 0.52 0.02 0.000001 0.00006 Fu and Ma (2013)
Solanum nigrum L. 12 0.37 0.000012 0.00146 Ghaderian and Ravandi 

(2012)
Allium ampeloprasum L. 61 1.86 0.000063 0.00744 Hesami et al. (2018)

Spinacia oleracea 0.05 0.00 0.000000 0.00001 Huang et al. (2014)
Lactuca sativa 1.5 0.05 0.000002 0.00018 Li et al. (2018)
Brassica oleracea 2.86 0.09 0.000003 0.00035 Mahmood and Malik 

(2014)
Sesamum indicum L. 0.98 0.03 0.000001 0.00012 Mehmood et al. (2018)
Amaranthus dubius 2.38 0.07 0.000002 0.00029 Nabulo et al. (2010)
Spinacia oleracea 1.03 0.03 0.000001 0.00013 Pandey et al. (2012)
Solanum lycopersicum 0.8 0.02 0.000001 0.00010 Rehman et al. (2017)

Tagetes minuta L. 157.6 4.80 0.000163 0.01921 Salazar and Pignata 
(2014)

Phyla nodiflora 73 2.22 0.000076 0.00890 Yoon et al. (2006)
Dioscorea alata 0.38 0.01 0.000000 0.00005 Zhuang et al. (2009)
Mean 19.3 0.6 0.000020 0.0024 –

Minimum 0.0 0.0 0.000000 0.000000 –

Maximum 157.6 4.8 0.000163 0.0192 –

S.D. 8.4 0.3 0.000009 0.0010 –
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(Evans et al. 2017), anemia (Haslam 2003) and immunological disorders (Fenga 
et al. 2017). The effect of Pb on brain cause reduction of N-acetyl-aspartate, distur-
bance of the blood brain barrier and reduction in phosphocreatine ratios in frontal 
lobe gray matter (Trope et al. 2001). The effects of Pb in occupationally exposed 
workers have been highlighted in Table 4.

Occupational workers are most vulnerable to have high levels of Pb in blood due 
to their exposure to Pb-contaminated atmosphere. Many researchers have reported 
high Pb concentration in the blood of workers. Recently, Dobrakowski et al. (2016b) 
investigated the effect of short-term exposure of Pb on blood morphology and the 
cytokinesis in occupational workers. The studied group was the allowed to Pb-Zn 
work for the maintenance of blast furnace. The exposure duration was of 36–44 days. 
The obtained data showed the Pb concentration of 107 and 491 μg L−1 in blood 
respectively, before and after Pb exposure. The elevated levels of Pb in blood result 
in decrease in hemoglobin and cytokinesis increase in leukocytes and platelets 
while erythrocytes remain unaffected. In another study, Dobrakowski et al. (2016a) 
reported that 359% increase in the blood Pb levels after occupational Pb exposure, 
which was linked to the decrease in glutathione activity in the blood and increase in 
oxidative status in the leukocyte cells. The 26%, 42% and 41% decrease in levels of 
osteopontin, leptin and prolactin respectively was observed in the workers exposed 
to Pb (Dobrakowski et al. 2017).

Moreover, some studies have focused on determining the transfer and accumula-
tion of Pb in different body parts by quantifying the concentration of Pb in hair, 
urine, saliva and nails. Gil et al. (2011) reported that Pb concentration was 22.2, 
24.3, and 3.03 μg L−1 in urine, hair, and saliva, respectively, with the mean Pb con-
centration in blood 43.4 μg L−1. Likewise, Molina-Villalba et al. (2015) determined 
the Pb concentration in urine and hair samples of children near the mining and 
industrial area. The maximum Pb concentration observed in urine and hair samples 
was 54.8 and 13.8 μg g−1, respectively. However, gender difference did not show 
any variation in Pb accumulation. Mirsattari (2001) reported the urine Pb concentra-
tion of 697 μg L−1 in service station attendants exposed to tetraethyl lead. The con-
centration of Pb in blood/urine/nail/saliva of occupationally exposed workers has 
been highlighted in Table 4.

5.2  �Atmospheric Exposure

Presence of heavy metals in the atmosphere has gained considerable attention from 
the last two decades due to their high capability to deteriorate the atmospheric qual-
ity (Pruvot et al. 2006; Douay et al. 2008; Uzu et al. 2011; Schreck et al. 2014) with 
environmental and sanitary consequences observed. Heavy metals are adsorbed/
bound/attached to the particulate matter (PM), also known as ultrafine particles 
(Schreck et al. 2011), emitted from industrial activities. Beside this, Pb introduction 
into the atmosphere is mainly due to the metal and ore processing and vehicles 
using Pb fuel during several decencies, while other sources may include waste 
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Table 4  Occupational exposure to Pb and its related health effects

Studied site/area

Pb concentration in 
blood/urine/hair/
nail Effects References

Battery recycling 
plant

Blood 441.2 μg L−1 Blood pressure, hypertension Rapisarda et al. 
(2016)

Industrial area Nail 10.57 ppm;
Serum 0.08 ppm;
Hair 8.08 ppm

– Mohmand et al. 
(2015)

Storage battery 
plant

Blood 
248–393 μg L−1;
Skeleton 
68–74 μg g−1

Skeleton deformities Ahlgren et al. 
(1980)

Zinc smelting plant Blood 19.2 μg 
100 mL−1

Chromosome aberrations in 
lymphocytes

Bauchinger 
et al. (1976)

Italian glass factory Blood 400 μg L−1 Carelli et al. 
(1999)

Zinc-lead works Blood 370 μg L−1 Alteration in blood morphology, 
decrease in hematocrit, changes in 
hematopoietic cytokines

Chwalba et al. 
(2018)

Zinc-lead works Blood 491 μg L−1 Decrease in hemoglobin, increase in 
white blood cells and platelets, 
decrease level of cytokinesis related 
to hematopoietic

Dobrakowski 
et al. (2016a)

Zinc-lead works Blood 491 μg L−1 Decrease in erythrocyte glutathione, 
decrease in glutathione-6-phosphate 
dehydrogenase in erythrocytes and 
leukocytes, accumulation of lipid 
peroxidation products

Dobrakowski 
et al. (2016b)

Glass 
manufacturing and 
battery plants

Blood 
145–362 μg L−1

End-stage renal disease Evans et al. 
(2017)

Iron-steel industry Blood 43 μg L−1;
Urine 22 μg g−1 
creatinine;
Hair 24 μg g−1;
Saliva 3 μg L−1

– Gil et al. (2011)

Industrial works Blood 96 μg L−1 Blood pressure, hypertension Han et al. 
(2018)

Tile industries Blood 62.9 μg L−1 Disturbance in the levels of 
antioxidants, increase in CAT, 
decrease in SOD and GPx, increase 
in lipid peroxidation

Hormozi et al. 
(2018)

Acid and alkaline 
battery production 
unit

Blood 
282–655 μg L−1

Increase in sister chromatid 
exchanges, DNA fragmentation in 
lymphocytes, induction of 
clastogenic and aneugenic effects in 
peripheral lymphocytes

Palus et al. 
(2003)

(continued)
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incinerators, emission from Pb-acid batteries manufacturing industries (USEPA 
2017a). Lead in the indoor air comes from Pb dust formed by the scrapping and 
flaking of paints (USEPA 2017b).

Lead-enriched PM has been widely studied previously (Zheng et  al. 2004; 
Schreck et al. 2011; Dewan et al. 2015; Gemeiner et al. 2017). It has been reported 
that atmospheric PM have high sorption capacity for Pb (Shahid et al. 2017). Many 
studies have reported the Pb concentration (ng/m3) associated with PM at different 
region of the earth; 180.3 (Hu et al. 2012), 209 (Mateos et al. 2018), 136 (Peter et al. 
2018), 30–135 (Voutsa and Samara 2002), 118 (Gupta et al. 2007), 40–318 (Dubey 
et  al. 2012), 589 (Piao et  al. 2008), 98 (Rizzio et  al. 2001), 101 (Quiterio et  al. 
2004), 121 (Begum et al. 2013), 4400 (von Schneidemesser et al. 2010) and 371 
(Talbi et al. 2018). These Pb-PM can be transported over long distances in the tro-
posphere (Oh et al. 2015).

In Europe, the quality standards of most of the heavy metals in the atmosphere 
have been defined and updated in Directives 2004/107/CE and 2008/50/CE.-
According to these Directives, the annual limit value for Pb and in the atmosphere 

Table 4  (continued)

Studied site/area

Pb concentration in 
blood/urine/hair/
nail Effects References

Smelter plant Blood 2.73 μg L−1 Increase in the number of 
miscarriages and premature births, 
adverse changes in the pattern of 
estrus and menses

Popovic et al. 
(2005)

Metallurgical, 
smelter and 
refinery plant

Blood 267 μg L−1 Increased concentration of cysteine 
C in serum, cardiovascular diseases

Poręba et al. 
(2011a)

Industry Blood 252.8 μg L−1 Risk for left ventricular diastolic 
function, arterial hypertension

Poręba et al. 
(2011b)

Mining and 
metallurgy plant

Blood 
37–632 μg L−1

Cardiovascular diseases, increase in 
L-homoarginine, fibrinogen, C 
reactive protein and homocysteine, 
promote atherosclerosis

Prokopowicz 
et al. (2017)

Shooting range Blood 182 μg L−1 – Rocha et al. 
(2014)

Storage battery 
plant

Blood 559 μg L−1 Genetic damage in peripheral blood 
lymphocytes

Vaglenov et al. 
(2001)

Lead-acid battery 
manufacturing and 
recycling plant

Blood 45 μg L−1 Blood pressure, hypertension Yang et al. 
(2018)

Industrial area Serum 0.07 ppm;
Hair 8.2 ppm;
Nail 18 ppm

– Mohmand et al. 
(2015)

Smelter plant Blood 98 μg L−1 – Soto-Jimenez 
and Flegal 
(2011)
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should not be more than 500 ng/m3. The average concentration of Pb in global urban 
and industrial air is 200–600 ng/m3 and 500–1000 ng/m3 (Shigeta 2000), respec-
tively. The annual mean concentration of Pb in cities ranges between 200 and 600 ng/
m3 in Eastern Europe and <100 ng/m3 in Western Europe (Shahid et al. 2017). The 
mean Pb atmospheric concentration was 50 ng/m3 in Lisbon (Shahid et al. 2017). 
Moreover, the atmospheric concentration (ng/m3) of elemental Pb has been docu-
mented widely in literature; 64 (Bilos et al. 2001), 291 (Momani et al. 2000), 9.2 
(Fernández-Olmo et al. 2016), 14.3 (Mohanraj et al. 2004), 210–620 (Vijayanand 
et al. 2008), 3–137 (Melaku et al. 2008), 2–4700 (Shah et al. 2006), 121 (Hassanvand 
et al. 2015), 0.83 (Mafuyai et al. 2014) and 299 (Oucher et al. 2015).

Atmospheric PM is considered a significant source of human diseases (Schreck 
et al. 2012b; Brauer et al. 2015). Although Pb-PM inhalation is a secondary expo-
sure pathway in human, the main route is the ingestion of Pb-contaminated water/
soil/plants. Humans directly inhale the Pb-PM from the atmosphere which induces 
a range of short-term or long-term toxic effects in humans depending on its charac-
teristics (type, size, composition, and persistent nature). Many cardiovascular dis-
eases have been reported that are associated with direct inhalation of Pb enriched 
PM (Uzu et al. 2011; Kim et al. 2015; Asgary et al. 2017; Kastury et al. 2017). Uzu 
et al. (2011) reported human Pb toxicity emitting form a Pb recycling plant. The 
Pb-PM induced significant pro-inflammatory effect in human bronchial epithelial 
cells. Goix et al. (2014) reported the toxicity of Pb by means of cytotoxicity, human 
bioaccessibility, and oxidative potential.

Dappe et al. (2018) determined the total amount of Pb-PM that can be inhaled by 
using inhalation risk assessment models. The abundance of PbSO4 was 42% in 
PM0.1–1 and 10% in PM1–10. When fine particles containing Pb are respired through 
lungs, consequently transferred to blood via macrophages while coarse particles are 
expelled out in the digestive tract (Csavina et al. 2014). However, the determination 
of soluble/bioaccessible fractions of Pb is more important to evaluate health risk 
than the total concentration. Boisa et al. (2014) measured the bioaccessibility of Pb 
in PM10 by using epithelial lung fluid (in vitro). The % inhalation bioaccessibility 
measured was from 0.02% to 11%, indicating the rising chance of pulmonary disor-
ders from inhaling Pb-PM. Recently, Dean et al. (2017) determined the bioaccessi-
ble fractions of Pb from PM >10  μm fraction in an urban area. The measured 
inhalable dose of Pb from PM10 was 1.3–7.0 ng kg−1 day−1 body weight with a % 
bioaccessible fraction 1.2–8.8. However, the calculated human risk was low. In con-
trast, Hu et al. (2012) reported the high carcinogenic risk for both adult and children 
from the inhalation and ingestion of Pb-enriched-PM. The carcinogenic risk was 
also observed form the Pb-bound-particles in the filters of room air conditioners due 
to high contamination of the outer atmosphere (Hu et al. 2018). On another note, the 
in vivo determination of Pb bioaccessibility may be more accurate than in vitro stud-
ies and important step in the determination of direct and accurate human health risk. 
Moreover, World Health organization has reported the following human diseases/
disorders associated with direct inhalation of Pb from the atmosphere; nervous dis-
orders, renal carcinogenicity, cell hyperplasia, cytomegaly and cellular dysplasia, 
gene mutations, blood pressure, and cardiovascular effects; inhibition of the activity 
of the cytoplasmic enzyme δ-ALA; and effects on heme biosynthesis (WHO 2000).
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5.3  �Dermal Absorption

Less data is available of the dermal absorption of Pb for humans, as cutaneous 
absorption of Pb by humans is very low, <1% (Holstege et al. 2013). Dermal expo-
sure is mostly among people who work with Pb or materials containing Pb (e.g., 
workplaces, research labs, industries). The amount absorbed through the skin 
depends on the physical characteristics of the Pb (i.e., organic vs inorganic) and the 
integrity of the skin. Organic Pb (tetraethyl Pb) is quite easily absorbed by the skin, 
while inorganic Pb is not absorbed through intact skin (ATSDR 2017).

6  �Other Sources of Human Exposure to Lead

6.1  �Flaking of the Paints

Homes with Pb-based paints are also considered as a source of human Pb exposure 
and making occupants at high risk for Pb exposure and eventually Pb poisoning 
(Body et al. 1991). Children are more prone to ingest Pb dust/particles from chip-
ping paint-making Pb exposure extremely high. United States Environmental 
Protection Agency have proposed some indoor sources of human Pb exposure, 
which may contain; old Pb paint on surfaces (walls, windows, frames), flaking of 
the Pb paint on any surface, tracking Pb contaminated soil/dust from the outdoors 
into the indoor environment, home repair activities, or even from Pb dust on cloth-
ing at occupational site (USEPA 2017c).

Nduka et al. (2008) estimated the extent of use of Pb-based paint from the four 
cities of Eastern Nigeria. The flaked paint samples were collected from different 
areas (church, residential, commercial, and schools). The observed concentration of 
Pb in flaked paints was 39–74 mg kg−1. However, several studies have reported the 
high concentration of Pb in paints used in buildings, schools, playgrounds 
(Adebamowo et al. 2007; Turner and Solman 2016; Turner et al. 2016; da Rocha 
Silva et al. 2018). Human exposure to these elevated Pb levels in paint flakes can 
cause detrimental health hazards with the high blood Pb concentration (da Rocha 
Silva et al. 2018).

7  �Health Risk Assessment

Although, determining the total and bioaccessible Pb concentration is quite impor-
tant for the assessment of human Pb exposure, but without estimation human health 
hazards is of no use. Nowadays, estimating the health risks is getting increased 
attention worldwide. Many studies have focused on the evaluation of risk 
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parameters after human Pb exposure (Zheng et  al. 2007; Zhuang et  al. 2009; 
Muhammad et al. 2011; Fu and Ma 2013; Khan et al. 2013; Liu et al. 2013; Zheng 
et al. 2013; Cherfi et al. 2014; Huang et al. 2014; Mahmood and Malik 2014; Nazeer 
et  al. 2014; Triantafyllidou et  al. 2014; Wongsasuluk et  al. 2014; Balkhair and 
Ashraf 2016; Kumar et al. 2016; Odukoya et al. 2017; Rehman et al. 2017; Zhang 
et al. 2017; Augustsson et al. 2018; Bi et al. 2018; Fakhri et al. 2018; Ji et al. 2018; 
Li et al. 2018; Sawut et al. 2018; Stets et al. 2018; Xiao et al. 2019). Figure 4 repre-
sents the sources and absorption of Pb in human body from different contaminated 
media, its targeted organs and the possible health disorders.

In this study, we used following parameters to determine the potential health 
risk; hazard quotient (HQ), cancer risk (CR) and the estimated daily intake/average 
daily dose (EDI/ADD) for water and plant intake (Tables 2 and 3). The concentra-
tion of Pb in edible plants and water was used to measure these parameters. It was 
observed that HQ values range from 0.003 to 94.3 for water while 0.0001 to 4.8 for 
plants. The CR assessment showed high carcinogenic risk from Pb-contaminated 
water with most of the values exceeding the limit (CR > 10−4). However, the CR 
from plants was lower than the water. This shows that Pb in body can induce both 
carcinogenic and noncarcinogenic health hazards in human upon exposure. 
Therefore, Pb transfer and accumulation in human body must be given due consid-
eration to control its health hazards.

Fig. 4  Source, absorption and the possible health disorders of environmental exposure to Pb
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8  �Conclusions and Perspectives

This bibliographical synthesis perfectly illustrates the long-term common history 
between the man and the Pb, with still today according to the countries of strong 
exposures which can occur. In view of the deleterious impacts of Pb, it appears 
essential to reduce the human exposure to this pollutant and therefore its uses. Based 
on this current state of knowledge, strategies can then be proposed to reduce human 
Pb exposure and ultimately other metals that have been less studied.

The first way is to reduce the use of Pb at source by reducing its minimum use 
for special industrial applications and reducing its concentration. This is the logic of 
the European REACH regulation: Pb is gradually, replaced in various materials or 
when it is present in trace for example in sewage sludge, their spreading will depend 
on the quantities involved to take into accounts the total quantity. The second way 
is to reduce the diffusion, the transfer of Pb in the environment. This pathway, such 
as liming soils to reduce the solubility of Pb or using plants that have the ability to 
phytostabilize Pb by trapping it in their roots, can eventually result in the cultivation 
of moderately polluted soils by producing healthy foodstuffs. Since Pb is persistent, 
many urban soils around the world are polluted. The majority of people live in cities 
today and urban agriculture is growing. It is therefore crucial to develop strategies 
to reduce pollutant transfers in order to live well even in partially degraded environ-
ments at the global scale thanks to the knowledge of biogeochemical mechanisms.

The third way is to restore the quality of the environment and also to better train 
the populations to the risks related to the use and exposure to chemical substances. 
This involves regulations that impose management and communication constraints 
on businesses and the training of users, consumers, and voters on the subject of 
environmental health and sustainable food. Actually, forewarned is forearmed. It is 
with this goal of training society on the link between environment and health, that 
various online educational resources are developed. We can mention the massive 
open online course “MOOC-TEAM” focus on metals in the environment and human 
exposure, with accessibility for all the students (Laffont et al. 2018) or the “Réseau-
Agriville” pedagogical site dedicated to urban agriculture (https://reseau-agriville.
com/, Dumat et al. 2018).
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Abstract  Environmental threat due to toxic heavy metals is of prime concern 
worldwide. Rapid urbanization, industrialization and other developmental activities 
including anthropogenic activities (e.g. mining, fossil fuel burning) are the major 
contributors of heavy metals above the prescribed permissible limit. High concen-
tration of heavy metals has detrimental impact on soil, water and air as well as 
human and animal health. Heavy metals exert toxic effects on soil microorganism 
hence results in the change of the diversity, population size and overall activity of 
the soil microbial communities. Heavy metal toxicity influences all soil microbial 
activity that involves change in the microbial population, diversity, their size and 
growth. Loss of soil fertility results in reduced crop yield and imbalance nutrition 
due to presence of excess amount of metals. Lead is non-biodegradable highly toxic 
heavy metal present in the environment. Elevated Pb in soil causes to decrease of 
soil productivity and impair with various soil enzymatic activities. Lead contami-
nated soil created several chronic health implications (carcinogenic) or even to 
death of the living organisms via food chain contamination. Lead is considered as 
one of the potential carcinogens which can damage cardiovascular, kidney, brain, 
gastrointestinal tracts, low IQ, loss of hearing or multi-organ failure in humans. 
Lead toxicity causes several health hazards like everlasting brain injury, hearing 
loss, learning disabilities, behavioural abnormalities in children while in adults it 
comes with hypertension, blood pressure, heart disease, and so on. Lead pollution 
also has severe threat to the aquatic living organisms. In this chapter, a brief over-
view about the lead with its various active form, source of contamination and impact 
on agroecosystem, human and animals has been described in details.
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1  �Introduction

Lead (Pb) is one of the most naturally occurring bluish grey widespread highly toxic 
contaminant in soils which predominantly available in the form of mineral mixed 
with other elements like sulphur (PbS, PbSO4) or oxygen (PbCO3). The lead con-
centration in the earth crust ranges from 10 to 30 mg kg−1 (USDHHS 1999) while in 
the soil surface it varies from 10 to 67 mg kg−1 with an average value of 32 mg kg−1 
globally (Kabata-Pendias and Pendias 2001). Among the metals, Pb occupied fifth 
rank after Fe, Cu, Al and Zn. The soils of municipal areas frequently contain lead 
concentration more than normal soils because of widespread use of leaded paint and 
leaded gasoline as well as industrial uses which range from 150 to 10,000 mg kg−1 
of lead. According to WHO report, estimates mentioned that about 1.43  million 
cases of death happened due to lead poisoning every year along with 6.0 million 
new cases of children with intellectual disabilities (WHO 2013). The lead contami-
nation in the soil results in the manifestation of morphological, biological and phys-
iological changes in the plant after its uptake through the roots. Plant adsorbs the 
lead when the level of soil lead contamination is high. In several countries of North 
America lead is used in the form of leaded gasoline as a fuel which is the major 
source of lead pollution. Apart from this, approximately 50% of the total lead is 
utilized in manufacturing of the storage batteries in Unites States only. Lead is also 
the key ingredients in many industrial products such as dyes, paints, ceramics, cable 
covers and bearings (Manahan 2003). In current days, the pollution due to excess of 
lead has become global potential health concern due to its hazards to human and 
animals because of its widespread use and environmental contamination. The prom-
ising way for the entry of lead to the various systems like plant, animal and human 
tissues are via air inhalation or ingestion, dietary intake via food chain contamina-
tion and manual handling. Airborne contaminants in the environment are released 
from the motor vehicles. While lead smelter, coal burning and thermal power plants 
are responsible for aerial pollution in the form soil or dust particles which remains 
in the atmosphere indefinitely. Furthermore, atmospheric deposition of lead dust 
particles contaminates the surrounding land and water. The lead-contaminated 
waste washes off through the runoff during rainy season which contaminates 
groundwater on leaching of heavy metal toxicants. Different studies reported ele-
vated levels of Pb in blood of children (200 μg l−1) and dogs (250 μg l−1) (Kaul et al. 
2003; Balagangatharthilagar et al. 2006). The dumping sites in urban areas are con-
sidered as immense contributor to the lead. The highest soil lead level (36.1 mg kg−1) 
was reported at Aketego dumpsite in Ghana (Twumasi et al. 2016). In India, Patel 
et al. (2010) reported Pb levels in various environmental media (air, rain water, run-
off water, surface soil, sludge and plant) from different industrial sites situated at 
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Raipur city of Chhattisgarh state of India (cement, steel and ferro-alloy), Bhilai 
(steel and others) and Korba (thermal power plants and others). These industrial 
sites reported higher concentration of lead in air and soil. Unfortunately, in urban 
areas due to shrinkage and pressure on land, many farmers tends to use unapproved 
land for growing of vegetable crops in dumping sites (Egyir and Beinpuo 2009) 
which contain plenty of toxic chemicals including heavy toxic metals that may pose 
risks to the human health when introduces to the human body through the food 
chain (Bagumire et al. 2009).

2  �Source of Lead Contamination

Anthropogenic activities are the primary source of lead contamination which 
includes industrial and manufacturing developmental processes. In some of the 
developing countries use of leaded gasoline as fuel also causes atmospheric pollu-
tion. Worldwide estimates reveal that about 4.5–5.5 million tons of lead used in 
gasoline remains in the soil and dust. Municipal sewage and sludge are the major 
source of multi heavy metals particularly in most developed countries like Europe, 
America and developing countries like India. The application of sewage in the form 
of irrigation and sludge to the agricultural land contribute huge amount of the metal 
like Cu, Zn, Hg, Cd, As, Pb, Co, Ni, Fe, Se and Mn. Phosphorus fertilizers are also 
another potential source of heavy metal which contains range of metals including 
lead. Application of phosphate fertilizers in the form of compounds like North 
Carolina Phosphate Rock (NCPR), Indian phosphate rock, SSP, TSP and DAP bring 
in lead to the soil. Apart from this, industrial uses of lead such as proofing (also 
called as proving or blooming, term used by bakers for shaped bread), flashing and 
sound proofing explore the lead contamination. Further, its multiple daily uses in 
several industrial products like batteries, paints, pigments, gasoline, ceramics, pes-
ticides and glassware are common (Tangahu et al. 2011). The major sources of lead 
in soils (Fig. 1) are as follows:

•	 Batteries
•	 Metal products
•	 Industrial waste
•	 Preservatives
•	 Petrol additives
•	 Paints with lead pigments
•	 Industrial smelting and alloying
•	 Leaded fuels, bullets and fishing sinkers
•	 Ceramics
•	 Dumping sites
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3  �Forms of Lead

Lead oxides and hydroxides are the common form of the lead in the soil. The most 
stable and reactionary form of lead is Pb (II) and its hydroxyl complexes which 
form mononuclear and polynuclear oxides and hydroxides (GWRTAC 1997). 
Primarily the lead (II) compounds exist in its ionic from (e.g. Pb2+ SO4 2−) whereas 
Pb (IV) compound form covalent like Pb(C2H5)4 (Tetraethyl lead) which is the most 
prominent pollutant in use. Besides this, the other compounds of lead (lead carbon-
ate, lead phosphate, lead hydroxides) are insoluble (Raskin and Ensley 2000). 
Among the solid forms, lead sulphide is the most common and constant form. In the 
absence of oxygen microbial alkylation is responsible to convert tetramethyl lead, a 
volatile organo-lead compound. Lead is also present in salts like Pb(OH)2·2PbCO3 
which is commonly used in white paint pigments that cause chronic lead poisoning 
to children.

4  �Behaviour of Lead in Soil

Worldwide lead content in the uncontaminated soil ranges from 10 to 84 ppm with 
an average value of about 50 ppm. The fate and transport of the lead in the soil after 
its entry depends upon its chemical form and speciation. After adsorption, it goes 
through the various mechanisms/processes like leaching through downward move-
ment by surface water during heavy rains, biological mobilization or immobiliza-
tion, ion exchange, complexation, adsorption and desorption or may get precipitate 

Fig. 1  Schematic representation of various sources of lead contamination to the soil
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or taken up by the plants with the help of plant roots. It may also transport to the 
atmosphere in the form of fine particle through the wind. Sandy soils have low fix-
ing capacity of lead as compare to other soils and it increases with increases of clay 
and humus content. Soil pH plays crucial role in the existence of lead. In acidic 
condition (pH < 5) lead is more soluble and held less tightly to the soil, whereas it 
is the reverse when pH is more (>6.5) with less solubility and stronger binding. 
About 60–80% or more of dissolved lead present in the form of soil organic com-
plex in uppermost 1–2 in soil surface (Sauve et al. 1997).

5  �Impact of Lead Contamination

5.1  �Lead Toxicity

Lead toxicity or lead poisoning is also known as plumbism. The level of any metal 
beyond the permissible limit cause toxic effect due to its poisonous nature and may 
have pessimistic effect to the life. These toxic metals get accumulated in the body 
and in the food chain after entry through the various medium. The soil contaminated 
with lead is categorized into five groups based on the lead contamination level viz. 
very low (<150 ppm), low (150–400 ppm), medium (400–1000 ppm), high (1000–
2000 ppm) and very high (>2000 ppm). The level of lead content varies from season 
to season and in the different mediums. A study reported that the permissible limit 
of lead for air (0.10 μg m−3), soil (300 μg kg−1) drinking water (5 μg l−1) and food 
(1.1 mg kg−1), respectively. The Pb contamination of the atmospheric air of central 
India in winter season was reported several folds higher (1.0 μg m−3) than its per-
missible limit. Likewise, industrial effluents contain higher level of Pb (5 μg l−1) 
which is highly toxic to human, animals as well as for agricultural purposes, if used 
as irrigation water. The crops cultivated with the sewage effluents contain much 
higher level of Pb (1.1 mg kg−1) in the vegetative parts (Patel et al. 2010).

5.2  �Soil Health and Soil Biodiversity

Soil is an important entity which is made up of three different components viz. 
lithosphere, hydrosphere and atmosphere and disturbances of any one of among 
these severely affects the soil health with its phenomenon. As discussed earlier in 
the text that soil is the most vulnerable to the contamination by various sources 
including heavy metals which harshly harm the soil health that results in the loss of 
crop yield by about 15–25%. Soil is the major source of contamination of food 
chain due to presence of heavy metals like Cr, Co, Hg, Pb, As and Zn. Fertilizers 
viz. rock phosphate or phosphatic fertilizers responsible for soil and food crops 
contamination in the form of impurities (Gupta et al. 2014). Long term fertilizer 
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experiments (>39 years) confirmed build-up of heavy metal (Cd, Pb, Co, Cr and Ni) 
in the soil due to 100% or more application of recommended dose of NPK (Adhikari 
et al. 2012). Similarly, long term sewage irrigation results in significant build-up of 
lead in upland soil at Kolkata (Adhikari et al. 1993). Higher concentration of lead 
(8–16 times above the reference limit) was found in the crops grown on polluted 
area near the lead smelter plant in France (Douay et al. 2013). Use of sewage water 
for growing of crops had drastic effect on beneficial soil micro-organisms, hammer-
ing soil fertility, imbalance nutrition and productivity which modify the cropping 
pattern of the farming.

The agricultural soils/lands which situated nearby to the industrial areas are 
more prone to the heavy metal contamination (Saha 2013). The lead concentration 
was higher in the soil near to electroplating and paint industry at Coimbatore which 
considered as the major source of lead contamination. The cement factory at 
Dindigul district of Tamil Nadu is the major contributor of lead dust pollution up to 
1.0 km of distance that was more prominent within the radius of half km (Stalin 
et al. 2010). The surrounding areas of thermal power plant were enriched with high 
accumulation of heavy metals like As, Hg, Ni and Cr (Ozkul 2016) and the Soil and 
plant samples were detected with high geo-accumulation index and enrichment fac-
tor. Atmospheric deposition of heavy metals nearby industrial sites and heavy traffic 
areas are also reported to high lead accumulation. A lead smelter plant emitted 
about 18.4 tons of Pb, 26.2 tons Zn, 823 kg Cd in 2001 in France which results in 
high concentration of Cd, Pb and Zn accumulation in top 30 cm surrounding soil 
(Godin et al. 1985; Sterckeman et al. 2000, 2002). Even after closure of the plant in 
2003, the soil particles of lawn and kitchen gardens had about 47–68% of human 
bioaccessible heavy metals including lead on soil or dust particle ingestion (Pelfrene 
et al. 2013). Furthermore, the soils of the nearby areas of the smelter plants had 
10–15 times more lead content than the reference soils (Pruvot et al. 2006).

The high accumulation of the lead in the soil is detrimental to biological life of 
the soil. Lead toxicity reduces the population of the beneficial micro-organisms like 
earthworm, bacteria, fungi, protozoa and arthropods. which are responsible for 
improved soil fertility and other soil biological function. Due to inhibition of growth 
and morphology of beneficial micro-organisms, different microbial assisted soil 
processes of agricultural importance get hampered like biological nitrogen fixation 
by influencing Rhizobia (Hernandez et al. 2003). Soil microbial diversity is the key 
component for the maintenance of the soil quality (Xie et al. 2014). The soil lead 
accumulation affected both soil enzymatic activities as well as soil microbial 
diversity.

5.3  �Plant Growth and Development

Soil friability and soil compaction are the two important soil quality parameters that 
influence overall plant growth and development which ultimately linked to final 
output, that is, crop yield. Pollutants can affect the plant by both ways as directly as 
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well as indirectly due to contaminated soil and water use (Fargasova 1994). Plant 
absorbs the metals and other pollutants from the soil with the help of their root sys-
tem in ionic form (Fig. 2). Under high concentration of metals and other pollutants 
plant adsorb the toxic elements which hamper the seed germination, plant growth 
and development by hindering the physiological, biochemical and genetic elements 
of the plant (Sethy and Ghosh 2013). Further toxicants disturb the proper function-
ing of cell and cell constituents, cell wall, proteins and polynucleotides. Plant exhib-
its toxicity only when soil lead level is high. Studies reported that lead get 
accumulated more in the leafy vegetables (lettuce, spinach, etc.), whereas a little 
amount of lead may accumulate in fruiting parts and fruits.

Studies reported the safe limit of soil lead level (up to 300 ppm) and the risk of 
lead poisoning is increases with increasing level of lead content (Rosen 2002) due 
to soil or dust deposition rather than plant uptake. Organic matter and phosphorus 
content in the soil antagonize the soil lead content and its risk to the plant. Under 
high soil lead concentration, the plants enzymes get deactivate and also disrupt the 
calcium metabolism which reduces CO2 assimilation and finally photosynthesis 
gets affected.

5.4  �Crop Quality and Productivity

Cultivation of the crops in soils contaminated with the heavy metals results in the 
loss of crop quality with reduced productivity. The bioaccumulation of lead in the 
crops (Grain and straw/biomass) reduced quality of the food grain and has toxic 
effect on health of human and animals when consumed. The vegetables and their 
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Fig. 2  Soil lead contamination in plant and their effect on growth and development
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parts accumulated more toxic metals than the edible grain crops. The vegetable 
crops grown with the continuous use of sewage water nearby urban or peri-urban 
areas had high level of the lead content (Bhupal Raj et al. 2009) which reduced the 
shelf life of the crops with giving bad odour. The inferior quality of onion was found 
with polluted groundwater in Ratlam (India) industrial area (Saha and Sharma 
2006); vegetable samples collected from Yamuna flood plains Near Delhi, Faridabad 
and surrounding areas had high content of Pb and Zn (DFID 2003). Among the 
crops, spinach is the most sensitive crop for the heavy metal accumulation including 
lead. About 72% of spinach samples collected from Yamuna flood plains had lead 
concentration above the permissible limit (2.5 mg kg−1) and 24% sample contain 
lead >5.0 mg kg−1. The groundwater samples collected from polluted area of Nagda 
(India) contain 9.1 μg  l−1 of Pb which was 162-folds higher than the unpolluted 
groundwater samples. Studies reported bioaccumulation of heavy metals in potato, 
rice, wheat at local and international commodity marketing and more concern on 
horticultural product which contained high level of Cu due to heavy use of copper 
containing fungicide. Similarly, accumulation of Pb resulting from the use of leaded 
fuels is widespread worldwide including India (Bolan et al. 2003).

Due to scarcity of fresh water for irrigation, the farmers nearby urban and peri-
urban areas are forced to use the sewage water or industrial effluents. This wastewa-
ter contains enormous amounts of toxic elements including heavy metals which 
directly or indirectly discharged into water bodies and thus pollution of groundwa-
ter. Use of groundwater for irrigation adversely affected the farmer’s economic con-
dition besides changing cropping patter and reduced crop productivity (Saha and 
Sharma 2006). The farmers moved out from growing of pulses and vegetables with 
the polluted groundwater and kept their land fallow in the rainy season. The severe 
losses in the crop yield of soybean, gram, fenugreek and garlic have been observed. 
The crops also get infected with more pest and diseases due to contaminated water 
which increased input cost to the farmers. The groundwater sample collected from 
Pithampur (MP) industrial area contain 3.7 μg Pb l−1 and effluents samples from 
Patancheru (AP) contain 0.3–14.2 μg Pb l−1 (Panwar et al. 2010).

5.5  �Nutrients Availability and Enzymatic Activities in Soil

Degradation of soil health induced due to the soil pollutant hamper the nutrient 
availability in the soil and reduces the fertility of the soil by imbalance nutrition. 
The heavy metals or metalloids and other toxic elements antagonize the availability 
of beneficial nutrients to the crops. For example, elevated Pb lowers the availability 
of the calcium and phosphorus by which calcium and phosphorus mechanism 
affected. Lead had strong inverse correlation with iron status. Deficiency of zinc 
also induced more absorption of the lead (Markowitz and Rosen 1981). Highly lead 
contaminated soils found to be more deficient in iron, calcium, phosphorus and 
zinc. Nutrient cycling is the biochemical process mediated by a variety of the soil 
micro-organisms and all the processes or reactions are catalysed by various enzyme 
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groups (Tabatabai 1982). The excess of heavy metals obstruct various soil enzy-
matic activities (Yang et  al. 2006) like alkaline phosphatases, dehydrogenase, 
β-glucosidase, protease, urease and cellulose (Kunito et al. 2001; Effron et al. 2004; 
Oliveira and Pampulha 2006; Wang et  al. 2008). A study done by Saha (2013) 
reported that enzymatic activities have declined with increasing level of metals.

5.6  �Human and Animal Health

In recent days the heavy metal contamination of various mediums is of great con-
cern globally. The metal contamination not only harms the soil, water and atmo-
spheric environment but also has adverse impact on the human as well as animal 
health (Singh and Ghosh 2011). Heavy metal toxicity to the human health received 
attention due to their widespread poisoning which results in “Gasio gas” (trimethyl 
arsine) due to arsenic toxicity and secondly “Minamata disease” in Japan in late 
1950s due to mercury (Hg) through ingestion of fish. Millions of people were also 
affected due to heavy metal poisoning or toxicity in China, Bangladesh including 
India. In Australia and New Zealand accumulation of cadmium in the body of graz-
ing animals were reported due to that meat product were totally banned to overseas 
markets.

Generally, the heavy metal in the human body get enters through the two ways, 
that is, inhalation and ingestion. The transfer of heavy metal through the food chain 
start from the contaminated soil by plant root uptake and further transfer to the 
edible parts like grain or fruits which end to human or animal body. The entry of the 
metals to the food chain depends on source and amount of metal, plant type, cli-
matic condition, seasonal variation, soil pH, and so on. Long-term use of sewage 
sludge contaminated soil for crop production results in accumulation of high con-
centrations of Cu, Co, Cd, Hg, Pb, As and Zn, in many countries and their subse-
quent adverse impact on human and animal health (ATSDR 2005). Heavy metals 
like Co, Cr, Ni and Cu have a more toxic effect on plants than animals, whereas Pb, 
Cd, Hg and As are more poisonous to higher animals (McBride 1994). The lead in 
the body enters through the breathing or swallowing of soil or dust particle and 
cause detrimental health implications by its accumulation in the body tissues. 
Children are more susceptible to lead toxicity than adults. Younger persons and fast-
ing individuals ingested more amount of lead. The absorption rate of lead in the 
bloodstream ranges from 3% to 80% (FAO/WHO 2011; Sabath and Robles-Osorio 
2012; Marsh and Bailey 2013) and half-life of Pb in blood and tissues considered 
about 28–36 days (Farzin et al. 2008).

The adsorption of lead in children occurs mainly through the inhalation of the 
dust particles or via ingestion of contaminated food and water. Insufficiency of Ca, 
Fe and P or imbalance nutrition in the body and empty stomach increases the uptake 
of lead. Lead accumulates in the body organs like brain, bones and inhibits their 
proper functioning by hampering haem and haemoglobin formation may lead to 
plumbism or even death. Concentration of lead in body above the permissible limit 
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may cause serious injury to RBC, kidney, brain, nervous system and gastrointestinal 
tract (Baldwin and Marshall 1999), effects on renal, cardiovascular, reproductive 
system (Patra et al. 2011; FAO/WHO 2011; Abdullahi 2013; Sun et al. 2014), fur-
ther loss of IQ, hearing, mental deterioration, hypersensitivity, impaired neurobe-
havioral functioning (Grandjean and Landrigan 2014) and many developmental 
disorder may come across in children below 6 years of age. Increasing lead concen-
tration also impaired with the headache, vitamin D metabolism, loss of appetite, 
constipation, poor haemoglobin synthesis, frank anaemia, nephrotoxic effects with 
impaired renal excretion of uric acid, nephrotoxic effects with impaired renal excre-
tion of uric acid and weakness of joints (NSC 2009).

Studies reported that provisional tolerable weekly intake (PTWI) of 
25000 mg kg−1 body weight of lead reduces the IQ by three points in children and 
increases systolic BP by 3 mmHg in adults (0.4 kPa) in adults (WHO/FAO 2011; 
Tellez-Plaza et al. 2012; Solenkova et al. 2014). The epidemiological studies results 
from lead smelter company of northern France clear that high blood lead levels 
(39.5 μg l−1) of children living on the polluted sites as compare to the unpolluted 
sites (30.6 μg  l−1) (Leroyer et  al. 2000, 2001), among them 10–15% had higher 
blood lead level of 100 μg Pb  l−1 (Sterckeman et  al. 2000, 2002; Pelfrene et  al. 
2013). Similarly, rice grain contained about 0.39 mg kg−1 of lead beyond maximum 
permissible limit (0.2 mg kg−1) due to fly ash use in China (Nolan 2003; Türkdogan 
et al. 2003). Being as constitute of azo-dyes for colouring may results in carcino-
genic effect on human body.

5.7  �Aquatic Organisms

Heavy metal pollution causes major effect on biotic life cycle (Meena et al. 2014). 
Increasing the concentration of toxic substances in the tissue of the tolerant organ-
isms at higher level called as biomagnifications or bioamplification. Due to move-
ment of pollutants (heavy metals) into water bodies from different diffuse or point 
sources has adverse impact on aquatic organisms. Bioaccumulation of heavy metals 
in the aquatic system posing a severe menace to the aquatic fauna and flora particu-
larly to fishes which constitutes one of the major sources of protein rich food for 
mankind. The industrial waste in the form of sewage and sludge (e.g. effluents, 
wastewater) and municipal waste discharged directly with or without any treatment 
that constitutes number of toxic elements including heavy metals which pollute the 
water bodies (ponds, lakes, rivers, etc.) and groundwater as well. The polluted water 
impedes the growth and development of water living organisms that may even lead 
to the death to the aquatic life. These toxic heavy metals may reach human bodies 
via the food chain (e.g. fish, prawns, crabs that cause severe health hazards, like 
“Minamata disease” in Japan in late 1950s due to transfer of methyl mercuric com-
pound). Due to industrialization development, the pollution of aquatic environment 
has been increased by two- to threefold more as compared to pre-industrial levels.
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5.8  �Environmental Threats

Heavy metals are carcinogenic in nature; therefore, its decontamination from the 
system is necessary for sustainable crop production or a healthy environment 
(Dotaniya et al. 2018). Huge volume of the wastewater discharged from the textile 
industries using wide variety of chemicals causing severe damage to the environ-
ment. In India, thermal power plants emit 339 t of Pb annually along with other 
heavy metals (Pacyna and Pacyna 2001). Atmospheric release of Pb from the ther-
mal plants causes air pollution and pollution of water streams and groundwater due 
to discharge of their effluents. Lead is such toxic heavy metal which can stay behind 
in the environment permanently in the form of fine dust particle. Use of gasoline as 
a fuel is the major contributor of lead to the air pollution. Another by-product of the 
thermal plant is fly ash, a hazardous material which contains a variety of heavy met-
als and is a threat to the whole environment. Fly ash contains a variety of heavy 
metals which contaminate the aerial environment along with surrounding agricul-
tural soil and water bodies; upon settling after long exposure, these toxic metals 
enter the food chain. Unplanned urbanization, infrastructure development and 
industrialization have resulted in atmospheric pollution due to deposition of heavy 
metals as dust particle from various anthropogenic activities like mining and other 
urban developmental activities (Mishra et  al. 2013; Pal et  al. 2014). In Varanasi 
(India), the atmospheric deposition of lead was reported from 9.8  g  ha−1  year−1 
Sharma et al. (2008) to as high as 71.0 g ha−1 year−1 (Tiwari et al. 2008) and simi-
larly, that was 32.4 g ha−1 year−1 for Mumbai (Tripathi et al. 1993). The emitted 
particulate matter from smelting industries contains oxides of heavy metal such as 
Zn, Cd, Pb, AS, Hg, Cu which are harmful to the whole surrounding environment. 
The smelting processes produce about 3 tons of solid waste for the production of 
one ton of lead or zinc which contain about 0.5–0.7% lead along with other toxic 
heavy metals.

5.9  �Impact on Agroecosystem

Anthropogenic activities (e.g. mining) play crucial role in the transfer of the toxi-
cants to the soil, water and air from the underground bed rocks. Mining activities 
introduces variety of heavy metals (Cr, Cu, Cd, Pb, Hg, As, Co and Zn) which down 
streamed through the leaching and runoff in rainy season after mineralization pro-
cess and contaminate the groundwater resources. The heavy metals are released into 
the various environment on weathering of these bed rocks and minerals which ulti-
mately contaminant the surrounding ecosystem. These toxic metal(oid)s moved out 
to the agricultural land/soil together with runoff water or after using sewage water 
as irrigation. The soil and vegetable sample collected from mining areas were highly 
contaminated with Pb, Cd and As while irrigation water contain high level of Pb. 
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More than 71% of the vegetable samples were found heavily contaminated with 
lead in the mining areas. Similarly 44% samples were with high As content. Heavy 
metals released from the smelter industries get deposited in the terrestrial ecosystem 
which causes agricultural land and food chain contamination. Similar results also 
reported from North Vietnam due to extensive mining activities to deteriorate soil, 
water bodies and plants with heavy metals (Bui et al. 2016).

6  �Summary and Conclusion

Lead is an extremely toxic and hazardous heavy metal contaminant even at low 
concentrations to living organisms. Due to its non-biodegradable nature it can be 
accumulating in the living organisms, thus causing several health risks. Proper dis-
posal of the lead-based waste products should be strictly followed to avoid the envi-
ronmental contamination or further exposure. Remediation of lead contamination is 
indispensable to reduce the associated potential risks to various environments and 
to make land resources lead free for agricultural production, to make available 
healthy food for mankind. A summary of the chapter is represented with the help of 
a schematic representation (Fig. 3).
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Abstract  Heavy metal pollution is emerging at a faster rate in non-contaminated 
areas, which are near to metropolitan cities. The ever-growing population with 
higher growth rate, industrial extension and poor management of natural resources 
across the globe in developing countries, particularly in India, make environments 
vulnerable to metal contamination. Over the last few decades, owing to scarcity of 
good quality water, farmers are forced to utilize marginal quality water for irrigation 
purpose which has led to reduction in soil health crop production potential. Long-
term application of industrial effluent are accumulating significant amounts of 
heavy metals in soils and reach to human body via food chain contamination. It 
causes different types of ill effect in human being. Among heavy metals, lead (Pb) 
occupies the top place as priority pollutant as per classification given by the Central 
Pollution Control Board. Due to its toxicity in human body, poor development of 
infants, mental weakness, nerve disorder, kidney damage, gastric problem, hor-
monal imbalance and cardiovascular disease are common. The main sources of Pb 
contamination are acid batteries, paint and varnish, coal industries, automobile sec-
tors, plastic and agriculture sectors. Lack of proper technological intervention in 
respect to waste water treatment or its safe disposal, enhances the more chance of 
Pb contamination in soil and water bodies. In nature, it is present as Pb2+, different 
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types of oxide and hydroxides, and oxyanionic complexes; their chemistry is 
affected by various soil and water parameters. Safe disposal and remediation of 
Pb-contaminated soils by using traditional and modern tools and techniques is the 
need of the day for sustainable crop production.

Keywords  Climate change · Heavy metals · Lead toxicity · Lead–carbon dynam-
ics · Phytoremediation · Soil microbial diversity

1  �Introduction

Growing crop plants on healthy soil produces quality foodstuffs. Population increas-
ing at a staggering rate needs more amount of food to alleviate hunger. India is a 
developing country with second place in population pressure after China. Using 
poor-quality water or contaminated lands is paramount for producing surplus food 
owing to lack of healthy soil and fresh water (Bharti et  al. 2017). The natural 
resources are shrinking with time and shrinking fresh water availability is tinted 
everywhere across the globe. Growing industrial sector and related anthropogenic 
activities are producing a lot of wastes in terms of solid and effluents (Aktar et al. 
2009; Rajendiran et al. 2015; Solanki et al. 2018), which are having huge water 
potential and meagre amount of plant nutrients. In developing countries most of 
household waste merging in industrial waste, and reach to farmers fields (Meena 
et al. 2015; Meena et al. 2019a). In the present time, it is gaining a lot of importance 
at national and international level for sustainable management of heavy metals, 
including lead (Pb) toxicity without compromising ecosystem services. Researchers 
are tirelessly working on minimizing the Pb contamination in food chain with the 
help of organic and inorganic sources (Bell and MacLeod 1983). The availability of 
Pb metal in soil for plant roots is reduced by adding organic matter (OM) or pH-
mediating substances (Saha et al. 2017).

On the other hand, soil contains a range of heavy metals, which are carcinogenic, 
and adversely affects the soil–plant nutrient dynamics and soil health (Rajendiran 
et  al. 2018). These metal(s) or metalloid(s) have anatomic density greater than 
5 gcc−1 or atomic number greater than calcium (Dotaniya et al. 2018c). Most com-
mon heavy metals are chromium (Cr), lead (Pb), arsenic (As), selenium (Se), mer-
cury (Hg), cadmium (Cd), iron (Fe) and nickel (Ni). Among heavy metals, Pb has 
occupies a prominent place and is mainly contributed by paint, petroleum combus-
tion, battery-based industries (Table 1). As per international research organizations, 
lead is categorized as a potential pollutant and found to easily accumulate in soil 
and sediments containing significant amounts of clay or organic matter. Deposition 
in soil is regulated by soil properties like pH, clay percent, cation exchange capac-
ity, organic matter content and soil structure. Higher amounts of clay accumulate 
more amounts of Pb and the soil health declines. Most of the heavy metals are more 
available at lower pH conditions and precipitate with other minerals at a higher pH 
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soil environment (Dotaniya et  al. 2017a). Increasing moisture also enhances the 
mobility kinetics in soil and more change to damage the plant growth (Eick et al. 
1999). Faulty crop input application strategies are  also enhanced the significant 
amounts of Pb in surface layers (de Abreu et al. 1998).

Pb concentration in soil reduces healthy growth of plants and causes different ill 
effect, such as poor growth, change in water balance, yellowing and chlorosis, black-
ening of plant roots, imbalance in mineral nutrition, poor cell wall growth, hormonal 
imbalance, and reduction in root exudation process and thus mediating cell permea-
bility and structure. It affects the protoplasmic reaction and process and ultimately 
stunted growth or dead of plant. In soil, the common adverse mechanisms of Pb 
include reducing the plant nutrient availability kinetics, mineralization of OM, soil 

Table 1  Source of heavy metals in environment (Adopted from Levinson (1974) and Alloway 
(1990)

Metalliferous mining and smelting

Spoil heaps and tailing-contamination through weathering, wind erosion (As, Cd, Hg, Pb)
Fluvially dispersed tailings-deposited on soil during flooding, river dredging, etc. (As, Cd, Hg, 
Pb)
Transported ore separates-blow from conveyance onto soil (As, Cd, Hg, Pb)
Smelting-contamination due to wind erosion in industrial belt (As, Cd, Hg, Pb, Sb, Se, Fe, Mn)
Iron and steel industries (Cu, Ni, Pb)
Metal finishing (Zn, Cu, Ni, Cr, Cd)
Industry

Plastics (Co, Cr, Cd, Hg)
Textiles (Zn, Al, Z, Ti, Sn)
Microelectronics (Cu, Ni, Cd, Zn, Sb)
Wood preserving (Cu, Cr, As)
Refineries (Pb, Ni, Cr)
Atmospheric deposition

Industrial deposition (Cd, Cu, Fe, Pb, Sn, Hg, V)
Pyrometallurgical industries (As, Cd, Cr, Cu, Mn, Ni, Pb, sb, Ti, Zn)
Automobiles exhausts (Mo, Pb, V)
Fossil fuel combustion (As, Pb, Sb, Se, U, V, Zn, Cd)
Agriculture

Fertilizers (in P fertilizers-Cd, As, V)
Manures (Pig and poultry-As, Cu; FYM-Mn and Zn)
Lime (As, Pb)
Pesticides (As, Hg, Pb, Cu, Mn)
Irrigation water (As in West Bengal, Bangladesh, Pb in lead mining area, Se, Cr in leather 
industrial area)
Waste disposal on land

Sewage and sludge (Cd, Cr, Ni, Zn, Cu, Pb, Hg, Fe)
Leachate from landfill (As, Cd, Fe, Pb, Zn)
Scrapheaps (Cd, Cr, Cu, Pb, Zn)
Coal ash (Cu, Pb, Cr, Cr, Ni, Fe)
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microbial population and diversity, and poor soil structure. Increasing the Pb avail-
ability in soil solution reduces the availability of other metal cations and plants show 
deficiency symptoms (Kim et al. 2002). Increasing the Pb levels reduced the Ni con-
centration in spinach under Vertisol of Madhya Pradesh, India (Dotaniya and Pipalde 
2018). A similar pattern of elevated level of Pb in black soil adversely affects the soil 
enzymatic activates and maximum reduction had with DHA than alkaline and acid 
phosphatases (Pipalde and Dotaniya 2018). Stefanov et al. (1995) reported that long-
term (41  years) application of Pb containing fertilizers accumulated significant 
amounts of available Pb in soil. Other scientific reports showed that use of mine 
industry effluent accumulated significant amounts of Pb and other heavy metals in 
sediment particles (Laxen and Harrison 1977). In this chapter, we have discussed the 
Pb toxicity in soil–plant system and sustainable management for crop production.

2  �Sources of Lead Contamination

Today, lead contamination in environment, soil and food chain is increasing at a 
faster pace and has led to contamination of natural ecosystems. Lesser concentra-
tion for longer exposure may lead to toxic levels and interfere with the ecosystem 
services and reduce the system productivity. Soil–plant system Pb mediated plant 
nutrient dynamics and the uptake kinetic in plants. It adversely affects the plant 
metabolism and ultimately reduces the crop growth and yield. These situations are 
more pathetic in vegetable production areas mainly with the only source of Pb con-
taining wastewater (WW). Several research reports are the witness of the Pb levels 
increasing with time in food chain either terrestrial or aquatic food web (Fig. 1).

Fig. 1  Sources of Pb pollution in environment (Modified from Dotaniya et al. 2018c)
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2.1  �Lead Concentration in Atmosphere

Atmosphere is a larger sink for the Pb emission and contributing mainly by the 
petrol emission and significant chunk by the industrial activities. These contribu-
tions are greatly decided by the type of industry and concentration of Pb after pri-
mary treatment at industry level, population and lifestyle, traffic density as well as 
weather conditions of particular areas. Metropolitan cities are the big contributor of 
Pb concentration in air causing lungs problems. The international organization stud-
ied on the Pb concentration in air with respect to petroleum type, distance from 
road, vehicle type and green belt of the trees (Gloag 1981). Increasing the petrol 
efficiency at industrial level addicting the tetraethyl and tetramethyl Pb are the main 
cause of Pb emission through vehicles (Sharma and Dubey 2005). The concentra-
tion of Pb inversely reduces with increasing the distance from road. However, the 
dense green belt of trees significantly reduces the Pb concentration in air and cleans 
the environment. Road side plant leaves contain more concentration than the plants 
away from the dense traffic road. The mean concentration of Pb in air is low as 
0.02 μg  m−3 vary in remote locations but higher concentration was observed in 
European Community metropolitan urban areas up to 10 μg  m−3 (World Health 
Organisation 1977).

2.2  �Sewage Channels

Most of the developing countries are facing the challenges sustainable food produc-
tion with quality aspect. Natural resources are indiscriminating exploiting to 
enhance the system productivity without rational management (Dotaniya et  al. 
2016a). Use of sewage water for agricultural crop production system is a common 
practice in water scare area of peri urban (Dotaniya et al. 2018a). It contains meager 
amount of Pb due to intermixing of household and smaller industrial effluent. Long-
term application of these marginal quality water accumulated significant amounts of 
Pb in soil. Application of Pb at 0–100 mg kg−1 reduces the soil enzymatic activities 
and adversely affected the plant nutrient supply chain towards crop plants (Dotaniya 
and Pipalde 2018).

2.3  �Through Contaminated Food

Food chain contamination is the main source of Pb contamination in human body. 
Crop cultivation on marginal or polluted natural resources produces the metal con-
taminated food stuffs and absorb by different organs during the intake. These situa-
tions are very pathetic in urban polluted areas and peoples are forced to use 
contaminated food materials produce from industrial waste, sewage effluent, 
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marginal land and spurious crop input materials. Leafy crops absorb more amount 
of Pb from polluted soils as compare to grain crops (Dotaniya et al. 2018b). The Pb 
metal toxicity in human being can be calculated by using Pierzynski et al. (2000) 
hazard quotients (HQgv). Dotaniya et  al. (2018c) suggested that application of 
organic substances like crop residue, FYM, vermicomposting reduce the transfer of 
Pb from soil to edible plant parts. Similar pattern inorganic substances are also 
reduce the mobility and availability of Pb in soils.

2.4  �Lead in Water

Water is also a prime source of Pb in human beings and affects various biochemical 
processes. The geogenic concentration of Pb causes groundwater pollution and less 
chance to minimize the toxicity across the globe. Across the world soil Cr, Cu, Ni 
and Zn concentration are 68, 22, 22 and 66, respectively (Das and Chakrapani 
2011). These values might be different due to regional and climatic variations. Few 
Pb pollution hot spots are well known and different agencies are working to reduce 
the concentration in drinking water. However, long-term application of sewage or 
industrial effluent also contaminated the ground water and pollute the drown streams 
of water. Dumping of industrial waste without any treatment on healthy soil or in 
freshwater bodies also accelerated the groundwater pollution.

2.5  �Lead in Soil

The geogenic contribution of Pb is the main source of Pb contamination. Industrial 
use explores the extraction of Pb mineral for human use and spread the concentra-
tion in remote areas. These processes are speedier after the industrial revolutions 
and liberalization period across the globe. The concentration in soil reduces the soil 
microbial activity, population and also diversity.

3  �Lead Toxicity in Plants

Lead is one of the toxic pollutants and geogenic evolution. Due to fast global industrial 
development enhance the concentration of Pb in burgeoning crop areas (Nriagu 1996). 
The available concentration of Pb in soil reached plant parts via root uptake. Dark 
green leaves, stunted growth, chlorosis and plant look like infested by insect-pest are 
the important symptoms of Pb toxicity in plants (Jones et al. 1973). Initially Pb reaches 
in root apoplast and after passing few processes reach endodermis through cortex 
through passive uptake mechanism. Here, it would be accumulated significant amounts 
and actively involve as a barrier to transfer Pb from root to shoot. This might be one of 
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the potential clues that root biomass having higher content of Pb than shoot parts 
(Verma and Dubey 2003). Higher concentration of Pb in soil moves in other parts like 
vascular tissues and diffuses out in nearby tissues. These evidences showed the move-
ment of Pb into the symplast. The carboxyl groups of galacturonic acid act as a bind-
ing agent in cell wall and reduce the transportation mechanism through the apoplast in 
most of the plants (Rudakova et al. 1988). In lower concentration, soils predominantly 
move the Pb ions into the apoplast but toxic level it damage barrier tissue and huge 
concentration entered into cells (Sharma and Dubey 2005). Higher proportion of read-
ily available Pb in soil solution promotes more amount of Pb in shoot via root cells. 
The update pattern is very much dependent on genetic potential of plant, age and 
environmental factors (Dotaniya et  al. 2018c). More leafy crops are having higher 
concentration of Pb in root and shoot as compare to other grain crops. Those crops 
having higher amount of lignified tissues is acted Pb sink than less lignified (Gloag 
1981). Lane and Martin (1977) suggested that testa prevent internal entry of Pb in the 
cell till the ruptured by the developing radicle, after that available Pb is movement in 
the cell. Huang and Cunningham (1996) reported that dicotyleden plants accumulated 
more concentration in plant parts than monocot crops. The absorb concentration of Pb 
from soil was accumulated as follows root  >  leaf  >  stem  >  flower  >  seed parts 
(Antosiewicz 1992). These are the standard sequence of Pb accumulation, whereas it 
may vary with plant species and plant age. Later on, Godzik (1993) reported that older 
leaves are having higher amount of absorb Pb than newly leaves. The plants are having 
higher intercellular space, cell wall size; lignified tissues, vacuole number and size are 
accumulated major amount and minor concentration in the endoplasmic reticulum, 
dictyosomes and associated tissues. According to the published research paper approx-
imately 96 percent of total absorbed Pb from soil solution is deposited only in cell wall 
and vacuole (Sharma and Dubey 2005). Thick cells act as a strong barrier to Pb trans-
portation in plant parts from soil and in toxic conditions accumulate larger amounts of 
it. Significant amounts of Pb in plant parts damage the cell and causes an imbalance in 
the metal barrier system of plasmalemma as well as tonoplast (Seregin et al. 2004). 
Some of the metabolic activities affected by the concentration of Pb in plants are listed 
in Table 2.

The Pb persistence in environment depends on the availability of Pb, organic 
matter in soil, pH and climatic factors (Punamiya et al. 2010). In most of the soil, Pb 
exists in free ions, complexes with organic acids or inorganic substances like car-
bonate and bicarbonate, sulphate and chloride ions. In higher percent of clay con-
taining soil are also having higher potential to adsorb the Pb and reduce the intensity. 
Across the global research findings showed that increasing humus content in soil 
reduce the Pb toxicity. For example, sewage having significant amounts of organic 
matter and long- term application accumulated huge amount of C in soil, which is 
formed humus-metal complex and reduce the available toxic form of Pb towards 
plants. Long- term application of Pb containing industrial waste, accumulated sig-
nificant amounts of Pb on surface layer due to higher amount of organic carbon 
(Kopittke et al. 2008). The presence of other cationic plant nutrients in soil solution 
reduces the Pb uptake by plant roots due to similar uptake channel. Application of 
Ca containing fertilizers reduces the Pb uptake by crop plants (Kim et al. 2002). Use 
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Table 2  Effect of Pb concentration on enzymatic activities of plant metabolic process

Metabolic process Associated enzyme Crop plant Effect References

Chlorophyll 
synthesis

δ-aminolaevulinate Pennisetum 
typhoideum

Inhibition Prasad and 
Prasad (1987)

CO2 fixation Ribulose-1,5, bis 
phosphate

Avena sativa Inhibition Moustakas et al. 
(1994)

Phosphoenol pyruvate 
carboxylase

Zea mays Inhibition Vojtechova and 
Leblova (1991)

Calvin Glyceraldehyde 
3-phosphate 
dehydrogenase

Spinach 
oleracea

Inhibition Vallee and 
Ulmer (1972)

Ribulose 5-phosphate 
kinase

Spinach 
oleracea

Inhibition Vallee and 
Ulmer (1972)

Pentose phosphate 
pathways

Glucose 6-phosphate 
dehydrogenase

Spinach 
oleracea

Inhibition Vallee and 
Ulmer (1972)

N2 assimilation Nitrate reductase Cucumis 
sativus

Inhibition Burzynski 
(1987)

Glutamine synthetase Glycine max Inhibition Lee et al. (1976)
Nucleolytic enzymes Deoxyribonuclease Hydrilla 

verticillata
Increase Jana and 

Choudhari 
(1982)

Ribonuclease Hydrilla 
verticillata

Increase Jana and 
Choudhari 
(1982)

Protein synthesis Protease Hydrilla 
verticillata

Increase Jana and 
Choudhari 
(1982)

Phosphohydrolase Alkaline phosphatase Hydrilla 
verticillata

Increase Jana and 
Choudhari 
(1982)

Acid phosphatase Glycine max Increase Lee et al. (1976)
Sugar metabolism Α-amylase Oryza sativa Inhibition Mukherji and 

Maitra (1976)
Energy generation ATP synthetase Zea mays Inhibition Tu Shu and 

Brouillette 
(1987)

ATPase Zea mays Inhibition Tu Shu and 
Brouillette 
(1987)

Antioxidative 
metabolism

Catalase Oryza sativa Inhibition Verma and 
Dubey (2003)

Guaiacol peroxidase Glycine max Increase Lee et al. (1976)
Ascorbate oxidase Phaseolus 

aureus
Increase Rashid and 

Mukherji (1991)
Ascorbate peroxidase Oryza sativa Increase Verma and 

Dubey (2003)
Glutathione reductase Oryza sativa Increase Verma and 

Dubey (2003)
Superoxide dismutase Oryza sativa Increase Verma and 

Dubey (2003)
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of plants (phytoremediation) is to remediate the Pb concentration from soil-plant 
systems. These plants are having higher capacity of Pb uptake without affecting 
plant metabolism and crop yield. These accumulated larger amounts of Pb in plant 
cell vacuoles as waste materials. Some of the parameters/ratios, which indicated 
whether a plant is phytoremediation or not are as follows:

	1.	 Bioconcentration factor (BCF) defines the contamination removal capacity of 
the plant and was calculated by the given formula (Zhuang et al. 2007).

	
BCF

Pb

Pb
= harvested tissue

soil 	

where, Pbharvested tissue is a concentration of Pb in harvested plant parts (root, shoot); 
and Pbsoil is concentration of Cr in soil of respective treatment. If this value 
greater than 1 means crop plant behave like hyperaccumulator.

	2.	 Translocation factor (TF) means transfer of Pb metal ions from root to shoot and 
quantified by the formula proposed by Adesodun et al. (2010).

	
TF

Pb

Pb
= shoot

root 	

where, Pbshoot and Pbroot are concentration of Cr in root and shoot, respectively.
	3.	 Translocation efficiency (TE) was calculated from the formula described by 

Meers et al. (2004) as below.

	

TE
Pb

Pb
X%( ) = content in shoot

content inwhole plant

100

	

	4.	 Lead removal represent the Pb removal capacity of the crop and was calculated 
as per given formula.

	
Pb

Pb by

Pb
removal

Total uptake plant

Total applied tosoil
X%( ) = 100

	

4  �Lead Toxicity Effect on Ecosystem Services

Ecosystem services are the supporting wheel of the living creates on the earth. 
These are interlinking each other and can be easily computed the effect of a factor 
with respect to the health of the ecosystem. Lead concentration significantly affects 
the ecosystem potential productivity and its health (Fig. 2). Some of the ecosystem 
services are enlisted below:
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4.1  �Soil Forming Process

Pedogenic processes are the key to formation of soil. Important chemical and bio-
geochemical processes that occurs in the soils are mineralization-immobilization, 
dissolution-precipitation, sorption-desorption and oxidation-reduction (Sanyal and 
Majumdar 2009). They are involved in influencing dynamics of several nutrients, 
soil carbon dynamics and ultimately soil biodiversity by creating nutrition competi-
tion. These processes are affected by many factors and population and type of 
organisms are one of them. Increasing the concentration of Pb is unbalanced the 
microorganism population by mediating the availability of food material during 
mineralization and more availability of biotoxic Pb. Increasing the concentration of 
Pb from 0 to 100  mg  kg−1 reduces the soil enzymatic activities (dehydrogenase 
activity, acid and phosphatase activities). Among the enzymatic activities DHA had 
declined more as compared to other two soil enzymes (Dotaniya and Pipalde 2018). 
These enzymes are very much important for the availability of plant nutrients in soil 
and formation of good soil.

Fig. 2  Sources of Pb contamination and effect on ecosystem services

M. L. Dotaniya et al.



93

4.2  �Plant Nutrient Dynamics

Plant nutrients are essential for growth and sustainable crop yield (Beri et al. 1995). 
Toxic level of Pb in soil reduces the plant nutrients and plant suffered with abiotic 
stress. In common, increasing level of Pb reduce the uptake of cations like K+, Ca2+, 
Mg2+, micronutrients (Zn, Cu, Ni, Fe) as well as the uptake of N from soils (Godbold 
and Kettner 1991; Yongsheng et al. 2011). During the uptake, it affects the mecha-
nism of uptake and blocks the plant nutrient uptake towards plant parts via root 
(Sharma and Dubey 2005). Addition of plant derived residue enhances the plant 
nutrient concentration in soil solution and reduces the metal toxicity (Dotaniya 
et al. 2016a).

4.3  �Soil Microbial Count

Directly and indirectly Pb toxicity reduces the microbial count in soil-plant environ-
ment. Soil organic matter decomposition rate was declined due to present of metal 
concentration in soil (Bahar et al. 2012). The biotoxic effect reduces the diversity of 
soil microorganisms, richness and population (Akerblom et al. 2007; Banat et al. 
2010). Application of Pb @ 100 mg kg−1 reduces the carbon mineralization rate and 
soil enzymatic activities. Many research findings are showed that heavy metal toxic-
ity reduces the soil health and plant growth. Higher concentration of Pb in soil 
reduces the population of Rhizobia and severely affects the biological N fixation 
potential of crops (Hernandez et al. 2003).

4.4  �Plant Secretion

Plant nutrient dynamics are the most important factor for plant growth. Healthy 
soils produced good amount of plant biomass and yield. During the respiration or 
other metabolic process, plants secrete significant amounts of low-molecular-weight 
organic acids (LMWOAs) in soil. Most of the chemoautotrophic soil microorgan-
isms are taking food from them and enhance the nutrient mineralization process. 
Dotaniya et al. (2019) described that 40–70% of photosynthetic amount released as 
root exudates. These are amino acids like acetic, oxalic, and citric acids; also plant 
growth hormones. Significant amounts of Pb in soil disturb the plant root exudation 
process and reduce the secretion of LMWOAs in soil due to poor growth of crop 
plants. These situations are very critical in high contamination level and soils are 
look like barren land and not to produce even bunch of grasses. Lead is not an 
oxido-reducing metal and produces oxidative stress on plant and generated ROS, 
which are acted as a phytotoxicity effect on plant growth (Pinto et al. 2003).
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5  �Factors Affecting Lead Mobility in Soil–Plant System

Heavy metal dynamics are affected by the soil, management and climatic factors. 
Most of the cases soil properties like pH, clay content, cation exchange capacity, 
soil structure, organic matter and amount of other metal ions in the soil are decided 
the quantum of metal toxicity towards plants  (Meena et  al. 2019b). Higher clay 
content reduces the availability of Pb by forming clay-humus complex. For that 
addition of organic matter reduce the mobility and toxicity of the heavy metals 
(Dotaniya et al. 2016b). These are also provided the C to soil microorganisms as a 
food material and enhance the microbial growth and diversity. The carboxylic group 
of organic matter bound the metal ions and reduces the metal availability. Most of 
the cationic heavy metals including Pb are having higher mobility in acid environ-
ment (Table 3).

Introducing acid neutralizing material in soil by inorganic substances reduces the 
Pb mobility in soil and uptake by crop plants. Water stress also reduced the heavy 
metal mobility and toxicity in soils (Dotaniya et al. 2018b). The Pb forms in soil are 
also important to assess the toxicity; oxyanion complexes are the most available 
form of Pb in soil and groundwater streams (Dotaniya et  al. 2018c). The higher 
application of phosphatic fertilizers reduces the Pb toxicity and improves the plant 
growth in contaminated soils (Lenka et  al. 2016). Dotaniya and Pipalde (2018) 
reported that increasing the concentration of Ni in black soil reduce the Pb toxicity 
up to 100 mg kg−1 level (Table 4). Both are cationic in nature and antagonistic effect 

Table 3  Heavy metal mobility in soil (Adopted from Ferguson 1990)

Mobility Oxidizing Acid
Neutral 
(alkaline) Reducing

Very high – – Se –
High Se Se, Hg – –
Medium Hg, As, Cd As, Cd As, Cd Ti
Low Pb, As, Sb, 

Ti
Pb, Bi, Sb, 
Ti

Pb, Bi, Sb, Ti, 
In

–

Very low to 
immobile

Te Te Te, Hg Te, Se, Hg, As, Cd, Pb, Bi, 
Ti

Table 4  Effect of Pb and Ni levels on Ni concentration (mg kg−1) in shoot

Pb (mg kg−1)
Ni (mg kg−1)

Mean100 150 300

0 7.033 10.400 13.900 10.444
100 3.967 4.600 11.200 6.589
150 3.400 3.433 7.567 4.800
300 3.067 3.900 7.533 4.833
Mean 4.367 5.583 10.050
LSD (p = 0.05) Pb = 0.510; Ni = 0.510; Pb X Ni = 1.020
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reduces the toxicity of Pb, however increasing the Ni levels enhance the growth to 
reduce the adverse effect of Pb (Pipalde and Dotaniya 2018).

Dynamics of Pb in plant system are also affected by the plant species. Some 
plants in nature are having excluder strategies to reduce the uptake of Pb in plant 
parts through roots (Baker 1981). Other type of plant is having the higher potential 
to accumulate the Pb concentration without affecting the crop yield. These plants 
are known as hyperaccumulator and used for phytoremediation mechanisms. Plant 
is also involved to follow the path avoidance, detoxification and biochemical toler-
ance to minimize the abiotic stress in plant (Dotaniya et  al. 2018d). Losses of 
chlorophyll content and disturbance of respiration and photosynthesis rate are the 
key symptoms of Pb toxicity in plant. Lead toxicity is caused much harmful effect 
in younger plant compare to older plants. Leafy crops accumulated more amount 
of Pb than grain crops. Peri-urban vegetable production system is having more 
chance to Pb contamination. Food chain contamination of Pb caused carcinogenic 
effect in human beings. Infant are more sensitive to Pb toxicity because of stunted 
growth, poor mental development, hair fall and failure of organ and metabolic 
process. Different metal ratios (bioconcentration factor, transfer factor, translo
cation efficiency, metal removal, geo-accumulation indices) are helpful to assess 
the phyto-accumulation potential of a crop plant (Dotaniya et al. 2017b; Dotaniya 
et al. 2019).

6  �Conclusions

Heavy metals are biotoxic in nature and its toxicity causes imbalance in ecosystem 
functions. Among heavy metals, Pb plays an important role and is categorized as a 
potential hazardous metal. Growing anthropogenic activities gained huge attention 
to prevent its concentration in food chain contamination by use of organic and 
inorganic substances. A meager amount of Pb in soil affects the soil microbial 
population and diversity and reduces the plant nutrient dynamics and crop yield. 
Environment impact analysis should be done at certain period of time with respect 
to ecosystem services. Developing high-efficiency phytoremediation varieties to 
reduce Pb concentration from soil system is essential. Regular monitoring of 
industrial effluent channels as per the WHO guidelines and discharging effluent in 
field crops after treatment are needed to reduce Pb toxicity in ecosystem. Hence, 
research priorities should be directed towards Pb mobility in soil–plant–human 
continuum. Periodical monitoring of foodstuffs from production unit to the finally 
consumption level of the food chain for formulation of preventive measures has to 
be done.
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1  �Introduction

Lead (Pb) is an industry-friendly heavy metal due to its selective properties like high 
density, lower melting point, acid resistance and easy moulding. Due to its versatile 
anthropogenic utilities, the metal is also responsible to pollute environment in a 
varied degree. Soil contamination with Pb is a considerable concern now-a-days as 
it can affect directly all living beings (Arshad et al. 2008; Ma et al. 2016). Therefore, 
receive much scientific attention and studied in a comprehensive way. Like other 
heavy metals (HMs), Pb also enters into the agroecosystem through contaminated 
soil and enters into the food chain (Gupta and Li 2013; Anjum et al. 2016; Ashraf 
et al. 2017). Pb accumulation in the plants poses a considerably grave health risk for 
humans. In terrestrial ecosystem, soil serves as chief source of HMs for plants, 
which after getting entry within plant system, lead to major consequences in crop 
production and grain quality. European REACH regulations labelled Pb as “the 
chemical of great concern” and categorized it as the second most harmful pollutant 
after arsenic (Pourrut et al. 2011a). Lead directly or indirectly affect photosynthesis, 
plant’s nutrient uptake, seedling growth, enzyme activities, water imbalance, and 
membrane permeability (Sharma and Dubey 2005; Shahid et al. 2011; Kumar et al. 
2012). At a higher concentration, Pb interfere with the chloroplasts normal function-
ing by preventing the enzymes involved in chlorophyll biosynthesis, CO2 fixation, 
and the pigment-protein complexation of photosystems (Sharma and Dubey 2005). 
Photosystem II (PSII) is more prone to Pb exposure than that of PSI (Romanowska 
et al. 2012) as it is collapsed in a higher extent including detrimental effects on both 
the donor and acceptor sites, oxygen evolving complex and electron-transfer reac-
tions (Pourrut et al. 2011a). Most of the HMs including Pb induce the higher produc-
tion of ROS (at toxic level) within plant cell and subsequently augment the processes 
like, peroxidation of lipids, proportion of saturated fatty acids versus unsaturated 
fatty acids (which increase in content) in cell membranes (Malecka et al. 2001). In 
order to combating with excess ROS and protecting cells, plants synthesize a variety 
of non-enzymatic, low molecular weight antioxidants like, ascorbic acid (AsA), 
tocopherols, carotenoids, reduced glutathione (GSH), and enzymatic antioxidants 
like, ascorbate peroxidase (APX), peroxidase (POD), superoxide dismutase (SOD)
catalase (CAT) (Gratao et al. 2005; Mishra et al. 2009).

Plants play a substantial role in remediating environmental pollution. Atmospheric 
Pb deposited on the surface of the soil and plants can accumulate Pb from soil. After 
adsorption to root surfaces, Pb enters the root passively following ionic channels/
transporters (Kushwaha et al. 2018). However, plants compartmentalize the metal in 
the vacuole, enhancing active efflux, complexes (organic or inorganic) and induc-
tion of metal chelating stress proteins like phytochelatins, metallothioneins (Gupta 
et al. 2013a). In this chapter, comprehensive up to date studies are represented cov-
ering Pb uptake, transport, accumulation and Pb induced toxicity in higher plants 
along with a glimpse on phytoremediation strategies of plants for Pb decontamina-
tion from the environment.
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2  �Source of Lead

Naturally, in earth crust, lead content varies in different rocks. While, rocks like gran-
ite, black shale, and rhyolite contains approximately 30 mg kg−1 concentration of Pb 
in basalt, evaporate sediments, and the ultramafic igneous rocks (like dunite) is about 
1 mg kg−1 (Kushwaha et al. 2018). Pb concentrations are relatively high in metamor-
phic and igneous rocks due to presence of high amounts of potassium (K) and silica 
(Si) (Wedepohl 1956). Reports suggest that some minerals of granite rocks like mona-
zite, uraninite, xenotime, thorite, allanite, zircon, titanite those are rich in radioactive 
elements contain greater concentrations of Pb (Lovering 1969; Kushwaha et al. 2018).

In soil trace amounts of lead are found due to natural pedogenetic processes by 
weathering of parent materials (<1000  mg  kg−1) (Kabata-Pendias and Pendias 
2001). Over the past years several anthropogenic processes are responsible for 
increased lead content (more than 1000-fold) in the environment. Major anthropo-
genic sources of Pb contamination include various daily life products based on Pb 
like paints (Pb based paints comprise lead chromate), Pb-based solder, Pb-glazed 
ceramics and Pb-containing pesticides (e.g. lead arsenate, widely used in horticul-
ture and agriculture). Pb mining, smelting and tailings result high levels of lead 
contamination in soil leading to higher levels of Pb in plants grown in adjacent 
areas. Pb is a common contaminant in urban areas due to extensive industrialization. 
Vehicular emission after combustion of leaded petrol (containing tetraethyl lead) 
contributes substantially of Pb in urban environment. As per USEPA, permissible 
level of Pb in soil is 400 mg L−1 and acceptable limit of Pb is 0.01 mg L−1 in drink-
ing water (Bureau of Indian Standard).

3  �Speciation, Availability, Uptake, Transportation 
and Accumulation of Pb

In soil, Pb may present in a range of chemical entities having different levels of 
toxicity, mobility and bioavailability (Shiowatana et al. 2001) after being adsorbed 
by soil particles (Fig. 1). Pb distribution and migration in soil depends upon a num-
ber of reactions including mineral dissolution-precipitation, desorption-adsorption, 
cation exchange, organic immobilization, aqueous complexation, and uptake by 
available plants (Wuana and Okieimen 2011). In soil, Pb may occur as a free metal 
ion, in complexion with components like HCO3

−, CO3
2−, SO4

2−, and Cl−, or, may 
remain as organic ligands such as humic acids, fulvic acids, and amino acids. 
Additionally, adsorption on particle surfaces (like clay particles, organic matters or 
iron oxides) is common phenomenon for Pb (Uzu et al. 2009; Sammut et al. 2010). 
Due to strong binding affinity of Pb with organic and colloidal materials, a minor 
amount of Pb may be present in soluble form, which are available for plants 
(Kopittke et al. 2008a, b; Punamiya et al. 2010). Factors determining the speciation 
of Pb within soil include, soil pH, particle size, soil type, organic matters, cation 

Lead Toxicity in Plants: A Review



102

exchange capacity (CEC), and iron oxides (Silveira et al. 2003; Amundson et al. 
2015). Similarly, availability of Pb to plants depends on both conditions of soil like 
pH, moisture particle size and cation exchange factors, and plant’s root structure, 
root mycorrhiza, exudates and transpiration rate (Davies 1995). Blaylock et  al. 
(1997) observed that major factor for Pb availability to plants is soil pH, where 
phosphate or carbonate precipitates control Pb solubility and availability to plants in 
a pH range of 5.5–7.5 and very little Pb is available to plants even if they have capa-
bility to accumulate Pb. Presence of other heavy metals in soil also have an effect on 
the availability of Pb. According to the report of Orrono et al. (2012), heavy metals 
like Zn, Cu, Ni Cd, and Cr have an antagonistic result on the Pb availability to 
plants. Root exudates comprising various metabolites interfere with Pb dissolution 

Fig. 1  Lead in environment and uptake by plant cell (after Kushwaha et al. 2018)

A. Mitra et al.



103

processes by modifying soil pH and by the forming of soluble organometallic com-
pounds (Leyval and Berthelin 1991). Several organic ligands like uronates, citrates, 
fumarates, EDTA, and various polysaccharides cause chelation of metal ions 
(Mench et al. 1987). It was evidenced in plants like Typha angustifolia and Vicia 
faba where, considerable increase of Pb uptake by roots was found in first hour after 
application of EDTA (ethylenediamine tetra acetic acid) and citric acid (Muhammad 
et al. 2009; Shahid et al. 2012). Soil fauna residing near rhizosphere also have a 
profound role in metals availability and speciation as suggested from the observa-
tion in Thlaspi caerulescens and Lantana camera where accumulation of Pb within 
root system upsurges the occurrence of earthworm species Pontoscolex corethrurus 
(Epelde et al. 2008; Jusselme et al. 2012).

Generally, plants uptake Pb from soil and also from aerial sources. Significant 
quantities of Pb are taken up by plants root and bulk of it remains within root, 
restricting the translocation to the shoot (Lane and Martin 1977; Kumar et al. 1995). 
In contrary to this observation, Miller and Koeppe (1971) observed that leaf can 
accumulate considerable quantities of Pb in Zea mays. Leaf morphology (like feath-
ery leaves) is an important factor that controls Pb absorption from aerial sources 
(Godzik 1993). Pb is transported into the root cell from soil through voltage gated 
cation channels present in plasma membrane (Huang et  al. 1994). In wheat root 
activities of voltage gated Ca channels was found to be inhibited by Pb due to com-
petitive inhibition of Ca++ for the transporter (Huang and Cunningham 1996). Similar 
observation was reported by Tomsig and Suszkiw (1991). The authors also reported 
that Pb transport through Ca++ channel was enhanced by a Ca++ channel agonist 
(BAY K8644) and inhibited by a Ca++ channel blocker (nifedipine) (Tomsig and 
Suszkiw 1991). In plants uptake and tolerance of Pb varies according to root system 
present. For example, it was observed that Helianthus sp. and Allium sp. with adven-
titious root systems (ARS) more efficiently accumulate and tolerant to Pb than the 
seedlings with a primary root system (PRS) (Michalak and Wierzbicka 1998; 
Strubińska and Hanaka 2011). The observation clearly states that adventitious root 
systems might have evolved mechanisms for protecting toxic effects induced by Pb.

The degree of Pb translocation from root to shoot can be described by transloca-
tion factor (TF) (the ratio between amounts of Pb in the above-ground part and in 
the roots) (Buscaroli 2017; Bhatti et al. 2018). Generally, the TF value for Pb is less 
than 1 as higher proportion (95%) of Pb gets accumulated in the roots (Chandra 
et al. 2018) and a small fraction (5%) gets translocated to shoots or leaves (Zhou 
et al. 2016; Kiran and Prasad 2017). In roots, ion-exchangeable sites present in the 
cell walls helps to bind Pb extracellularly. Therefore, following uptake, Pb localiza-
tion is common within root due to strong binding of carboxyl group of glucuronic 
acid and galacturonic acid of the cell wall which restricting the apoplastic transport 
to the aerial parts (Rudakova et al. 1988; Inoue et al. 2013). This kind of transloca-
tion restriction phenomenon is typical to Pb, unlike other HMs (Dogan et al. 2018). 
Root cells in Arabidopsis thaliana, Pb-galacturonic acid complexes were reported 
following Pb treatment (Połeć-Pawlak et al. 2007). Report says that dicots accumu-
late higher concentration of Pb in root than the monocot (Huang and Cunningham 
1996). Accumulation of Pb within root cells and lower mobility towards aerial parts 
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also reported by several authors (Kumar et al. 2012; Gupta et al. 2013c; Dias et al. 
2019) and may be an approach to avoid toxicity in the aerial parts (López-Orenes 
et al. 2018). However, other reasons still exist in support of lower mobility of Pb to 
the shoot including capturing Pb by pectines (negatively charged cell wall compo-
nents), plasma accumulation, lead salt precipitation within intercellular spaces, and 
vacuolar sequestration in the root (Pourrut et al. 2011a). In root cells of Raphanus 
sativus, Pb2+ was found to attach by carboxyl groups of cell wall pectin s (Inoue 
et al. 2013). Accretion of Pb near the root cap causes inflation of apical meristem 
followed by thickening of cell wall and an upsurge of the size of vacuole (Rucińska-
Sobkowiak et al. 2013). The free (precipitated) Pb ions get transported to different 
parts of the cell through different P-type pumps namely mitochondrial inner mem-
brane (ATP) protein, drug resistance (PDR), and ATP-binding cassette (ABC) trans-
porters (Lee et al. 2005). P-type transporters are associated with active efflux of Pb 
or Pb complexes from the cells which reduces Pb-induced toxicity by promoting 
sequestering the metal into inactive organelles (Jiang et al. 2017). Researchers have 
reported about Pb resistance among different plants that has been developed by 
discharging the Pb to the exterior of cell by leucine-rich repeat (LRR) transporters 
and ATM1 and PDR12 (Lee et al. 2005; Zhu et al. 2013).

4  �Pb-Induced Toxicity in Plants

4.1  �Effects on Cell Wall

Binding of Pb to the cell wall or membrane constituents leads to substantial varia-
tions in the plasticity of cell wall (Wierzbicka et al. 2007) that adversely affect the 
membrane potential by inducing lipid peroxidation (Yan et  al. 2010). 
Malondialdehyde (MDA), a biomarker of lipid peroxidation is excessively pro-
duced due to lipid peroxidation (Mueller 2004), helps to crosslink and polymerizes 
the membrane components that have deleterious effects on cell elongation and/or 
division (Antosiewicz and Wierzbicka 1999). Disruption of cell wall plasticity and 
dislocated microtubular organization following Pb exposure revealed Pb as the anti-
mitotic agent as reported by Antosiewicz and Wierzbicka (1999).

4.2  �Inhibition of Enzyme Activity

Enzymes are the key target of all noxious HMs. Pb stress in plants interferes with 
the normal activities of a varied range of enzymes associated with diverse metabolic 
pathways. Pb having a concentration of 10−5 to 2.10−4 M leads to 50% inhibition of 
a number of enzymes; defined as inactivation constant (Seregin and Ivanov 2001) 
which is higher in Pb in comparison to other HMs (e.g. In Cd and in Ni 10−6 to 
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3.10−5 and 10−5 to 6.10−4, respectively) (Sharma and Dubey 2005; Amari et  al. 
2017). Inhibition of the enzymes by Pb occurs by two mechanisms as suggested the 
literature. Although enzymatic inhibition induced by Pb is difficult to demonstrate 
but are evident for other cations having equivalent affinities of functional group of 
proteins. In the first mechanism, Pb is known to interact directly with the ligand 
group of the enzymes (e.g. –SH group), thereby preventing the enzyme activity by 
masking the catalytically active group. Besides interacting with the -SH group, 
blocking of –COOH group by Pb is also proved (Sharma and Dubey 2005). In the 
second pathway, Pb may affect absorption of vital minerals such as Zn, Fe, or Mg 
indispensable for metalloenzyme activities (Ros et al. 1992; Alcántara et al. 1994; 
Ouariti et al. 1997). It can substitute itself for the other divalent cation and thereby 
inactivate the enzyme specifically found in case of δ-aminolevulinate dehydratase 
(ALAD), a key enzyme in chlorophyll biosynthesis (Pourrut et al. 2013).

4.3  �Effects on Germination and Growth

The prevention of sprouting and maturation of seedling is a general consequence of 
heavy metal exposure in plants (Radic et  al. 2010). Lead has adverse effects on 
germination and maturation even at micromolar level (Kopittke et al. 2007) and lead 
(Pb)-emanated suppression of seed development has been evidenced in several 
plants like Hordeum vulgare, Oryza sativa, Z. mays, Spartina alterniflora, Elsholtzia 
argyi, Pinus halepensis, Sedum alfredii H. and Pfaffia glomerata (Tomulescu et al. 
2004; Islam et al. 2007; Sengar et al. 2009; Gupta et al. 2010, 2011). Sprouting of 
seedlings and development in plants is strongly limited by lead exposure (Dey et al. 
2007; Gichner et al. 2008; Gopal and Rizvi 2008). Germination may be hindered 
due to antagonistic activity of Pb with the enzyme amylase and protease as sug-
gested by Sengar et al. (2009). Another study made by Yang et al. (2010) suggested 
that lead induced stress resulted in boosting of NADH-dependent synthesis of extra-
cellular H2O2 in the growing seeds that may resulted in the arrest of wheat seed 
growth.

Lead restrains the growth of both underground and above-ground parts of 
plants at low level (Islam et al. 2007; Kopittke et al. 2007; Gupta et al. 2010), but 
root is more affected as it accumulates higher amounts of lead (Liu et al. 2008). 
Morphological effect of Pb toxicity exhibits distended inclined, and stumpy roots, 
profuse secondary roots per unit root length and cessation of root elongation 
(Kopittke et  al. 2007; Arias et  al. 2010). Following 48–72  h of lead exposure, 
mitochondrial dilation, aborted cristae, vacuoles in endoplasmic reticulum and 
dictyosomes, fragmented cellular membrane and hyperpycnotic nuclei were 
observed in the Allium sativum root cells (Jiang and Liu 2010). Plant biomass was 
shown to be repressed by higher amounts of Pb exposure (Piotrowska et al. 2009; 
Singh et al. 2010).
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4.4  �Effects on Photosynthesis

Interference in photosynthesis is a notable effect of lead phytotoxicity (Singh et al. 
2010; Cenkci et  al. 2010). However, disrupted photosynthetic activities are off-
shoots of several indirect effects induced by Pb that may include: mutilated chloro-
plast ultrastructure (Elzbieta and Miroslawa 2005; Islam et  al. 2007), moderate 
activity of two crucial chlorophyll synthesizing enzymes delta-aminolevulinic acid 
dehydratase (ALAD) and ferredoxin NADP+ reductase (Gupta et al. 2009; Cenkci 
et  al. 2010), inhibited carotenoid and plastoquinone productions (Cenkci et  al. 
2010), impediment in the ETS (electron transport system) (Qufei and Fashui 2009), 
insufficient carbon dioxide concentration due to closure of stomata (Romanowska 
et al. 2006; Chen et al. 2017), reduced absorption of essential metals (Mn and Fe) 
(Chatterjee et al. 2004; Gopal and Rizvi 2008), and increased activity of chlorophyl-
lase in leaves (Liu et al. 2008; Jayasri and Suthindhiran 2017). Disruption of grana 
(Zheng et al. 2012) and chloroplast ultrastructure (Qiao et al. 2013) due to Pb and 
Pb induced ROS consequences to functional inactivation by impairing electron 
transportation and oxygen-generating centres (Meitei et al. 2014). A recent study 
with lead-hyperaccumulator aquatic fern Salvinia minima also supported lead 
induced decrease in photosynthesis due to premature root membrane damage fol-
lowing further a lead-induced stomatal closure that resulted in economized CO2 
accessibility (Leal-Alvarado et al. 2016).

4.5  �Lead-Induced Oxidative Stress

One of the significant problems of heavy metals that affect cell is the higher evolu-
tion of reactive oxygen species (ROS) (Gupta et al. 2013b). Oxidative stress is a 
common manifestation of metal toxicity, including Pb, generated due to the produc-
tion of ROS (like hydroxyl radicals (•OH), superoxide radicals (O2

•–), and hydrogen 
peroxide (H2O2) (Pourrut et al. 2008; Liu et al. 2008; Grover et al. 2010; Singh et al. 
2010; Yadav 2010). But, the degree of ROS production is reliant on the type of 
metal, species of metal, plant families, and duration of hazards (Pourrut et  al. 
2011a). The accretion of ROS inside the cells leads to oxidation of a range of bio-
molecules within a short period, including nucleic acids, proteins, and lipids (Yadav 
2010) consequences to irreparable metabolic dysfunction, developmental alteration 
and genetic instability in plant species (Chakravarty and Srivastava 1992) and ulti-
mately cell death. The major targets are histidine, arginine, lysine or proline in such 
oxidative transformation (Stadtman and Levine 2000; Wang et al. 2008). ROS pro-
motes DNA base oxidation, DNA protein cross-links, generation of DNA breaks 
and gaps (Beckman and Ames 1997).

As mentioned earlier, Pb causes severe alteration in lipid structures of divergent 
cell membranes (Grover et  al. 2010; Singh et  al. 2010; Yan et  al. 2010), conse-
quences in the formation of abnormal cellular structures (Gupta et al. 2009) and 
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organelles like peroxisomes, mitochondria (Liu et al. 2008; Małecka et al. 2008) or 
chloroplasts (Hu et al. 2007). In Z. mays following lead exposure changes in lipid 
configuration and an outflow of potassium ion from cell were observed (Małkowski 
et  al. 2002). Pb persuades lipid peroxidation, reducing saturated fatty acids, and 
increasing the unsaturated fatty acids in the membranes as observed in many plant 
species (Singh et al. 2010).

4.6  �Genotoxicity

Pb is a potent genotoxic agent as it causes DNA damage including DNA strand-
breakage, micronuclei generation (Pourrut et al. 2011b; Shahid et al. 2011; Kumar 
et  al. 2017), chromosomal anomalies and instability, microsatellites formation 
(Rodriguez et al. 2013) defective cytoskeletal structure (Gichner et al. 2008), depoly-
merization of spindle microtubule (Malea et al. 2014). Pb induced genotoxicity may 
be originated indirectly or directly, through ROS production; targeting RNA and 
DNA molecule (Kumar and Majeti 2014; Malar et al. 2014). ROS induced formation 
of nicked strand and fragmented DNA is the result of structural alteration in pentose 
sugar or nitrogen bases by the addition of -OH group to the double bonds or the dele-
tion of C4' hydrogen atom from deoxyribose (Martínez-Macías María et al. 2012). 
Furthermore, any metal that likely to induce genotoxicity merely depends on the 
degree of exposure, duration of the exposure and the oxidation state of the metal. 
Lead reduces the conformity of DNA polymerases and interrupts the function of 
DNA and RNA synthases (Pourrut et al. 2011a). Synergistic action of Pb with UV 
light and alkylating agents has been observed resulted in augmented mutagenicity in 
plants (Hartwig et  al. 1990). In addition, Pb also induces the formation of sister-
chromatid exchange (Dhir et al. 1993). Yang et al. (1999) confirmed that high amounts 
of Pb instigate breakage of DNA strand- and the formation of adducts (8-hydroxy-
deoxyguanosine) in DNA. A recent study made by Arya et al. (2013), revealed that 
exposure to Pb caused severe mutilation in the roots of Alium cepa and Vicia faba 
also accompanied by infrequent division of cells, increase the frequency of chromo-
somal aberrations, DNA fragmentation and micronuclei formation in both the plants.

5  �Phytoremediation of Lead

In the last two decades enormous research works has been carried out on phytotech-
nologies for removing of metals from terrestrial or aquatic medium. Phytoremediation 
techniques exploit natural hyperaccumulators or transgenic plants that can uptake 
and accumulate toxic HMs such as Zn, Cu, Mn, Co, Pb and Ni from 100 to 1000 
times in their root or to the aerial parts compare to non-accumulator plants. A num-
ber of phytoremediation processes are applicable for removing HMs but specifically 
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phytostabilization, phytoextraction and rhizofiltration are admissible for effective 
phytoremediation of Pb.

Phytostabilization is a technique by which Pb is stabilized by exploiting 
Pb-tolerant plant species that can efficiently uptake Pb from soil and accumulates 
within their root or rhizospheric region; thereby, reduces the risk of leaching and 
entry of Pb into ground water or into the food chain. Reports recommend that the 
plants having high bio-concentration factor (BF) and low translocation factor (TF) 
are most suitable for phytostabilization (Yoon et al. 2006). An earlier evidence on 
field application of Goginan grass species (Agrostos tenuis) for phytostabilization 
of Pb contaminated mine waste reported by Smith and Bradshaw (1992). Seedlings 
of Indian mustard (Brassica juncea) grown in a sand Perlite mixture treated with 
625 μg g−1 Pb were reported to decrease Pb amount in leachate (Kumar et al. 1995). 
Phytostabilization property of mulberry plants has been observed by Zhou et  al. 
(2015) and most of the Pb was found to be deposited within mulberry root when the 
Pb concentrations in the soil were 200, 400, 800  mg  kg−1, respectively. Similar 
observations were noted by Jiang and co-workers (2019) where concentration of Pb 
was higher in roots of mulberry plant than in branches, leaves or shoot.

On the other hand, in phytoextraction process Pb is removed from water or soil by 
plant roots and translocated to and accumulated in shoots or leaves which are har-
vested or incinerated subsequently (Rafati et  al. 2011). Plants that have widely 
branched root system, fast growth rate, high biomass, tolerant to higher concentration 
of Pb and with a high TF value (greater than 1) are potential candidates for successful 
phytoextraction. Plants that are used for phytoextraction process are categorized into 
two groups; one group includes natural hyperaccumulators which can uptake and 
accumulate large amounts of Pb without any phytotoxic symptom (e.g. metallophytes); 
Minuartia verna and Agrostis tenuis are Pb hyperaccumulators (Fernandez et  al. 
2016). A recent report shows the phytoextraction capacity of Rhus chinensis seedlings 
that can concentrate more than 1000 mg kg−1 Pb in the shoots (Shi et al. 2018). Another 
group of plants having higher biomass and are able to accumulate Pb due to the induc-
tion by chelates secreted from root exudates (low molecular weight organic chelates 
like malic acid and citric acid) and synthetic chelates like EDTA, DTPA (diethylene-
triaminepentaacetic acid) and HEDTA (N-hydroxyethylenediaminetriacetic acid) 
(Salt et al. 1998; Xin et al. 2015; Khan et al. 2016).

Phyzofiltration is the only method among different phytoremediation processes, 
in which HMs are removed from aquatic medium by using plants aquatic plants 
(emergent, submerged or free-floating) (Rezania et  al. 2016). When considering 
maximum uptake of Pb by phytofiltration technique, hydroponically grown candi-
date plants must have thick root system and then transplanted them to the Pb pol-
luted environment where plants can absorb and accumulate Pb in their roots and 
shoots (Zhu et al. 1999; Verma and Suthar 2015). Different types of phytofiltrations 
are known depending on the type of plant parts utilized like blastofiltration (use of 
seedlings), rhizofiltration (use of plant roots) and caulofiltration (use of excised 
plant shoots) (Mesjasz-Przybyłowicz et al. 2004). Factors including physicochemical 
characteristics of the plants root or photosynthetic surface microorganisms play key 
role on the strength of phytofiltration (Olguín and Sánchez-Galván 2012). Following 
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uptake secreted root exudates and rhizospheric pH promote precipitation of Pb onto 
the root surface and saturated root surface with Pb precipitates are collected and 
destroyed (Flathman and Lanza 1998; Zhu et al. 1999).

6  �Conclusion

In recent dates Pb is focused as a potent HMs due to huge application in the indus-
tries. Contamination of soil by Pb leads to excessive loss in crop productivity as well 
as alarming for human and animal health due to its release into the food chain. Pb is 
taken up by plant’s root and remains deposited within cell walls or vacuoles as com-
plexation with phytochelatin or glutathione. Small particles of metals also found to 
be sequestered within dictyosome, dictyosome derived vesicles and endoplasmic 
reticulum (Sharma and Dubey 2005). However, root to shoot translocation of this 
metal is limited due to presence of root endodermis barrier which is released at lethal 
Pb exposure and bring about entry of Pb into vascular tissues. Within plant cell toxic 
insult endorsed by Pb includes disorganization of membrane structure and loss of 
permeability, inhibition of enzyme activities by interaction with the thiol groups at 
active site, fluctuation in hormonal levels and imbalance of mineral and water 
homeostasis, distorted chloroplast structure, declining photosynthetic rate, alteration 
of oxygen evolution, obstruction in electron transport. Phenotypic manifestation of 
Pb exposure includes chlorosis, stunted growth and blackening of the root system.

Plants have developed different strategies to combat HMs exposure specifically 
non-enzymatic or enzymatic and antioxidant defence system. Key enzymes are 
catalase (CAT), superoxide dismutase (SOD), peroxidase (POD), ascorbate peroxi-
dase (APX), glutathione reductase (GR) and glutathione peroxidases (GPX); 
directly involved in the reduction and manipulation of reactive oxygen species to 
maintain the cellular integrity. However, considerable investigations are needed on 
molecular aspects of segregation and detoxification mechanism of Pb, molecular 
profile of the signalling pathways and proteomic profiling of metal tolerant plants 
during Pb stress. Such information will support researchers to develop Pb-tolerant 
crops for sustainable agriculture and biological tools for remediation of contami-
nated lands polluted with toxic Pb.

Acknowledgements  S.C. sincerely acknowledges and thanks Director, DRL (DRDO), Assam, India.

References

Alcántara E, Romera FJ, Cañete M, De la Guardia MD (1994) Effects of heavy metals on both 
induction and function of root Fe (lll) reductase in Fe-deficient cucumber (Cucumis sativus L.) 
plants. J Exp Bot 45:1893–1898

Amari T, Ghnaya T, Abdelly C (2017) Nickel, cadmium and lead phytotoxicity and potential of 
halophytic plants in heavy metal extraction. S Afr J Bot 111:99–110

Lead Toxicity in Plants: A Review



110

Amundson R, Berhe AA, Hopmans JW, Olson C, Sztein AE, Sparks DL (2015) Soil and human 
security in the 21st century. Science 348:1261071

Anjum SA, Ashraf U, Khan I, Saleem MF, Wang LC (2016) Chromium toxicity induced altera-
tions in growth, photosynthesis, gas exchange attributes and yield formation in maize. Pak 
J Agricult Sci 1:53

Antosiewicz D, Wierzbicka M (1999) Localization of lead in Allium cepa L. cells by electron 
microscopy. J Microsc 195:139–146

Arias JA, Peralta-Videa JR, Ellzey JT, Ren M, Viveros MN, Gardea-Torresdey JL (2010) Effects of 
Glomus deserticola inoculation on Prosopis: enhancing chromium and lead uptake and transloca-
tion as confirmed by X-ray mapping, ICP-OES and TEM techniques. Environ Exp Bot 68:139–148

Arshad M, Silvestre J, Pinelli E, Kallerhoff J, Kaemmerer M, Tarigo A, Shahid M, Guiresse M, 
Pradère P, Dumat C (2008) A field study of lead phytoextraction by various scented Pelargonium 
cultivars. Chemosphere 71:2187–2192

Arya SK, Basu A, Mukherjee A (2013) Lead induced genotoxicity and cytotoxicity in root cells of 
Allium cepa and Vicia faba. Nucleus 56:183–189

Ashraf U, Kanu AS, Deng Q, Mo Z, Pan S, Tian H, Tang X (2017) Lead (Pb) toxicity; physio-
biochemical mechanisms, grain yield, quality, and Pb distribution proportions in scented rice. 
Front Plant Sci 8:259

Beckman KB, Ames BN (1997) Oxidative decay of DNA. J Biol Chem 32:19,633–19,636
Bhatti SS, Kumar V, Sambyal V, Singh J, Nagpal AK (2018) Comparative analysis of tissue compart-

mentalized heavy metal uptake by common forage crop: a field experiment. Catena 160:185–193
Blaylock MJ, Salt DE, Dushenkov S, Zakharova O, Gussman C, Kapulnik Y, Ensley BD, Raskin 

I (1997) Enhanced accumulation of Pb in Indian mustard by soil-applied chelating agents. 
Environ Sci Technol 31:860–865

Buscaroli A (2017) An overview of indexes to evaluate terrestrial plants for phytoremediation 
purposes. Ecol Indic 82:367–380

Cenkci S, Cigerci IH, Yildiz M, Özay C, Bozdag A, Terzi H (2010) Lead contamination reduces 
chlorophyll biosynthesis and genomic template stability in Brassica rapa L. Environ Exp Bot 
67:467–473

Chakravarty B, Srivastava S (1992) Toxicity of some heavy metals in vivo and in vitro in Helianthus 
annuus. Mutat Res 283:287–294

Chandra R, Kumar V, Tripathi S, Sharma P (2018) Heavy metal phytoextraction potential of native 
weeds and grasses from endocrine-disrupting chemicals rich complex distillery sludge and 
their histological observations during in-situ phytoremediation. Ecol Eng 111:143–156

Chatterjee C, Dube BK, Sinha P, Srivastava P (2004) Detrimental effects of lead phytotoxicity on 
growth, yield, and metabolism of rice. Commun Soil Sci Plant Anal 35:255–265

Chen Q, Zhang X, Liu Y, Wei J, Shen W, Shen Z, Cui J (2017) Hemin-mediated alleviation of zinc, 
lead and chromium toxicity is associated with elevated photosynthesis, antioxidative capacity; 
suppressed metal uptake and oxidative stress in rice seedlings. Plant Growth Regul 81:253–264

Davies BE (1995) Lead and other heavy metals in urban areas and consequences for the health of 
their inhabitants. In: Majumdar SK, Miller EW, Brenner FJ (eds) Environmental contaminants, 
ecosystems and human health. The Pennsylvania Academy of Science, Easton, PA, pp 287–307

Dey SK, Dey J, Patra S, Pothal D (2007) Changes in the antioxidative enzyme activities and lipid 
peroxidation in wheat seedlings exposed to cadmium and lead stress. Braz J  Plant Physiol 
19:53–60

Dhir H, Roy AK, Sharma A (1993) Relative efficiency of Phyllantus emblica fruit extract and 
ascorbic acid in modifying lead and aluminium-induced sister chromatid exchanges in mouse 
bone marrow. Environ Mol Mutagen 21:229–236

Dias MC, Mariz-Ponte N, Santos C (2019) Lead induces oxidative stress in Pisum sativum 
plants and changes the levels of phytohormones with antioxidant role. Plant Physiol Biochem 
137:121–129

Dogan M, Karatas M, Aasim M (2018) Cadmium and lead bioaccumulation potentials of an 
aquatic macrophyte Ceratophyllum demersum L.: a laboratory study. Ecotoxicol Environ Saf 
148:431–440

A. Mitra et al.



111

Elzbieta W, Miroslawa C (2005) Lead-induced histological and ultrastructural changes in the 
leaves of soybean (Glycine max (L.) Merr.). Soil Sci Plant Nutr 51:203–212

Epelde L, Hernández-Allica J, Becerril JM, Blanco F, Garbisu C (2008) Effects of chelates on 
plants and soil microbial community: comparison of EDTA and EDDS for lead phytoextrac-
tion. Sci Total Environ 401:21–28

Fernandez S, Poschenrieder C, Marcenò C, Gallego JR, Jiménez-Gámez D, Bueno A, Afif E 
(2016) Phytoremediation capability of native plant species living on Pb-Zn and Hg-As mining 
wastes in the Cantabrian range, north of Spain. J Geochem Explor 174:10–20

Flathman PE, Lanza GR (1998) Phytoremediation: current views on an emerging green technol-
ogy. J Soil Contam 7:415–432

Gichner T, Znidar I, Száková J (2008) Evaluation of DNA damage and mutagenicity induced by 
lead in tobacco plants. Mutat Res 652:186–190

Godzik B (1993) Heavy metals content from zinc dumps and reference areas. Pol Bot Stud 
5:113–132

Gopal R, Rizvi AH (2008) Excess lead alters growth, metabolism and translocation of certain 
nutrients in radish. Chemosphere 70:1539–1544

Gratao PL, Polle A, Lea PJ, Azevedo RA (2005) Making the life of heavy metal-stressed plants a 
little easier. Funct Plant Biol 32:481–494

Grover P, Rekhadevi P, Danadevi K, Vuyyuri S, Mahboob M, Rahman M (2010) Genotoxicity 
evaluation in workers occupationally exposed to lead. Int J Hyg Environ Health 213:99–106

Gupta DK, Li LL (2013) Lead detoxification system in plants. In: Kretsinger RH, Uversky VN, 
Permyakov EA (eds) Encyclopedia of metalloproteins. Springer, Heidelberg, pp 1173–1179

Gupta DK, Nicoloso F, Schetinger M, Rossato L, Pereira L, Castro G, Srivastava S, Tripathi RD 
(2009) Antioxidant defense mechanism in hydroponically grown Zea mays seedlings under 
moderate lead stress. J Hazard Mater 172:479–484

Gupta DK, Huang HG, Yang XE, Razafindrabe BHN, Inouhe M (2010) The detoxification of lead 
in Sedum alfredii H. is not related with phytochelatins but the glutathione. J Hazard Mater 
177:437–444

Gupta DK, Nicoloso FT, Schetinger MRC, Rossato LV, Huang HG, Srivastava S, Yang XE (2011) 
Lead induced responses of Pfaffia glomerata, an economically important Brazilian medicinal 
plant, under in vitro culture conditions. Bull Environ Contam Toxicol 86:272–277

Gupta DK, Huang HG, Corpas FJ (2013a) Lead tolerance in plants: strategies for phytoremedia-
tion. Environ Sci Pollut Res 20:2150–2161

Gupta DK, Corpas FJ, Palma JM (2013b) Heavy metal stress in plants. Springer, Heidelberg
Gupta DK, Huang HG, Nicoloso FT, Schetinger MRC, Farias JG, Li TQ, Razafindrabe BHN, Aryal 

N, Inouhe M (2013c) Effect of Hg, As and Pb on biomass production, photosynthetic rate, nutri-
ents uptake and phytochelatin induction in Pfaffia glomerata. Ecotoxicology 22:1403–1412

Hartwig A, Schlepegrell R, Beyersmann D (1990) Indirect mechanism of lead induced genotoxic-
ity in cultured mammalian cells. Mutat Res 241:75–82

Hu J, Shi G, Xu Q, Wang X, Yuan Q, Du K (2007) Effects of Pb2+ on the active oxygenscav-
enging enzyme activities and ultrastructure in Potamogeton crispus leaves. Russ J Plant Physl 
54:414–419

Huang JW, Cunningham SD (1996) Lead phytoextraction: species variation in lead uptake and 
translocation. New Phytol 134:75–84

Huang JW, Grunes DL, Kochian LV (1994) Voltage dependent Ca2+ influx into right-side-out plas-
mamembrane vesicles isolated from wheat roots: characteristic of a putative Ca2+ channel. Proc 
Natl Acad Sci U S A 91:3473–3477

Inoue H, Fukuoka D, Tatai Y, Kamachi H, Hayatsu M, Ono M, Suzuki S (2013) Properties of lead 
deposits in cell walls of radish (Raphanus sativus) roots. J Plant Res 126:51–61

Islam E, Yang X, Li T, Liu D, Jin X, Meng F (2007) Effect of Pb toxicity on root morphol-
ogy, physiology and ultrastructure in the two ecotypes of Elsholtzia argyi. J  Hazard Mater 
147:806–816

Lead Toxicity in Plants: A Review



112

Jayasri MA, Suthindhiran K (2017) Effect of zinc and lead on the physiological and biochemical 
properties of aquatic plant Lemna minor: its potential role in phytoremediation. Appl Water Sci 
7:1247–1253

Jiang W, Liu D (2010) Pb-induced cellular defense system in the root meristematic cells of Allium 
sativum L. BMC Plant Biol 10:40

Jiang L, Wang W, Chen Z, Gao Q, Xu Q, Cao H (2017) A role for APX1 gene in lead tolerance in 
Arabidopsis thaliana. Plant Sci 256:94–102

Jiang Y, Jiang S, Li Z, Yan X, Qin Z, Huang R (2019) Field scale remediation of Cd and Pb con-
taminated paddy soil using three mulberry (Morus alba L.) cultivars. Ecol Eng 129:38–44

Jusselme MD, Poly F, Miambi E, Mora P, Blouin M, Pando A, Rouland-Lefèvre C (2012) Effect of 
earthworms on plant Lantana camara Pb-uptake and on bacterial communities in root-adhering 
soil. Sci Total Environ 416:200–207

Kabata-Pendias A, Pendias H (2001) Trace elements in soils and plants, 3rd edn. CRC Press, Boca 
Raton, FL

Khan I, Iqbal M, Ashraf MY, Ashraf MA, Ali S (2016) Organic chelants-mediated enhanced lead 
(Pb) uptake and accumulation is associated with higher activity of enzymatic antioxidants in 
spinach (Spinacea oleracea L.). J Hazard Mater 317:352–361

Kiran BR, Prasad MNV (2017) Responses of Ricinus communis L. (castor bean, phytoremediation 
crop) seedlings to lead (Pb) toxicity in hydroponics. Selcuk J Agri Food Sci 31:73–80

Kopittke PM, Asher CJ, Kopittke RA, Menzies NW (2007) Toxic effects of Pb2+ on growth of 
cowpea (Vigna unguiculata). Environ Pollut 150:280–287

Kopittke PM, Asher CJ, Blamey FP, Auchterlonie GJ, Guo YN, Menzies NW (2008a) Localization 
and chemical speciation of Pb in roots of signal grass (Brachiaria decumbens) and Rhodes 
grass (Chloris gayana). Environ Sci Technol 42:4595–4599

Kopittke PM, Asher CJ, Menzies NW (2008b) Prediction of Pb speciation in concentrated and 
dilute nutrient solutions. Environ Pollut 153:548–554

Kumar A, Majeti NVP (2014) Proteomic responses to lead-induced oxidative stress in Talinum 
triangulare Jacq. (Willd.) roots: identification of key biomarkers related to glutathione metabo-
lisms. Environ Sci Pollut Res 21:8750–8764

Kumar PN, Dushenkov V, Motto H, Raskin I (1995) Phytoextraction: the use of plants to remove 
heavy metals from soils. Environ Sci Technol 29:1232–1238

Kumar A, Prasad MN, Sytar O (2012) Lead toxicity, defense strategies and associated indicative 
biomarkers in Talinum triangul are grown hydroponically. Chemosphere 89:1056–1065

Kumar A, Pal L, Agrawal V (2017) Glutathione and citric acid modulates lead- and arsenic-
induced phytotoxicity and genotoxicity responses in two cultivars of Solanum lycopersicum 
L. Acta Physiol Planta 39:151

Kushwaha A, Hans N, Kumar S, Rani R (2018) A critical review on speciation, mobilization and 
toxicity of lead in soil-microbe-plant system and bioremediation strategies. Ecotox Environ 
Safet 147:1035–1045

Lane SD, Martin ES (1977) A histochemical investigation of lead uptake in Raphanus sativus. 
New Phytol 79:281–286

Leal-Alvarado DA, Espadas-Gil F, Sáenz-Carbonell L, Talavera-May C, Santamaría JM (2016) 
Lead accumulation reduces photosynthesis in the lead hyper-accumulator Salvinia minima 
Baker by affecting the cell membrane and inducing stomatal closure. Aquat Toxicol 171:37–47

Lee M, Lee K, Lee J, Noh EW, Lee Y (2005) AtPDR12 contributes to lead resistance in Arabidopsis. 
Plant Physiol 138:827–836

Leyval C, Berthelin J (1991) Weathering of a mica by roots and rhizospheric microorganisms of 
pine. Soil Sci Soc Am J 55:1009–1016

Liu D, Li T, Jin X, Yang X, Islam E, Mahmood Q (2008) Lead induced changes in the growth and 
antioxidant metabolism of the lead accumulating and non-accumulating ecotypes of Sedum 
alfredii. J Integr Plant Biol 50:129–140

López-Orenes A, Dias MC, Ferrer MÁ, Calderón A, Moutinho-Pereira J, Correia C, Santos C 
(2018) Different mechanisms of the metalliferous Zygophyllum fabago shoots and roots to 
cope with Pb toxicity. Environ Sci Pollut Res 25:1319–1330

A. Mitra et al.



113

Lovering TG (1969) The distribution of minor elements in samples of biotite from igneous rocks-
basic data. US Geological Survey

Ma Y, Egodawatta P, McGree J, Liu A, Goonetilleke A (2016) Human health risk assessment of 
heavy metals in urban storm water. Sci Total Environ 557:764–772

Malar S, Manikandan R, Favas PJC, Vikram Sahi S, Venkatachalam P (2014) Effect of lead 
on phytotoxicity, growth, biochemical alterations and its role on genomic template stabil-
ity in Sesbania grandiflora: a potential plant for phytoremediation. Ecotoxicol Environ Saf 
108:249–257

Malea P, Adamakis ID, Kevrekidis T (2014) Effects of lead uptake on microtubule cytoskeleton 
organization and cell viability in the seagrass Cymodocea nodosa. Ecotoxicol Environ Saf 
104:175–181

Malecka A, Jarmuszkiewicz W, Tomaszewska B (2001) Antioxidative defense to lead stress in 
subcellular compartments of pea root cells. Acta Bioquim Polon 48:687–698

Małecka A, Piechalak A, Morkunas I, Tomaszewska B (2008) Accumulation of lead in root cells 
of Pisum sativum. Acta Physiol Plant 30:629–637

Małkowski E, Kita A, Galas W, Karcz W, Kuperberg JM (2002) Lead distribution in corn seedlings 
(Zea mays L.) and its effect on growth and the concentrations of potassium and calcium. Plant 
Growth Regul 37:69–76

Martínez-Macías María I, Qian W, Miki D, Pontes O, Liu Y, Tang K, Liu R, Morales-Ruiz T, Ariza 
R, Roldán-Arjona T, Zhu JK (2012) A DNA 3′ phosphatase functions in active DNA demeth-
ylation in Arabidopsis. Mol Cell 45:357–370

Meitei MD, Kumar A, Prasad MN, Malec P, Waloszek A, Maleva M, Strzałka K (2014) 
Photosynthetic pigments and pigment-protein complexes of aquatic plants under heavy metal 
stress. Photosynthetic pigments: chemical structure, biological function and ecology. Russian 
Academy of Sciences, St. Petersburg, Nauka, Russia, pp 314–329

Mench M, Morel JL, Guckert A (1987) Metal binding properties of high molecular weight soluble 
exudates from maize (Zea mays L.) roots. Biol Fertil Soils 3:165–169

Mesjasz-Przybyłowicz JO, Nakonieczny MI, Migula PA, Augustyniak MA, Tarnawska MO, 
Reimold WU, Koeberl CH, Przybyłowicz WO, Głowacka EL (2004) Uptake of cadmium lead, 
nickel and zinc from soil and water solutions by the nickel hyperaccumulator Berkheya coddii. 
Acta Biol Cracov Bot 46:75–85

Michalak E, Wierzbicka M (1998) Differences in lead tolerance between Allium cepa plants devel-
oping from seeds and bulbs. Plant and Soil 199:251–260

Miller RJ, Koeppe DE (1971) Accumulation and physiological effects of lead in corn. In: 
Proceedings of University of Missouri, vol 4, Columbia, pp 186–193

Mishra M, Mishra PK, Kumar U, Prakash V (2009) NaCl phytotoxicity induces oxidative  
stress and response of antioxidant systems in Cicer arietinum L. cv. Abrodhi. Bot Res Inter 
2:74–82

Mueller MJ (2004) Archetype signals in plants: the phytoprostanes. Curr Opin Plant Biol 7:441–448
Muhammad D, Chen F, Zhao J, Zhang G, Wu F (2009) Comparison of EDTA-and citric acid-

enhanced phytoextraction of heavy metals in artificially metal contaminated soil by Typha 
angustifolia. Int J Phytoremediation 11:558–574

Olguín EJ, Sánchez-Galván G (2012) Heavy metal removal in phytofiltration and phycoremediation: 
the need to differentiate between bioadsorption and bioaccumulation. New Biotechnol 30:3–8

Orrono DI, Schindler V, Lavado RS (2012) Heavy metal availability in Pelargonium hortorum 
rhizosphere: interactions, uptake and plant accumulation. J Plant Nutr 35:1374–1386

Ouariti O, Gouia H, Ghorbal MH (1997) Responses of bean and tomato plants to cadmium: 
growth, mineral nutrition, and nitrate reduction. Plant Physiol Biochem 35:347–354

Piotrowska A, Bajguz A, Godlewska-Zylkiewicz B, Czerpak R, Kaminska M (2009) Jasmonic 
acid as modulator of lead toxicity in aquatic plant Wolffia arrhiza (Lemnaceae). Environ Exp 
Bot 66:507–513

Połeć-Pawlak K, Ruzik R, Lipiec E, Ciurzyńska M, Gawrońska H (2007) Investigation of Pb(II) 
binding to pectin in Arabidopsis thaliana. J Anal Atom Spectrom 22:968–972

Lead Toxicity in Plants: A Review



114

Pourrut B, Perchet G, Silvestre J, Cecchi M, Guiresse M, Pinelli E (2008) Potential role of 
NADPH-oxidase in early steps of lead-induced oxidative burst in Vicia faba roots. J  Plant 
Physiol 165:571–579

Pourrut B, Shahid M, Dumat C, Winterton P, Pinelli E (2011a) Lead uptake, toxicity, and detoxifi-
cation in plants. Rev Environ Contam Toxicol 213:113–136

Pourrut B, Jean S, Silvestre J, Pinelli E (2011b) Lead-induced DNA damage in Vicia faba root 
cells: potential involvement of oxidative stress. Mutat Res 726:123–128

Pourrut B, Shahid M, Douay F, Dumat C, Pinelli E (2013) Molecular mechanism involved in lead 
uptake, toxicity and detoxification in higher plants. In: Gupta DK, Corpas FJ, Palma JM (eds) 
Heavy metal stress in plants. Springer, Heidelberg, pp 121–147

Punamiya P, Datta R, Sarkar D, Barber S, Patel M, Das P (2010) Symbiotic role of Glomus mos-
seae in phytoextraction of lead in vetiver grass [Chrysopogon zizanioides (L.)]. J Hazard Mater 
177:465–474

Qiao X, Shi G, Chen L, Tian X, Xu X (2013) Lead-induced oxidative damage in sterile seedlings 
of Nymphoides peltatum. Environ Sci Pollut Res 20:5047–5055

Qufei L, Fashui H (2009) Effects of Pb2+ on the structure and function of photosystem II of 
Spirodela polyrrhiza. Biol Trace Elem Res 129:251–260

Radic S, Babić M, Škobić D, Roje V, Pevalek-Kozlina B (2010) Ecotoxicological effects of alumi-
num and zinc on growth and antioxidants in Lemna minor L. Ecotoxcol Environ Saf 73:336–342

Rafati M, Khorasani N, Moattar F, Shirvany A, Moraghebi F, Hosseinzadeh S (2011) 
Phytoremediation potential of Populus alba and Morus alba for cadmium, chromium and 
nickel absorption from polluted soil. Int J Environ Res 5:961–970

Rezania S, Taib SM, Din MF, Dahalan FA, Kamyab H (2016) Comprehensive review on phyto-
technology: heavy metals removal by diverse aquatic plants species from wastewater. J Hazard 
Mater 318:587–599

Rodriguez E, Azevedo R, Moreira H, Souto L, Santos C (2013) Pb2+ exposure induced microsatel-
lite instability in Pisum sativum in a locus related with glutamine metabolism. Plant Physiol 
Biochem 62:19–22

Romanowska E, Wróblewska B, Drozak A, Siedlecka M (2006) High light intensity protects photo-
synthetic apparatus of pea plants against exposure to lead. Plant Physiol Biochem 44:387–394

Romanowska E, Wasilewska W, Fristedt R, Vener AV, Zienkiewicz M (2012) Phosphorylation of 
PSII proteins in maize thylakoids in the presence of Pb ions. J Plant Physiol 169:345–352

Ros R, Morales A, Segura J, Picazo I (1992) In vivo and in vitro effects of nickel and cadmium on 
the plasmalemma ATPase from rice (Oryza sativa L.) shoots and roots. Plant Sci 83:1–6

Rucińska-Sobkowiak R, Nowaczyk G, Krzesłowska M, Rabęda I, Jurga S (2013) Water status and 
water diffusion transport in lupine roots exposed to lead. Environ Exp Bot 87:100–109

Rudakova EV, Karakis KD, Sidorshina ET (1988) The role of plant cell walls in the uptake and 
accumulation of metal ions. Fiziol Biochim Kult Rast 20:3–12

Salt DE, Smith RD, Raskin I (1998) Phytoremediation. Annu Rev Plant Biol 49:643–668
Sammut ML, Noack Y, Rose J, Hazemann JL, Proux O, Depoux M, Ziebel A, Fiani E (2010) 

Speciation of Cd and Pb in dust emitted from sinter plant. Chemosphere 78:445–450
Sengar RS, Gautam M, Sengar RS, Sengar RS, Garg SK, Sengar K, Chaudhary R (2009) Lead 

stress effects on physiobiochemical activities of higher plants. Rev Environ Contam Toxicol 
196:1–21

Seregin IV, Ivanov VB (2001) Physiological aspects of cadmium and lead toxic effects on higher 
plants. Russ J Plant Physiol 48:523–544

Shahid M, Pinelli E, Pourrut B, Silvestre J, Dumat C (2011) Lead-induced genotoxicity to Vicia 
faba L. roots in relation with metal cell uptake and initial speciation. Ecotoxicol Environ Saf 
74:78–84

Shahid M, Pinelli E, Dumat C (2012) Review of Pb availability and toxicity to plants in relation 
with metal speciation; role of synthetic and natural organic ligands. J Hazard Mater 15:219–220

Sharma P, Dubey RS (2005) Lead toxicity in plants. Braz J Plant Physiol 17:35–52
Shi X, Wang S, Wang D, Sun H, Chen Y, Liu J, Jiang Z (2018) Woody species Rhus chinensis Mill. 

seedlings tolerance to Pb: Physiological and biochemical response. J Environ Sci 78:63–73

A. Mitra et al.



115

Shiowatana J, McLaren RG, Chanmekha N, Samphao A (2001) Fractionation of arsenic in soil by 
a continuous-flow sequential extraction method. J Environ Qual 30:1940–1949

Silveira MLA, Alleoni LRF, Guilherme LRG (2003) Biosolids and heavy metals in soils. Sci Agric 
60:793–806

Singh R, Tripathi RD, Dwivedi S, Kumar A, Trivedi PK, Chakrabarty D (2010) Lead bioaccu-
mulation potential of an aquatic macrophyte Najas indica are related to antioxidant system. 
Bioresour Technol 101:3025–3032

Smith RAH, Bradshaw AD (1992) Stabilization of toxic mine wastes by the use of tolerant plant 
populations. Trans Inst Min Metall 81:230–237

Stadtman ER, Levine RL (2000) Protein oxidation. Ann N Y Acad Sci 899:191–208
Strubińska J, Hanaka A (2011) Adventitious root system reduces lead uptake and oxidative stress 

in sunflower seedlings. Biol Planta 55:771
Tomsig JL, Suszkiw JB (1991) Permeation of Pb through calcium channels: fura-2 measurements 

of voltage- and dihydropyridine-sensitive Pb entry in isolated bovine chromaffin cells. Biochim 
Biophys Acta 1069:197–200

Tomulescu IM, Radoviciu EM, Merca VV, Tuduce AD (2004) Effect of copper, zinc and lead and 
their combinations on the germination capacity of two cereals. J Agric Sci 15:39–42

Uzu G, Sobanska S, Aliouane Y, Pradere P, Dumat C (2009) Study of lead phytoavailability for 
atmospheric industrial micronic and sub-micronic particles in relation with lead speciation. 
Environ Pollut 157:1178–1185

Verma R, Suthar S (2015) Lead and cadmium removal from water using duckweed-Lemna gibba 
L.: impact of pH and initial metal load. Alex Eng J 54:1297–1304

Wang C, Wang X, Tian Y, Yu H, Gu X, Du W, Zhou H (2008) Oxidative stress, defense response, 
and early biomarkers for lead-contaminated soil in Vicia faba seedlings. Environ Toxicol Chem 
27:970–977

Wedepohl KH (1956) Untersuchungen zur Geochemie des Bleis. Geochim Cosmochim Acta 
10:69–148

Wierzbicka MH, Przedpełska E, Ruzik R, Ouerdane L, Połeć-Pawlak K, Jarosz M, Szpunar J, 
Szakiel A (2007) Comparison of the toxicity and distribution of cadmium and lead in plant 
cells. Protoplasma 231:99–111

Wuana RA, Okieimen FE (2011) Heavy metals in contaminated soils: a review of sources, chem-
istry, risks and best available strategies for remediation. ISRN Ecol 2011:402647

Xin J, Huang B, Dai H, Zhou W, Yi Y, Peng L (2015) Roles of rhizosphere and root-derived  
organic acids in Cd accumulation by two hot pepper cultivars. Environ Sci Pollut Res 
22:6254–6261

Yadav S (2010) Heavy metals toxicity in plants: an overview on the role of glutathione and phyto-
chelatins in heavy metal stress tolerance of plants. South Afr J Bot 76:167–179

Yan ZZ, Ke L, Tam NFY (2010) Lead stress in seedlings of Avicennia marina, a common man-
grove species in South China, with and without cotyledons. Aquat Bot 92:112–118

Yang JL, Wang LC, Chang CY, Liu TY (1999) Singlet oxygen is the major participating in the 
induction of DNA strand breakage and 8-hydroxydeoxyguanosine adduct by lead acetate. 
Environ Mol Mutagen 33:194–201

Yang Y, Wei X, Lu J, You J, Wang W, Shi R (2010) Lead-induced phytotoxicity mechanism 
involved in seed germination and seedling growth of wheat (Triticum aestivum L.). Ecotox 
Environ Safet 73:1982–1987

Yoon J, Cao X, Zhou Q, Ma LQ (2006) Accumulation of Pb, Cu, and Zn in native plants growing 
on a contaminated Florida site. Sci Total Environ 368:456–464

Zheng L, Peer T, Seybold V, Lütz-Meindl U (2012) Pb-induced ultrastructural alterations and sub-
cellular localization of Pb in two species of Lespedeza by TEM-coupled electron energy loss 
spectroscopy. Environ Exp Bot 77:196–206

Zhou L, Zhao Y, Wang S, Han S, Liu J (2015) Lead in the soil–mulberry (Morus alba L.)-silkworm 
(Bombyx mori) food chain: translocation and detoxification. Chemosphere 128:171–177

Lead Toxicity in Plants: A Review



116

Zhou C, Huang M, Li Y, Luo J, Ping Cai L (2016) Changes in subcellular distribution and anti-
oxidant compounds involved in Pb accumulation and detoxification in Neyraudia reynaudiana. 
Environ Sci Pollut Res 23:21794–21804

Zhu YL, Zayed AM, Quian JH, De Souza M, Terry N (1999) Phytoaccumulation of trace elements 
by wetland plants: II. Water hyacinth. J Environ Qual 28:339–344

Zhu FY, Li L, Lam PY, Chen MX, Chye ML, Lo C (2013) Sorghum extracellular leucine-rich 
repeat protein SbLRR2 mediates lead tolerance in transgenic Arabidopsis. Plant Cell Physiol 
54:1549–1559

A. Mitra et al.



117© Springer Nature Switzerland AG 2020 
D. K. Gupta et al. (eds.), Lead in Plants and the Environment, Radionuclides 
and Heavy Metals in the Environment, 
https://doi.org/10.1007/978-3-030-21638-2_7

Mechanisms Involved in Photosynthetic 
Apparatus Protection Against Lead Toxicity

Krzysztof Tokarz, Barbara Piwowarczyk, and Wojciech Makowski

Abstract  Lead is one of the most toxic trace elements influencing plant growth and 
development processes including photosynthesis. Although lead is characterized by 
low mobility, it can get into the plant and after destroying physical barrier (Casparian 
strip), enters the xylem and translocates to the aerial parts of a plant affecting pho-
tosynthetic apparatus in both indirect and direct ways.

Directly Pb impacts on the number and ultrastructure of chloroplasts, the photo-
synthetic pigments synthesis, activity and efficiency of Oxygen Evolving Complex, 
Photosystem II Reaction Center, membrane transporters, Thioredoxin System and 
the Calvin-Benson Cycle effectiveness as well as synthesis and distribution of car-
bohydrates. Indirectly, Pb impairs plants’ redox state, leading to ROS generation, 
wherein the photosynthetic apparatus might be source as well as objective of ROS 
action. In order to survive in such conditions, plants have developed a number of 
mechanisms protecting their photosynthetic apparatus against toxic effects of Pb.

Keywords  Lead · Photosynthetic apparatus · Photosynthesis · Photosystem II · 
Electron transport · Chloroplast · ROS

1  �Introduction

Lead (Pb) is a heavy metal widely distributed in the nature. It cannot be decom-
posed in the environment and it is not biodegradable, moreover Pb accumulates in 
the tissues of living organisms. Although, once it was widely used, now it is consid-
ered to be a big risk for human health. The development of civilization and the 
associated increase of Pb emissions lead to a significant contamination of the envi-
ronment (Cheng and Hu 2010). On an industrial scale, Pb is used for the production 
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of paints, batteries, accumulators, ammunition, and so on. Although in recent times 
Pb contamination of the environment has been severely limited by withdrawal of 
this element as a gasoline additive, the threat of its toxicity is still present. According 
to the Report of the European Environment Agency (EEA) (EEA 2016), although 
the concentration of Pb in the atmosphere is low, this element is still deposited in the 
soil from where it can be taken up by plants and get to the food chain. In agricultural 
soils, Pb can originate from pesticides, inorganic fertilizers, especially phosphates 
(Atafar et al. 2010). According to Slootweg et al. (2010) in Europe there are about 
20% of the areas threatened by lead deposition above the critical level.

2  �Pb Toxicity for Plants

Pb belongs to the elements displaying the translocation restriction phenomenon 
(Dogan et al. 2018), which means that most of plant available Pb is retained and 
accumulated within the roots (Kumar and Prasad 2018). However, a small amount of 
Pb ions can also be transported (mostly by xylem vessels) to above-ground plant 
parts (Zhou et al. 2016). The first biochemical reaction to the Pb presence inside the 
cell is the disturbance of the redox homeostasis, although Pb as a metal has low 
redox activity and does not generate reactive oxygen species (ROS) directly in the 
Haber-Weiss/Fenton process (Shahid et al. 2014, 2015). Excessive ROS production 
due to Pb toxicity is primarily result of enzyme damage either by replacing divalent 
cations at the cofactor sites or by altering enzyme activities by attaching to their –SH 
groups (Shahid et al. 2014, 2015). In excess, ROS can affect polyunsaturated fatty 
acids and cause lipid peroxidation and damage of the cell membranes (Hattab et al. 
2016; Ashraf and Tang 2017). Moreover, Pb can directly or indirectly, through ROS 
generation, also damage RNA, DNA or cause protein oxidation (Kumar and Prasad 
2018). In addition, in the green parts of the plant Pb can have direct or indirect major 
impact on the photosynthetic process (Chen et al. 2017; Kumar and Prasad 2018).

3  �Effects of Lead Toxicity on Photosynthetic Apparatus 
and Photosynthetic Process

3.1  �Pigments Biosynthesis

One of the visible signs of toxic effects of Pb ions on the photosynthetic apparatus 
is chlorosis (Ghori et al. 2019) caused by the decrease of chlorophyll content in 
plants what was observed in Anthyllis vulneraria (Piwowarczyk et al. 2018), Rhus 
chinensis (Shi et al. 2019), Helianthus annuus (Doncheva et al. 2018). The toxicity 
of Pb is associated with the inactivation of 5-aminolevulinic acid dehydratase 
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(ALAD)—enzyme which is necessary for the synthesis of porphobilinogen—the 
precursor of chlorophyll. This inactivation is achieved through Pb interaction with 
the –SH groups of the enzyme active side (Prasad and Prasad 1987; Sharma and 
Dubey 2005). In addition, Pb ions substitute Mg ions in the porphyrin ring of 
chlorophyll molecule leading to impaired function (Harpaz-Saad et al. 2007). Often, 
the decrease in the content of chlorophyll pigments is accompanied by a decrease in 
the content of carotenoid pigments (Ashraf and Tang 2017; Kaviani et al. 2017). 
These pigments have a dual function in the process of photosynthesis: firstly—they 
participate in the mechanism of harvesting additional energy not absorbed by chlo-
rophyll and, due to their structure. Secondly—they protect against the negative 
effect of excess energy reaching the reaction center in the process of dissipating 
absorbed energy as a heat (Sun et  al. 2018). The toxic action of Pb ions mainly 
arises from the inactivation of enzymes associated with carotenoid synthesis path-
way (MEP-methyl eritrythol phosphate pathway) that takes place in the chloroplasts 
(Giuliano 2014).

3.2  �Chloroplast Ultrastructure

The effect of Pb on the chloroplast ultrastructure depends to a greater or lesser 
extent on the concentration used in the experiment. At low applied Pb concentra-
tions, chloroplasts morphologically do not differ from control plants chloroplasts or 
show some minor ultrastructural changes (Arena et al. 2017; Figlioli et al. 2019). 
Higher Pb concentrations lead to chloroplast shrinkage (Khan et al. 2018) or their 
swelling (Shen et al. 2016; Zhou et al. 2017). In addition, Pb ions can also lead to a 
less developed thylakoid system manifested by a decrease in the amount of granal 
thylakoids and an increase in the amount of stromal thylakoids, as well as a decrease 
in the compaction level of thylakoids in the granum, and thus their loosening (Reis 
et al. 2015; Shen et al. 2016; Zhou et al. 2017; Khan et al. 2018). Furthermore, due 
to Pb toxicity some authors observe the lack of starch granules (Zhou et al. 2017) or 
the increase in their number (Khan et al. 2018; Figlioli et al. 2019). Moreover, in 
chloroplasts exposed to Pb ions, an increase in the number and size of osmiophilic 
granules (Shen et  al. 2016) and among them plastoglobules (Piwowarczyk et  al. 
2018) can be observed. The toxicity of Pb to chloroplasts is associated with the 
disruption in their ultrastructure, which results from the high affinity of Pb ions for 
the amino and thiol groups of structural thylakoid membrane proteins (Xiong et al. 
2006; Hu et al. 2007; Liu et al. 2008; Piotrowska et al. 2009). Moreover, these struc-
tural changes of thylakoid membrane proteins can lead to a decrease or complete 
loss of chloroplast membranes selective permeability. Loss of selective permeabil-
ity leads to an uncontrolled flow of ions across the membranes, making it impossi-
ble to generate the proton gradient necessary for the ATP synthesis.

Mechanisms Involved in Photosynthetic Apparatus Protection Against Lead Toxicity
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3.3  �Light and Dark Reactions of Photosynthesis

3.3.1  �Light Reactions

In the light reactions, the toxic effects of Pb are mainly related to the activity of the 
oxygen evolving complex (OEC), the reaction center of photosystem II (PSII), the 
electron transport chain, including membrane transporters, photosystem I (PSI), 
Ferredoxine-NADP  +  reductase and ATP synthase (Fig.  1) (Gupta et  al. 2009; 
Cenkci et al. 2010; Kalaji et al. 2016).

Sersen et al. (2014) observed disorders at the donor side of PSII in isolated spin-
ach chloroplasts in the presence of Pb caused by irreversible damage to the OEC. The 
direct toxicity of Pb is associated with Zn2+ and/or Ca2+ substitution by Pb2+ cations. 
In addition, Pb ions may associate with the thiol groups of the complex, leading to 
disturbances in its activity as a result of conformational changes (Rashid et al. 1994; 
Sersen et al. 2014). Next target of Pb toxicity in light reactions is light harvesting 
complex (LHC). Janik et  al. (2013) have pointed out, that decreased electron 

Fig. 1  Scheme of direct Pb impact on components of photosynthetic apparatus
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transport efficiency may be a consequence of monomerization of LHCII protein, 
caused by the presence of Pb ions.

In the reaction centers of PSII, the direct Pb effect is related to the substitution of 
Mg ions by Pb ions in the porphyrin ring of chlorophyll a that is a cortical part of the 
PSII reaction centre (Harpaz-Saad et al. 2007; Bechaieb et al. 2016). The chlorophyll 
molecule formed in this way is in a state of constant excitation leading to permanent 
inactivation of the PSII reaction centre (Sharma and Dubey 2005; Romanowska 
et al. 2008). In addition, the association of Pb ions with the QB site on the D1 protein 
is observed, as well as their association with the -SH groups of the PSII complex 
proteins. This leads to changes in the secondary and tertiary structure of proteins, the 
effect of which is the inhibition of electron transport outside PSII (Qufei and Fashui 
2009). Another place of Pb impact is the acceptor side of PSII. Pb limits the synthe-
sis of plastoquinone by disturbing the enzymes involved in the pathway of its synthe-
sis (MEP-IPP isopentenyl diphosphate pathway) (Schultz et  al. 1985; Giuliano 
2014). The direct effect of Pb on plastocyanin is limitation of its synthesis and 
changing its activity due to substitution of copper ions by Pb ions. On the other hand, 
Pb directly interacts with NADP+ ferredoxin reductase by combining with its thiol 
groups, which leads to the limitation of the linear electron transport rate and suppres-
sion of the reduction power (NADPH) synthesis (Doncheva et al. 2018).

At the same time, the indirect impact on the electron chain is associated with the 
generation of ROS by the PSII as a result of: limiting of the OEC activity and thus 
limiting of the amount of electrons supplied to PSII reaction centres. Lack of pho-
tochemical use of excited electrons from the reaction centre can generate ROO· 
radicals while oxidized P680 also generates ROS (Tyystjärvi 2008). The indirect 
influence of Pb on PS I is manifested by PSI over reduction caused by limitation of 
activity on the acceptor side of this photosystem (thioredoxins, especially the 
ferredoxin-NADP + reductase) (Stefanov et al. 2014; Doncheva et al. 2018).

3.3.2  �Dark Reactions

Pb can also cause inhibition of photosynthesis through reducing activity of Calvin 
cycle enzymes (Liu et al. 2008; Singh et al. 2010). Hampp et al. (1973) reported, 
that in presence of Pb enzymes involved in photosynthetic CO2 assimilation: 
ribulose-1,5-bisphosphate carboxylase (Rubisco) and ribulose-1,5-bisphosphate 
kinase were inhibited. Pb ions can affect activity, but also the quantity of enzymatic 
proteins. Arena et al. (2017) have shown that plants of Cynara cardunculus L. grow-
ing under Pb stress accumulated less Rubisco, than control plants.

3.4  �Thioredoxin System

A number of mechanisms regulate photochemical use efficiency of absorbed radiation 
in the photosynthesis process and at the same time protect against the appearance of 
ROS.  These include: nonphotochemical quenching (NPQ), electrons flow control 
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system between PSII and PSI, state transitions, cycling and pseudocycling electron 
flow pathways, and a system of activation and deactivation of enzymes involved in both 
light and carbon fixation reactions. In addition, in the plant cells there is a system of 
thioredoxin proteins responsible for a number of mechanisms regulating photosynthe-
sis in chloroplasts (Nikkanen et al. 2017). Thioredoxins, a group of proteins with oxi-
doreductive properties, mediate the reduction of other proteins by its oxidation. They 
are reduced by thioredoxin reductases with which they form a common thioredoxin 
system. Most of the thioredoxins are located in chloroplasts, and electron donors are 
ferredoxin-dependent, Fd-thioredoxin reductase (FTR) and NADPH-dependent, 
NADP-thioredoxin reductase complex (NTRC) (Balsera et al. 2014; Geigenberger and 
Fernie 2014; Nikkanen and Rintamäki 2014; Rouhier et  al. 2015; Buchanan 2016; 
Nikkanen et al. 2017). In photosynthesizing cells, FTR-dependent system is activated 
with light at the time of ferredoxin reduction by PS I, while the NTRC dependent sys-
tem is activated both by light (NADPH from the light phase) and darkness (NADPH 
from the pentose-phosphate cycle) (Motohashi and Hisabori 2010; Geigenberger and 
Fernie 2014; Nikkanen and Rintamäki 2014; Bölter et al. 2015; Rouhier et al. 2015; 
Kang and Wang 2016; Nikkanen et al. 2017). The FTR-dependent system is directly 
related to plant productivity by activating enzymes in the Calvin-Benson cycle 
(Buchanan 2016; Nikkanen et al. 2017). In contrast, the NTRC-dependent system par-
ticipates in the control of chloroplast development in response to changes in spectral 
composition and intensity of radiation, signal transfer between chloroplast compart-
ments, as well in the antioxidant system (Motohashi and Hisabori 2010; Geigenberger 
and Fernie 2014; Nikkanen and Rintamäki 2014; Bölter et  al. 2015; Rouhier et  al. 
2015; Kang and Wang 2016; Nikkanen et al. 2017). Molecular oxygen derived from 
the OEC activity, oxidizes the enzymes involved in the photosynthetic process, hence 
the high activity of thioredoxins is necessary to maintain these enzymes’ activity ensur-
ing the process of photosynthesis. Pb, that has a high affinity to thiol groups, combining 
with the elements of the thioredoxin system, diminishes the reduction potential neces-
sary to maintain the high efficiency of the photosynthesis process. In addition, thiore-
doxin f (TRXf), dependent on FTR and NTRC, is involved in the control of ATP 
synthase as well as redox activated enzymes controlling chlorophyll synthesis, shiki-
mate pathway, Calvin-Benson cycle and starch synthesis (Geigenberger and Fernie 
2014; Nikkanen and Rintamäki 2014; Nikkanen et al. 2017). Thus, the inactivation of 
FTR, NTRC and TRXf by Pb ions will result in reduced synthesis of chlorophylls and 
ATP, as well as in decreased efficiency of the dark photosynthetic phase.

4  �Plant Response to Lead Toxicity

Plants have developed several strategies that allow them to avoid the stress associ-
ated with the appearance of heavy metals (including Pb) in the environment. These 
strategies can be divided into mechanism of stress avoidance and stress tolerance. 
The avoidance strategy consisting in preventing the entry of Pb into protoplasts of 
metabolically active cells is based on the mechanism of exclusion and accumulation 
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(compartmentalization) (Krzesłowska et al. 2016; Dresler et al. 2017). In the exclu-
sion mechanism, Pb is immobilized in the rhizosphere by root mucilage rich in 
organic acids, pectins and other compounds that bind metal ions (Sobotik et  al. 
1998) as well as captured by border cells present in root exudates (Huskey et al. 
2018). In the accumulation mechanism, Pb is retained in plant parts with low bio-
logical activity mainly the cell walls (Krzesłowska et al. 2016). In turn, if Pb enters 
the cells, plant sets tolerance/defence mechanisms based on interlinked molecular 
and physiological processes leading to effective cells detoxification and/or repairing 
damages caused by Pb ions (Krzesłowska et  al. 2016; Dresler et  al. 2017). 
Detoxification is based on the binding of Pb with various ligands: phytochelatins, 
organic acids, amino acids, metallothioneins, phenols and their transport into vari-
ous parts of the cell, especially to vacuoles (Krzesłowska et al. 2016). In addition, 
oxidative stress resulting from the presence of Pb ions stimulates the activity of the 
plant antioxidant system including enzymes (superoxide dismutase, ascorbate per-
oxidase, glutathione peroxidase, glutathione reductase, catalase) and small mole-
cules (glutathione, cysteines, phenolic compounds) that scavenge ROS (Dresler 
et al. 2017; Shahid et al. 2017; Zhong et al. 2017).

4.1  �Mechanisms of Photosynthetic Apparatus Protection 
Against Lead Toxicity

PSII is the plant photosynthetic apparatus element highly exposed to the Pb toxic 
effects. The presence of Pb affects directly and indirectly its functioning, leading to 
the emergence of ROS.  The mechanism protecting the photosynthetic apparatus 
from the toxic effects of Pb is associated with the limitation of the amount of radia-
tion absorbed, its effective dissipation by the PSII reaction center and more efficient 
transport of the electron outside the PSII reaction center (Fig.  2). Research of 
Piwowarczyk et  al. (2018) showed that Anthyllis vulneraria treated with Pb was 
characterized by a reduced chlorophyll content and chl a/b ratio pointing the dimin-
ish size of photosynthetic antennas and the number of active PSII reaction. These 
changes protect against excessive radiation, allowing the absorption spectrum of 
antennas to be balanced. This excludes the risk of disturbances in the amount of 
absorbed radiation resulting from changes in the spectral composition of absorbed 
radiation (Ruban and Johnson 2009). Also, Arena et al. (2017) demonstrated that Pb 
presence in growing medium lead to decreased quantum yield performance, and 
increase in non-photochemical quenching in compare to control plants, with no dif-
ferences in PSII maximal photochemical efficiency. Such results may indicate that 
in plants growing under Pb presence, rise in non-photochemical quenching is effec-
tive mechanism of protecting the photosystems from excess energy.

Lead ions have low translocation ability from roots to shoots, but regardless of that 
they can change phosphorylation level of proteins involved in photosystems construc-
tion (Arena et al. 2017). In the study of Wasilewska et al. (2015), pea plants exposed to 
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Pb were characterized by increased phosphorylation of D1 protein, with simultane-
ously lover phosphorylation level of LHC II, in compare to the control plants. Arena 
et al. (2017) have shown that lead stress increase accumulation of D1 protein in C. 
cardunculus. More, Romanowska et al. (2012) have reported that heavy metal stress 
increased phosphorylation of the PSII core proteins. Higher phosphorylation of D1 
may stabilized the structure of PS II in stress conditions, while low phosphorylation of 
LHC II contribute to better energy distribution between PS I and PS II (Wasilewska 
et al. 2015). Also, more phosphorylated D1 can be related to prevention in superoxide 
anion production on PS II, what decrease the oxidative stress level (Wasilewska et al. 
2015). Romanowska et  al. (2012) and Wasilewska et  al. (2015) indicated that such 
changes in phosphorylation status of proteins in PS II are the universal mechanism 
improving membranes flexibility and photosystems stability under heavy metal stress 
in plants. Stability of PSII functioning in the presence of heavy metals depends on 
efficient and effective electron transport beyond QB towards linear, as well as alternative 
electron transport pathways. In the studies of Stefanov et al. (2014) sunflower plants 
characterized by high efficiency of electron transport did not show symptoms of Pb 
toxicity. Similar observations were noted by Doncheva et al. (2018). However, the pres-
ence of Pb in chloroplasts results in chloroplast ultrastructure changes and overreduc-
tion of acceptor side of PSI leading to impaired speed and efficiency of linear electron 
transport (LEF). However, altered chloroplast ultrastructure consisting of a reduction in 
the number of PSII complexes with a simultaneous increase in the amount of granal and 
stromal lamellae plastoquinone pools allows to increase the yield of both proton 

Fig. 2  Scheme of potential mechanisms of photosynthetic apparatus protection against lead toxic-
ity (Adopted from Doncheva et al. 2018; Piwowarczyk et al. 2018)
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gradient regulation complexes (PGR5/PGRL1) and NAD(P)H dehydrogenase complex 
(NDH) dependent cycling electron flow (CEF). All this increases the NPQ efficiency 
and enables protection against PSII over reduction (Wood et al. 2018). Moreover in the 
studies of Doncheva et al. (2018) in the chloroplasts of sunflower plants subjected to 
high Pb concentration, an increase of plastid terminal oxidase (PTOX) activity and 
water–water cycle was observed, which compensated the reduction of linear electron 
flow caused by decreased ferredoxin activity and the TRX system by Pb ions (Fig. 2). 
In research of Piwowarczyk et al. (2018) effective protection of photosystem II against 
Pb was associated with enlargement of plastoquinone pool and increased intensity of 
cyclic electron transport, which was accompanied by LHCII size reduction. These 
results indicate that plant protection mechanisms against Pb toxic effects are associated 
with the development of the most optimal perception and utilization methods of 
absorbed radiation what allows for protection against ROS generation.

5  �Concluding Remarks

Among many factors affecting the process of photosynthesis, the presence of Pb 
significantly limits the efficiency of the photosynthetic apparatus. Toxic effects of Pb 
are associated with the direct impact on the number and ultrastructure of chloroplasts, 
the photosynthetic pigments synthesis, the efficiency of light phase of photosynthesis, 
the Calvin-Benson cycle effectiveness as well as synthesis and distribution of carbo-
hydrates. Indirectly, Pb disturbs the plant mineral and water metabolisms leading to 
the creation of an energy imbalance in the plant resulting in ROS generation. The 
source as well as objective of ROS action might be photosynthetic apparatus.

Plants have developed a number of mechanisms to protect the photosynthetic 
apparatus from the adverse effects of Pb, which reduce the risk of PSII over reduc-
tion by limiting the amount of light energy reaching the PSII reaction center, its 
effective non-photochemical dissipation, efficient distribution to LEF, CEF and 
alternative cycles as well as effective ROS scavenging by antioxidant system.

However, the effectiveness and efficiency of plant protective mechanisms in vari-
ous plant species and even different varieties remains open. Knowledge and under-
standing the plant mechanisms that effectively counteract the toxic effects of lead 
on the photosynthetic apparatus would enable the use of many plant species for 
phytoremediation of contaminated post-industrial areas.
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may occur due to the displacement of an essential metal by Pb ion. Furthermore, 
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point of view of physiological and biochemical mechanisms the alterations occurring 
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1  �Introduction

Lead (Pb) is one of the most dangerous heavy metal contaminants of the environment. 
It is ranked second among all the hazardous substances due to its toxicity, occurrence, 
and distribution over the globe (ATSDR 2017). Apart from the occurrence of natural, 
the concentration of Pb is increasing rapidly in the environment with the growth of 
industrialization and human activities. Mining and smelting activities, automobile 
exhausts, coal burning, effluents from storage battery industries, lead-containing 
paints, paper and pulp, pesticides, as well as the disposal of municipal sewage sludge 
are the main sources of Pb contamination (Khan et al. 2018a). Pb is readily absorbed 
by plants from the contaminated soil, water and atmosphere cause hazardous health 
effects on humans and animals via the food chain (Rizwan et al. 2018).

Lead is a non-essential element for plants and has no biological function but 
several plant species grow on Pb contaminated soils. Pb is mostly absorbed by the 
plant root system and its small quantity is translocated to the above-ground parts of 
the plant. Since the majority of Pb absorbed by the plant is accumulated in their 
roots (approximately 95% or more), Pb mainly affects plants via their root system 
(Dalyan et al. 2018). Pb stress either directly or indirectly causes severe alteration 
into various physiological and biochemical processes such as growth, photosynthe-
sis, respiration, mineral nutrition, water uptake, and enzyme activities in plants. 
Responses of plants to Pb stress include disturbance in mitosis, damage of DNA 
synthesis (Kumar et  al. 2017), inhibition of root and shoot growth (Chen et  al. 
2017), disruption of mineral nutrition, inhibition of photosynthetic pigments, reduc-
tion in photosynthesis, transpiration, and water uptake (Jayasri and Suthindhiran 
2016), inhibition or activation of enzymatic activities (Sidhu et al. 2016). However, 
the effects of Pb stress on the plant can alter depending on the metal type and con-
centration, exposure time, plant species, the stages of plant development, and differ-
ent plant organs (Pourrut et al. 2011).

2  �Effects of Lead Stress on Growth

Pb stress negatively affects growth and biomass in plants. Pb in growth medium 
generally causes a decrease in growth parameters such as elongation, fresh and dry 
biomass in plant root and shoot. For instance, Medicago sativa seedlings exposed to 
Pb(NO3)2 (0, 10 and 100 μM) for 7 days were gradually decreased in the lengths and 
fresh weights of root and shoot (Hattab et al. 2016). Also, the different concentra-
tions (0, 100, 200, 300, 400 and 500 mg L−1) of Pb for 12 days in the Acalypha 
indica caused an adverse effect on growth index by reducing the length and fresh 
and dry biomass of the root and shoot (Venkatachalam et  al. 2017). Some other 
studies reported similar results: root, shoot and leaf growth, fresh and dry biomass 
were severely decreased by Pb stress in Triticum aestivum (Kaur et al. 2012a), Zea 
mays L. (Hussain et al. 2013), cotton (Bharwana et al. 2013), Sesbania grandiflora 
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(Malar et al. 2014a), Brassica napus L. (Shakoor et al. 2014), Brassica juncea L. 
(Kohli et al. 2018), and Ricinus communis L. and Brachiaria mutica (Khan et al. 
2018b). Furthermore, the effects of Pb stress on plant growth might show alteration 
depending on exposure time, metal concentration and plant growth stages. A study 
with Zea mays seedlings exposure to Pb (0, 25, 50, 100, 200 μM) for 1–4–7 days, 
both root and shoot dry weights did not change at all Pb treatments, with exception 
after 7 days where shoot dry weight decreased at 200 μM Pb. In addition, shoot 
fresh weight and root length were not changed in any of Pb treatments (Gupta et al. 
2009). Similarly, the different Pb concentrations did not exhibit remarkable effects 
on the growth parameters in lettuce (Silva et al. 2017).

The growth inhibition due to Pb stress is stronger in the plant roots. Since the 
most of the Pb taken up by plants is accumulated in the roots (95%) and only a small 
amount (5%) is transported to the above-ground parts, root growth is more influ-
enced by Pb toxicity (Zhou et al. 2016). In Triticum aestivum exposed to different 
Pb concentrations (500, 1000, 2500 μM) for 7 days, root length reduced in the range 
of ~23–51% over 500–2500 μM Pb whereas shoot length was decreased by ~17%, 
31% and 44% (Kaur et al. 2012a). Similarly, Pb treatment leads to ~67% reduction 
in root growth of two maize varieties though shoot length remained less affected 
(Ghani et al. 2010). Furthermore, it was reported that the length and biomass of root 
decreased due to Pb stress in several plants including Lathyrus sativus (Brunet et al. 
2008), radish (Gopal and Rizvi 2008), Zea mays L. (Kozhevnikova et  al. 2009), 
Sedum alfredii (Gupta et al. 2010). This inhibition of root growth might be origi-
nated from disturbances in either cell division and/or cell elongation (Rucińska 
et al. 1999; Kozhevnikova et al. 2009). The decrease of the cell division and elonga-
tion rates in the plant roots is associated with various mechanisms including change 
of cell wall plasticity, inhibition of microtubule development and DNA synthesis, 
metal-induced chromosomal aberrations, expansion of the mitotic cycle, and reduc-
tion of glutathione pool (Seregin and Ivanov 2001).

The antimitotic effect is one of the best-known toxic effects of Pb stress on plants 
(Shahid et al. 2011). In the first mechanism, Pb ions taken up by roots might bind to 
cell wall and the cell membranes and thus lead to cell wall mineralization known as 
calcification and silicification (Wierzbicka 1998). Since cell wall mineralization 
produces rigidity in the components of the cell wall, the physical and chemical 
characterization of cell wall change. These alterations in cell wall plasticity cause a 
reduction in cell division or elongation. In the second mechanism, microtubules that 
are the main element for mitosis are disrupted. Pb ions negatively affect the G2 and 
M phases of cell division and lead to the formation of abnormal cells at the 
colchicine-mitosis stage. This event might be related to direct or indirect interac-
tions between Pb ions and proteins such as cyclins, whose activity is indirectly 
dependent on glutathione concentration, involved in the cell cycle. The spindle 
activity disorders due to Pb stress can be temporarily seen and return to the mitotic 
index initial levels (Shahid et al. 2011).

Pb stress causes a reduction in the number of dividing cells by affecting the nor-
mal cell cycle. The decrease of mitotic activity possibly due to blocking of G2 phase 
prevents the cell from entering the mitosis (Sudhakar and Venu 2001). This effect 
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might be due to the inhibition of microtubule formation and DNA synthesis, degra-
dation of nucleoprotein synthesis and decreased the ATP level to supply energy to 
microtubule dynamics, spindle elongation, and chromosomal movement (Türkoğlu 
2012). Pb stress induced the DNA damage leads to the single and double strand 
breaks of DNA and irreversible in DNA replication, transcription, and repair. Pb 
stress was reported to increase the DNA damage in root cells of Lupinus luteus 
(Rucińska et al. 2004), Nicotiana tabacum (Gichner et al. 2008), and Solanum lyco-
persicum (Kumar et al. 2017) depending on concentration and exposure time. The 
disorders of cell division and elongation might occur as a result of direct binding of 
metal to DNA, disruption of microtubule organization and suppression of cytokines 
(Seregin and Kozhevnikova 2006).

Although the low concentration of Pb does not have an important effect on mito-
sis, it induces chromosomal aberrations such as of chromosome bridge formations 
during the anaphase, chromosome fragmentation, eccentric fragment loss during 
meiosis, and micronuclei formation (Shahid et al. 2011; Rodriguez et al. 2013). The 
chromosomal aberrations induced by Pb can be explicated by the negative effects of 
Pb on the mitotic spindle, microtubule formation and DNA synthesis. Colchicine 
mitosis and chromosome stickiness are the major chromosomal aberrations. The 
increased cells with colchicine mitosis are toxic properties of low Pb concentration. 
Pb behaves in a similar manner to colchicine, a cell division inhibitor. Colchicine 
inhibits microtubule polymerization, and causes the formation of characteristic 
colchicine-mitosis by blocking the cells in prometaphase (Checchi et  al. 2003). 
Also, the increment of chromosome stickiness which is another chromosomal aber-
ration is associated with DNA damage depending on Pb stress (Jiang et al. 2014).

In the roots of Allium cepa exposed to Pb stress, Pb ions in root cells disorganized 
the network of microtubules and caused in an important reduction in the chromo-
somal movement and segregation (Jiang et al. 2014). The possible interplay between 
Pb and tubulin inhibits the polymerization, damages to the mitotic spindle fibers, 
and thus leads to increase in colchicine-mitosis stage and chromosomal stickiness, 
and decrease in mitotic index (Jiang et al. 2014). Similarly, in another study, mitotic 
index together with the mitotic abnormalities such as metaphase and telophase, 
vagrant, laggards, and sticky chromosomes were inhibited in onion root tip exposed 
to Pb (16.6–331 mg L–1) depending on metal concentration (Kaur et al. 2014).

Plant growth inhibition due to Pb stress might be associated with several mecha-
nisms including disrupting nutrient uptake, disturbing photosynthesis, lowering of 
water potential and increasing oxidative stress (Riffat et al. 2009).

2.1  �Mineral Nutrition

Balanced mineral nutrient supply is very important for plant growth. The macro- 
and micronutrients necessary for the normal growth of plants can alleviate the nega-
tive effects of different environmental stresses by developing the physiological and 
molecular mechanisms of plants (Arshad et al. 2016). These essential nutrients are 
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the main components of many metabolic active compounds that regulate different 
physiological functions. For instance; nitrogen, phosphorus, potassium, calcium 
and magnesium are directly or indirectly very important for cell division, cell 
expansion and differentiation (Alamri et al. 2018).

Pb stress disrupts the plant and nutrient relationship and alters the ratios of internal 
nutrient between plant tissues (Gopal and Rizvi 2008). The reduction in the growth and 
biomass of plant due to metal stress originates from alterations in diverse biochemical 
processes at the cellular level affecting the nutrient uptake and metabolism (Ali et al. 
2015). Generally, there is a negative correlation between the contents of mineral nutri-
ent and Pb stress in plants. It was reported that the concentration of some macro- and 
micronutrients decreased in wheat plants treated with the different concentrations (0, 
1.5, 3 and 15 mM) of Pb (Lamhamdi et al. 2013). Similar results were exhibited with 
the reduction of calcium, magnesium, sodium and potassium concentrations in the 
shoot and roots of maize plant exposed to Pb stress (Singh et al. 2015). It was also 
found that Pb treatment led to decrease the concentration of zinc, iron, manganese, 
copper, calcium, phosphorus and magnesium in Oryza sativa (Chatterjee et al. 2004), 
Medicago sativa (Lopez et al. 2007), and Raphanus sativus (Gopal and Rizvi 2008).

The reduced uptake of mineral nutrients might occur with two different mecha-
nisms. First mechanism is related to the metal ions size. The competition between the 
metal ions which has similar size such as potassium ions with Pb might lead to the 
reduced mineral uptake. Since the interaction between these two metals which are 
similar radii (Pb2+: 1.29 Å and K+: 1.33 Å) is strong, these ions might compete for 
entry into the plant through the same potassium channels (Sharma and Dubey 2005). 
Furthermore, phosphorus shows a negative correlation with Pb amounts in soil 
(Päivöke 2002). Second metabolism might originate from alterations occurring in cell 
metabolism in response to metal stress by disturbing cell membrane and inhibiting 
enzymatic activities. Although Pb stress decreases nitrate uptake from the soil, it does 
not affect the nitrogen flow of the plant cell. This reduction in nitrogen amounts can be 
induced by decrease in the activity of nitrate reductase, which acts as rate-limiting in 
nitrate assimilation (Xiong et al. 2006). Tariq and Rashid (2013) showed a significant 
reduction in nitrate amount and the activity of nitrate reductase in rice seedlings grow-
ing in Pb-contaminated soils. Also, Burzyński and Grabowski (1984) exhibited that 
decreased nitrate uptake might originate from moisture stress depending on Pb stress.

2.2  �Photosynthesis

Pb stress causes membrane content and permeability change, deterioration of the chlo-
roplast ultrastructure organization, disruption of organs including chlorophyll, plasto-
quinone and carotenoid, and inhibition of enzymes in the Calvin cycle. It also leads to 
the destruction of photosynthetic pigments such as chlorophyll or the inhibition of the 
synthesis of these pigments. As a result of these cellular processes, CO2 deficiency and 
resulting stomata closure further affect photosynthesis (Khan et al. 2018b).
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Pb-induced the reduction of total chlorophyll content might be due to increased 
chlorophyll degradation, deterioration of chloroplast stromal volume (Stefanov 
et al. 1995; Hadi and Aziz 2015), or impairment the uptake of main photosynthetic 
pigment elements, such as magnesium, iron, calcium and potassium (Piotrowska 
et al. 2009). A reduction in total chlorophyll amount was determined in water hya-
cinth applied different Pb concentrations (0, 100, 200, 400, 600, 800 and 
1000 mg L−1) (Malar et al. 2014b). Similarly, decrease in the level of photosynthetic 
pigments including chlorophyll a, b and carotenoids was observed in many plant 
species such as ryegrass, cotton and rice (Bai et al. 2015; Khan et al. 2016; Chen 
et  al. 2017). However, there are also few studies showing that Pb has a positive 
effect on chlorophyll pigments (Mroczek-Zdyrska et al. 2017). Pb stress generally 
affects chlorophyll a more than chlorophyll b (Hou et al. 2018). Whereas, Malar 
et al. (2014b) observed that the most chlorophyll b among photosynthetic pigments 
was reduced in water hyacinth exposed to Pb. This might be attributed to the change 
in the photosynthetic pigment composition comprising lower level of light harvest-
ing chlorophyll proteins (LHCPS) (Malar et al. 2014b).

Chloroplast pigments are the main components of photosynthesis, and are 
responsible for plant biomass production. Pb stress significantly reduces plant 
growth by decreasing total chlorophyll levels (Aliu et al. 2013). For instance, dry 
biomass and total chlorophyll amounts showed a reduction in a species of algae 
under Pb stress. The decrease in dry biomass of the plant might be due to inhibition 
of cell division which causes growth reduction (Choudhury and Panda 2005). 
Similarly, it was reported that Pb stress led to a decrease in dry weight and chloro-
phyll content in lettuce (Đurđević et al. 2008) and wheat (Kaur et al. 2012b). In 
addition, plant growth and overall biomass production were determined in Lathyrus 
sativus plants exposed to Pb. It has been revealed that Pb can directly affect elonga-
tion by inhibiting cell wall enzymes and the plasmalemma ATPase by damaging 
electron transport in the process of photosynthesis, and thus might cause growth 
inhibition (Abdelkrim et al. 2018).

2.3  �Water Uptake

The growth and physiological mechanisms in plants are directly or indirectly regu-
lated by the water supply. Pb stress leads to decrease in transpiration rate and water 
content in plants. These negative effects depend on various mechanisms. First, 
growth retardation occurs with the decreased of leaf area, the most important tran-
spiration organ (Brunet et al. 2009). Second, guard cells are smaller in plants exposed 
to heavy metals because heavy metals affect leaf growth more than stomata differ-
entiation (Weryszko-Chmielewska and Chwil 2005). Third, Pb ions decrease the 
water potential by reducing the content of compounds that protect cell turgor and 
cell wall plasticity such as sugars and amino acids, and this effect is the most impor-
tant factor of growth inhibition (Barceló and Poschenrieder 1990). For instance, 
2 mM Pb treatment was reduced relative water content in wheat plants, and this 
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effect might be due to the growth inhibition or the alterations of cell wall extensibil-
ity and cell wall elasticity (Alamri et al. 2018). Fourth, Pb causes the stomata to 
close by increasing the content of ABA (Atici et al. 2005; Weryszko-Chmielewska 
and Chwil 2005) and significantly restricts the gas flow between the leaves and the 
atmosphere. This reduction in incoming CO2 flow is thought to be the major cause 
of a significant decrease in CO2 fixation. With the same interaction mechanisms, Pb 
might also inhibit some enzymes from Calvin cycle (Romanowska et al. 2002).

3  �Effects of Lead Stress on Different Enzyme Activities

Pb stress causes the alteration in many physiological processes by leading to inhibi-
tion or induction of some enzymatic activities. Pb has an important effect on enzyme 
activity, but the mechanism of this interaction has still ambiguous. Generally, Pb 
ions directly inhibit the enzyme activity due to change the inactivation constant (Ki) 
of enzymes, and high affinity of –SH and –COOH groups on the enzymes (Seregin 
and Ivanov 2001; Gupta et al. 2009, 2010). Also, Pb ions can replace the other diva-
lent cations which are necessary for enzyme activation, such as zinc, manganese, 
and iron or inhibit the absorption of these minerals (Seregin and Ivanov 2001). 
Furthermore, the indirect effect of Pb on enzymes results from an increase of reac-
tive oxygen species which leads to the oxidative damage on proteins in plants 
(Kumar and Prasad 2018).

3.1  �Reactive Oxygen Species Production and Lipid 
Peroxidation

Pb stress primarily causes oxidative stress by increasing reactive oxygen species 
(ROS) production in plants cell (Gill and Tuteja 2010). Many studies reported that 
Pb caused to the overproduction of ROS such as singlet oxygen (1O2), superoxide 
(O2–), hydroxyl radical (HO•), and hydrogen peroxide (H2O2) in chloroplast, mito-
chondria and peroxisomes in various plant species (Liu et al. 2008; Hattab et al. 
2016). The excessive accumulation of ROS inhibits normal cell functions such as 
photosynthetic activity, ATP production, and protein synthesis. In addition, overpro-
duction of ROS damages cell and organelle membrane, photosynthetic pigments 
and nucleic acid (Gill and Tuteja 2010). Pb also causes the leakage of potassium 
with the alteration in the composition of the lipid bilayer, and leads to the lipid per-
oxidation in the cell membrane structure. As a result of lipid peroxidation, the con-
tents of saturated fatty acid reduce, while the contents of unsaturated fatty acid 
enhance in the cell membrane of many plant species under Pb toxicity (Kumar and 
Prasad 2018). These change in lipid composition of the membrane cause abnormali-
ties of cellular structures such as cytoskeleton structure and ultrastructure of organ-
elles (Verma and Dubey 2003).
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There is been a correlation between lipid peroxidation and ROS production. 
Lipid peroxidation is commonly known as a biochemical indicator for ROS injury 
in plants (Gill and Tuteja 2010). However, ROS production does not responsible for 
the inducement of lipid peroxidation under Pb stress. The metal ions might trigger 
the free radical production which is originated by apoplastic and enzymatic (Mika 
et  al. 2004). The role of membrane NADPH-oxidases (NOX) in the response to 
heavy metals such as copper, nickel and cadmium in plants was revealed in many 
studies (Quartacci et al. 2001; Olmos et al. 2003; Hao et al. 2006). Pourrut (2008) 
firstly proved that NOX activity was the primary source of oxidative burst under Pb 
stress. In addition, lipoxygenases (LOX) and phospholipases can enzymatically 
catalyze the lipid peroxidation (Huang et  al. 2012). Pb ions upregulate the gene 
expression of lipoxygenases and stimulate LOX enzyme activity (Huang et  al. 
2012). Kaur et al. (2012b) showed that malondialdehyde (MDA) and H2O2 content 
increased in wheat root exposed to 500, 1000, and 2500 μM Pb. Similarly, it was 
shown that MDA content increased in Zea mays L. (Gupta et al. 2009), Triticum 
aestivum (Yang et al. 2011) and Oryza sativa (Thakur et al. 2017) under Pb stress. 
Mroczek-Zdyrska et al. (2017) reported that H2O2 and O2

•− accumulation signifi-
cantly enhanced in 50 mM Pb-treated Vicia plants by performing the histochemical 
analysis of oxidative stress. Another study revealed that the Pb stress increased the 
free radical (H2O2 and O2

•−) generation and MDA accumulation in roots and leaves 
of both Arachis hypogaea L. cultivars (Nareshkumar et al. 2015).

3.2  �Antioxidative Mechanism

Plants can develop antioxidant enzyme systems for scavenging excessive accumula-
tion of ROS under metal stress. The enzymatic antioxidants includes the key 
enzymes such as superoxide dismutase (SOD), catalase (CAT), peroxidases (POX), 
guaiacol peroxidase (GPX), ascorbate peroxidase (APX), glutathione reductase 
(GR), glutathione S-transferases (GST) (Hattab et  al. 2016; Alamri et  al. 2018; 
Khan et al. 2018b). When the plant cell produces the excessive ROS as a conse-
quence of Pb toxicity, SOD, a metalloenzyme, is the first defense enzyme that con-
verts O2

•– radicals to form H2O2 and O2 (Hasanuzzaman et al. 2012). H2O2 is a very 
reactive strong oxidant because of being unpaired electrons and is removed by 
activities of CAT that decomposes H2O2 to water and molecular oxygen (Gill and 
Tuteja 2010). Also, peroxidases are a potential antioxidant for removal of H2O2 
molecules by turns it into H2O and O2 (Singh et al. 2010). Furthermore, the other 
H2O2-scavenging enzyme system occur the Halliwell–Asada pathway including 
ascorbate–glutathione cycle enzymes such as ascorbate peroxidase, dehydroascor-
bate reductase (DHAR), monodehydroascorbate reductase (MDHAR) and glutathi-
one reductase (GR) (Potters et al. 2010). Firstly, APX catalyzes the reduction of 
H2O2 into monodehydroascorbate radical (MDHA) in the presence of ascorbate. 
MDHA enzymatically is converted to AsA and DHA by the activity of MDHAR 
(Małecka et  al. 2009; Gill and Tuteja 2010). DHAR converts DHA to ascorbate 
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using glutathione as an electron donor, for the glutathione disulfide (GSSG) produc-
tion. Finally, GR enzyme catalyzes GSSG to glutathione by using NADPH-
dependent reduction (Potters et  al. 2010). In addition, GST enzymes are also 
important in ROS and metal detoxification and abiotic stress tolerance (Gill and 
Tuteja 2010; Hasanuzzaman et al. 2012).

Several studies have determined that Pb stress can inhibit or induce the activity of 
antioxidant enzymes depending on the duration or concentration of the treatment 
and plant species (Table 1) (Islam et al. 2008; Singh et al. 2010). It was studied the 
changes of antioxidant enzyme activities in Acalypha indica exposed to lead (100–
500 mg L−1) for 1–12 days under hydroponic culture (Venkatachalam et al. 2017). 
This study revealed that Pb-treated plants significantly enhanced the SOD, CAT, 
APX and POX activities which diminish the metal-induced phytotoxicity (removal 
of excess ROS) (Venkatachalam et al. 2017). Gupta et al. (2009) were investigated 
how maize adapted to the different Pb concentrations (0–200 μM) for 1–7  days. 
Their results showed that antioxidant enzymes such as SOD and CAT, as well as 
ascorbic acid level, alleviated Pb stress, which enhanced linearly with increasing Pb 
concentrations and exposure time (Gupta et al. 2009). In Arachis hypogaea L. culti-
vars, antioxidant enzymes such as SOD, APX, GPX, GR and GST exhibited increase 
under Pb stress, and also the isozyme band intensities of SOD, APX and GPX were 
consistent with alterations in the activities of antioxidative enzyme (Nareshkumar 
et al. 2015). Pb stress led to decrease in ascorbate content by reducing MDHAR and 
DHAR activities in wheat seedling (Hasanuzzaman et al. 2018). Dalyan et al. (2018) 
showed that Pb toxicity (2 mM) stimulated the increase of SOD, CAT, POX, APOX, 
GR and GST enzyme activities in the root of Brassica juncea seedlings. In another 
study, it was revealed that different Pb levels caused more increase in ascorbic acid 
and H2O2 contents, as well as DHA, CAT and APX activities in the roots of metal 
accumulator S. alfredii than non-accumulator (Huang et al. 2012). Although most 
studies have emphasized important of antioxidant enzymes in response to Pb stress, 
also it has been reported studies showing changes in the activation of other oxidant 
enzymes. For instance, the activity of aldo–keto reductase which detoxifies the alde-
hydes and associated with detoxification of Pb-induced toxicity increased in T. tri-
angulare roots under Pb stress (Kumar and Majeti 2014; Ashraf et  al. 2015). 
Additionally, Bali et al. (2019) determined that polyphenol oxidase (PPO) activity 
increased at 0.25–0.75 mM Pb concentration in tomato seedlings.

3.3  �Photosynthesis

Photosynthesis is one of the most important processes that are negatively affected by 
Pb stress in plants. The Pb toxicity causes to damage in chloroplast membrane and 
ultrastructure, inhibition of chlorophyll, plastoquinone and carotenoid synthesis and 
the reduction of enzymatic activities in the Calvin cycle (Stefanov et al. 1995; Liu 
et al. 2008). It also leads to destruction in the lipid composition of thylakoid mem-
branes in the chloroplasts (Stefanov et al. 1995). Initially, Pb-exposed plants show a 
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dramatic decrease in pigment content due to increased chlorophyll degradation. The 
degradation process of chlorophyll pigments can be explained by increasing chloro-
phyllase, protochlorophyllide reductase, pheophorbide oxygenase, Mg-dechelatase, 
and red chlorophyll catabolite reductase activities (Drazkiewicz 1994; Harpaz-Saad 
et al. 2007; Liu et al. 2008). Moreover, Pb ions accelerate chlorophyll degradation 
by reduced uptake of the essential components of chlorophyll structure such as Mg 

Table 1  List of antioxidant enzymes in various plant species exposed to different concentrations 
of Pb

Plant species
Pb 
concentration Antioxidant enzymes References

Gossypium spp. 50–100 μM SOD, GPX, APX, CAT Bharwana et al. 
(2013)

Sesbania 
drummondii

500 mg L−1 SOD, GPX, APX, CAT Ruley et al. (2004)

Pisum sativum 1 mM Cu, Zn-SOD, Mn-SOD, CAT Małecka et al. (2009)
Triticum aestivum 0.5, 1, 2 mM APX, MDHAR, DHAR, GR, 

SOD, CAT, GR, GPX, GST
Hasanuzzaman et al. 
(2018);
Alamri et al. (2018)

Brassica juncea 50–500 mg kg-

1

SOD, CAT, APX John et al. (2009)

Raphanus sativus 25–500 ppm,
0.1, 0.5 mM

CAT and POD isoenzymes, 
APX, GPX, POX, acid 
phosphatase, ribonuclease

Gopal and Rizvi 
(2008);
El-Beltagi and 
Mohamed (2010)

Oryza sativa 1 mM SOD, CAT, POX Khan et al. (2018a)
Brassica oleracea L. 
convar. botrytis

0.25, 0.5 mM SOD, CAT, POD, APX, GR Chen et al. (2018)

Zea mays 25–200 μM,
1–20 mM

SOD, CAT Gupta et al. (2009); 
Chen et al. (2018)

Brassica juncea 0.25, 0.50, 
0.75 mM

POD, APOX, GR, DHAR, 
MDHAR, GST, GPOX, SOD, 
CAT, PPO

Kohli et al. (2018)

Pogonatherum 
crinitum

500–
2500 mg kg−1

POD, CAT Hou et al. (2018)

Brachiaria mutica 100–500 μM SOD, GPOD, CAT Khan et al. (2018b)
Lathyrus sativus 0.5 mM GPOX, SOD, APX, CAT Abdelkrim et al. 

(2018)
Cassia angustifolia 100–500 μM SOD, APX, GR, CAT Qureshi et al. (2007)
Macrotyloma 
uniflorum
Cicer arietinum

200–800 ppm SOD, CAT, POD, GR, GST Reddy et al. (2005)

Eichhornia crassipes 1000 mg L−1 APX, POX, CAT, SOD Malar et al. (2014b)
Ceratophyllum 
demersum

1–100 μM SOD, GPX, APX, CAT, GR Mishra et al. (2006)

Lycopersicon 
lycopersicum

0.25–0.75 mM SOD, POD, CAT, GPOX, GST, 
GR, PPO

Bali et al. (2019)

Ricinus communis 100–500 μM SOD, GPOD, CAT Khan et al. (2018b)
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and Fe (Burzynski 1987). In addition, Pb disturbs the structure of metalloenzymes 
such as δ-aminolevulinic acid dehydratase (ALAD) which is an essential metalloen-
zyme in chlorophyll biosynthesis by replacing with the divalent ions (Cenkci et al. 
2010). Under Pb toxicity, Zn2+ ion of ALAD enzyme is replaced by Pb2+ (Cenkci 
et al. 2010). Cenkci et al. (2010) determined that 0.5–5 mM concentrations of lead 
nitrate decreased photosynthetic pigment content due to inhibit ALAD activity in 
20-day-old seedlings of Brassica rapa. On the other hand, Pb ions led to reduction 
in the activities of ferredoxin NADP+ reductase (Gupta et al. 2009); inhibition activ-
ities of Calvin cycle enzymes (Xiong et al. 2006; Singh et al. 2010); decrease the 
activity of phosphoenolpyruvate carboxylase (PEPC) (Sharma and Dubey 2005); 
decline of the rubisco activity (Alamri et al. 2018) in plant photosynthetic process. 
Alamri et  al. (2018) revealed that 2  mM Pb treatment significantly reduced the 
Rubisco activity in wheat leaves. Many researchers reported that Pb stress led to loss 
of the photosynthetic pigments including chlorophyll a, chlorophyll b and total 
carotenoids in radish (El-Beltagi and Mohamed 2010), Brassica rapa (Cenkci et al. 
2010), wheat and spinach (Lamhamdi et al. 2013), Jatropha curcas (Shu et al. 2012), 
maize (Zhang et al. 2018), Pogonatherum crinitum (Hou et al. 2018).

3.4  �Respiration

The excessive accumulation of Pb has a detrimental effect on plant physiology and 
biochemistry. Especially, lead toxicity has harmful effect on mitochondrial mem-
branes and respiratory enzymes in plants. Lead stress causes a decrease in respiration 
rate via inhibiting flow the electrons in the electron transport system (Bazzaz et al. 
1975; Ashraf et al. 2015). Mostly, Pb ions damage the electron transport chain reaction 
in result binding to mitochondrial membranes. It was exhibited that Pb stress inhibited 
ATP synthetase/ATPase activity in maize (Tu and Brouillette 1987). However, 
Romanowska et al. (2002) determined that 5 mM lead nitrate increased ATP content 
and the ATP/ADP ratio in detached leaves of pea and maize in respiration for 24 h.

3.5  �Nitrate Assimilation

Pb toxicity disturbs the balance of inorganic compounds by blocking of nitrate uptake 
or inhibiting activity of nitrate reductase (NR) in the plants (Sengar et al. 2009). NR, a 
metalloprotein, is the first enzyme in the nitrogen assimilation pathway that converts 
nitrate to nitrite in the cytosol (Ashraf et al. 2015). Also, NR catalyzes nitric oxide syn-
thesis which is a signal molecule in plants (Khan et al. 2017; Alamri et al. 2018). Many 
studies reported that lead toxicity caused a reduction in the activity of nitrate reductase 
and limit the nitrate assimilation in plants (Xiong et al. 2006; Sengar et al. 2009). Pb 
stress led to the significant decrement of nitrate reductase activity in rice seedlings 
(Tariq and Rashid 2013; Sharma and Dubey 2005). Furthermore, Xiong et al. (2006) 
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showed that NR activity significantly decreased in B. pekinensis treated with lead  
(4 and 8 mmol kg–1). In addition, NR activity negatively affected under Pb treatment in 
Pisum sativum, Medicago sativa, Picea rubens and Triticum aestivum (Porter and 
Sheridan 1981; Päıvöke 1983; Yandow and Klein 1986; Alamri et al. 2018).

3.6  �Soluble Protein

High concentration of Pb not only changes the activity of enzyme but also it alters the 
soluble protein content in plants (Mishra et  al. 2006; Singh et  al. 2010). Shu et  al. 
(2012) determined that high concentration of Pb ions reduced the protein content in 
Jatropha curcas L. Although the low concentrations of Pb increase protein content by 
stimulating stress proteins, the high concentrations of Pb trigger to catabolism of pro-
tein synthesis. This reduction can be explained by proteins oxidation (Wang et  al. 
2008), the increase of ribonuclease activity, and the decrease of protease activity (Gopal 
and Rizvi 2008). Excessive Pb treatment increased the ribonuclease activity in radish 
(Gopal and Rizvi 2008), rice (Mukherji and Maitra 1976) and maize (Maier 1978).

3.7  �Proline Synthesis

One of the important defense strategies against Pb is biosynthesis of low molecular 
weight proteins such as proline (Rucińska-Sobkowiak et al. 2013). Proline, is known 
as an organic osmolyte, plays an important role for scavenging ROS and protecting 
the protein structure in plants under stress conditions (Parys et al. 2014). Pb stress 
controls proline accumulation by activating ornithine-δ-aminotransferase and 
r-glutamyl kinase enzymes in ornithine and glutamate biosynthesis pathways (Yang 
et al. 2011; Kumar and Prasad 2018). A study with wheat cultivar showed that short 
term Pb stress (1–4 mM) led to increased accumulation of proline by induction of 
ornithine-δ-aminotransferase and r-glutamyl kinase enzymes (Yang et al. 2011).

3.8  �Seed Germination

Lead has an inhibitory effect in the seed germination process of many plant species 
(Pandey et al. 2007). The major effect of Pb is seen on the inhibition of germination 
enzymes such as protease and amylase which is synthesized during the germination. 
Pandey et al. (2007) reported that amylase and protease activities decreased seed 
germination of Catharanthus roseus under high concentration of Pb. Lamhamdi 
et al. (2011) observed that amylase activity in wheat seeds was reduced with increas-
ing level of Pb. This inhibition might show that lead ions replace the calcium ions 
which are essential for the activities of these enzymes (Lamhamdi et al. 2011).
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3.9  �Phytochelatins

Pb ions induce the synthesis of phytochelatins (PCs) that has an important role in 
the detoxification and accumulation of the metals in plants (Piechalak et al. 2002). 
PCs can constitute metal-PC complexes and transport Pb to vacuoles and chloro-
plasts (Piechalak et al. 2002; Estrella-Gómez et al. 2009). The biosynthesis of PCs 
is catalyzed by phytochelatin synthase enzyme (PCS) that connect of γ-Glu-Cys to 
substrate glutathione molecules (Estrella-Gómez et al. 2009; Fischer et al. 2014). 
Thus, PCs biosynthesis depends on glutathione level which can correlate with phy-
tochelatin content and metal sequestration (Thangavel et al. 2007). Estrella-Gómez 
et al. (2009) revealed that excessive lead accumulation increased both phytochelatin 
synthase (PCS) activity and phytochelatins content in the root of Salvinia minima as 
known the Pb2+ hyperaccumulator aquatic fern.

4  �Concluding Remarks

Lead is a non-essential nutrient for plants, but it is easily taken up by the plant roots 
and transported to aboveground parts at its very small amount. Because the majority 
of Pb accumulates in the roots, Pb mainly affects the plants through root systems. In 
this review, the effects of Pb stress on growth and different enzymes in the plant are 
explained, and the following points are illuminated based on the studies so far: (1) 
Pb stress inhibits plant growth through directly or indirectly by various mecha-
nisms. Lead-induced growth inhibition depends on directly the alterations in cell 
division and elongation by decreasing cell wall plasticity or by inhibiting microtu-
bule development. In addition, lead can inhibit growth indirectly by various mecha-
nisms such as disturbing of mineral nutrition, disrupting of photosynthesis, reduction 
of water potential. (2) Lead might inhibit or induce the activity of key enzymes in 
physiological and biochemical processes such as antioxidative mechanism, photo-
synthesis, respiration, seed germination, protein synthesis, nitrogen assimilation, 
proline synthesis, and phytochelatin synthesis. However, the effects of Pb on all 
these processes in the plant might show alteration depending to concentration, dura-
tion of exposure, plant species and different plant organs.
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Abstract  Lichens are symbiotic organisms, originated by mutualistic associations 
of heterotrophic fungi (mycobiont), photosynthetic partners (photobionts) which 
can be either cyanobacteria (cyanobionts) or green microalgae (phycobionts), and 
bacterial consortia. They are poikilohydric organisms without cuticles or nutrient 
absorption organs adapted to anhydrobiosis. They present a large range of tolerance 
to abiotic stress (UV radiation, extreme temperatures, high salinity, mineral excess, 
etc.) and prosper all around the Earth, especially in harsh habitats, including 
Antarctica and warm deserts. Their biodiversity is widely used as a bioindicator of 
environmental quality due to this diversity of tolerance in different species, and they 
are included in air Pb monitoring programmes worldwide. Their ability to bioac-
cumulate environmental substances, including some air pollutants and heavy met-
als, makes them excellent passive biomonitors of Pb. Heavy metal tolerance is 
related to diverse mechanisms: cell walls and exclusion systems (such as extracel-
lular polymeric substances), intracellular chelators and an extraordinary antioxidant 
and repair capacity. But recent data show that the most powerful mechanism is 
related with the upregulation of mutual systems by symbiosis.
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1  �Introduction

1.1  �Definition, Biological and Ecological Characteristics 
of Lichens

Lichens originate from mutualistic symbiosis, involving at least a fungus “myco-
biont” (heterotrophic, the dominant partner) and one or several photosynthetic 
“photobionts” (the carbohydrate producers), either green microalgae (phycobionts) 
or cyanobacteria (cyanobionts) or both. Also, specific bacterial communities are 
obligate lichen symbionts and, therefore, considered to be an integral part of lichen 
thalli (García-Breijo et al. 2010; Aschenbrenner et al. 2016). These symbioses are 
also cyclical as the three partners must activate the association with every new gen-
eration (Margulis and Barreno 2003). In thallus (holobiont), the mycobiont supplies 
water, mineral substances and protection against adverse factors; while the photobi-
onts and the bacteria provide organic and inorganic nutrients (Nash III 1996; 
Honegger 1998; Cernava et al. 2017).

Lichens are unique symbiotic phenotypes with specific structure (holotypes) and 
complex physiology which is based on the functional and genetic interactions 
between symbionts (Barreno 2013), and are evaluated as microecosystems (Honegger 
1991; Honegger 1998). Like whole microecosystems, lichens cannot be classified in 
natural systems as species can (Tehler and Irestedt 2007). However, lichens are usu-
ally known as lichenized fungi and are classified according to the type of mycobiont. 
In this way, the classification of lichens is included within the systematics of fungi. 
Lichens are polyphyletic and each species corresponds to a different mycobiont. 
Three basic lichen growth forms (architectural types) are known: crustose, foliose 
and fruticose with numerous transitions. These three-dimensional forms have been 
used to classify lichens at family or genus level (Tehler and Irestedt 2007). There are 
some exceptions, for example, Cladonia and Stereocaulon (Högnabba 2006) are 
dimorphic with basal grains or squamules and fruticose structures.

1.2  �Lichens and Environment

The lichenization permits the symbionts to grow in extreme environments turning 
lichens into pioneers of fresh rock outcrops. They dominate 6% of the land’s sur-
face, and contribute to soil formation (Purvis and Pawlik-Skowrońska 2008). Due to 
these facts, lichens prosper all around the Earth and in the majority of habitats, 
including Antarctica and deserts. This development would not be possible for each 
symbiont on their own (Ahmadjian 1995). Altitude, contamination and anthropo-
genic pressure are key to understand the diversity and distributions of these organ-
isms (Firdous et al. 2017). From 13,500 species to about 20,000, if orphan or hardly 
recorded species are included, have been estimated (Sipman and Aptroot 2001; Kirk 
et al. 2008; Lücking et al. 2016).
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1.2.1  �Tolerance of Lichens to Abiotic Stress

Either morphological, physiological or ecological features are necessary for lichens 
to tolerate extreme conditions and thus be adapted to an extreme environment 
(Margulis and Barreno 2003). For example, lichens surviving in humid habitats 
have to be adapted to shade (thinner thalli and less pigmented), have a waterproof 
surface and endure elevated temperatures while metabolically active. To tolerate 
Alpine regions, lichens take advantage of short favourable periods, amass phenolic 
substances as usnic acid that absorbs UV and change their composition of proteins 
and fatty acids with altitude. Those that tolerate desert conditions have thin crustose 
growth forms, low water potentials and, sometimes, photoprotective pigments. 
Lichens are also frequently found in chemically rich environments (high salinity, 
pollution or heavy metals presence). In order to survive they need to tolerate high or 
low pH, have antioxidant resistance mechanisms and a “breathable” and “rough” 
surface, among other adaptations (Armstrong 2017).

The main physiological trait of lichens is that, unlike plants that are isolated by 
waxy cuticles, they are poikilohydrous, which means that their water content is in 
equilibrium with the environment. Therefore, they are subjected to continuous des-
iccation/rehydration cycles balancing their hydric potential with that of the atmo-
sphere. They are adapted to anhydrobiosis and can resume cell function immediately 
after rehydrating (Green et al. 2011).

As stated above, lichens inhabit extremely harsh areas, but they can metabolize 
and photosynthesize under harsh conditions, such as low temperatures, aridity and 
high UV radiation flows. High concentrations of salt affect poikilohydric organ-
isms, making them lose intracellular water (Hasegawa and Bressan 2000). In inter-
tidal zones, salinity is the key to determining the distribution of lichens (Delmail 
et al. 2013). Even, some lichen species can survive simulated and real outer space 
conditions (de Vera 2012; de Vera et al. 2019).

Tolerance to desiccation in lichens has only now been addressed by researchers 
and is still being revealed. Solar radiation and desiccation increase ROS that can 
result in oxidative stress (Kranner et al. 2005). Therefore it must be linked to some 
kind of mechanism based on reparation after rehydration, since chlorophyll fluores-
cence recovers almost immediately (Calatayud et  al. 1997; Beckett et  al. 2005). 
Still, recent studies show that this tolerance is also due to protective mechanisms 
that eliminate reactive oxygen species (ROS) or prevent their formation such as the 
presence of antioxidants, antioxidant enzymes and NO, among others (Beckett et al. 
2008; Kranner et al. 2008; Catalá et al. 2010b).

1.2.2  �Tolerance to Heavy Metals

As mentioned above, in areas with high concentrations of metals we can find abun-
dant lichens, including rare species restricted to these environments. On the other 
hand, lichens are exposed to anthropogenic environmental heavy metals as lead by 
the same routes than the rest of photosynthetic biota. Humid and dry deposition of 
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aerosols emitted by metallurgical factories, mining (refinery and smelting opera-
tions), combustion (i.e. incineration, leaded gasoline, coal power plants, fires) and 
general urban and industrial activities are long recognized as pollution sources 
(reviewed in Bollhöfer and Rosman 2002; Zhang et al. 2019).

Mercury, cadmium or lead have no known biological function in lichens, nonethe-
less, due to their lack of protective structures they penetrate thalli and bioaccumulate 
within cells in a significantly more effective manner than in plants (Laaksovirta et al. 
1976; Arhoun et al. 2000; Augusto et al. 2010). Heavy metal concentration inside 
lichen thalli is well correlated with the distance to the pollution source as well as with 
climatic and land cover factors, greatly impacting on lichen abundance and richness 
(Branquinho et al. 1999; Pinho et al. 2008). One of the key markers of anthropogenic 
pollution on the earth is the decrease of lichen diversity which was already shown in 
the late 19th century in Paris (Ellis and Coppins 2009; Agnan et al. 2017).

Despite lichens are bioaccumulators of trace elements and show a relative high 
resistance to heavy metals, not all lichens are tolerant to heavy metals and there is a 
vast variability in tolerance (Puckett 1976; Brown and Beckett 1983; Sarret et al. 
1998; Giordani et al. 2002; Garty et al. 2003). Several authors have elaborated lists 
of lichen species classified attending to their relative tolerance to these toxicants 
(see Table 1) (Giordani et al. 2002; Loppi and Frati 2006; Agnan et al. 2017). In 
some lichens tolerance to metals is inducible, but in others, such as Cladonia, seems 
to be constitutive (Bačkor et al. 2011). Some species, such as Lecanora polytropa 
are even considered as hyperaccumulators (Purvis et al. 2008).

Knowing how lichens accumulate and endure toxic elements is necessary for 
biodiversity conservation and is also key to biomonitoring and even for biogeo-
chemical cycles comprehension (Purvis and Pawlik-Skowrońska 2008). The form 
of growth seems to be important for natural heavy metal tolerance. Crustose lichens 

Table 1  List of resistant, intermediate and sensitive lichen species relative to atmospheric 
pollution (Adapted from Agnan et al. 2017)

Resistant species Intermediate species Sensitive species

Acrocordia gemmata
Arthonia radiata
Calicium salicinum
Cladonia fimbriata
Dendrographa decolorans
Graphis scripta
Lecanactis subabietina
Lecanora allophana
Lepraria incana
Melanohalea exasperatula
Ochrolechia androgyna
Ochrolechia pallescens subsp. parella
Pertusaria albescens
Pertusaria amara
Pertusaria leioplaca
Physcia tenella
Schismatomma cretaceum

Amandinea punctata
Buellia disciformis
Chrysothrix candelaris
Lecanora argentata
Lecanora barkmaniana
Lecanora carpinea
Lecanora chlarotera
Lecanora conizaeoides
Lecanora expallens
Lecidella elaeochroma
Melanelixia glabratula
Ochrolechia turneri
Parmelia sulcata
Parmelina carporrhizans
Phlyctis argena
Xanthoria parietina

Caloplaca ferruginea
Evernia prunastri
Hypogymnia physodes
Pertusaria coccodes
Physcia adscendens
Physconia distorta
Pleurosticta acetabulum
Pseudevernia furfuracea
Ramalina farinacea
Usnea sp.
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have been proposed to be more tolerant than fruticose since they are more closely 
attached to the substrate and consequently more intensely exposed to toxic minerals 
(Beck 1999; Bačkor et al. 2010). Cellular heavy metal tolerance may be achieved by 
cytoplasmic immobilization, cytoplasmic tolerance or transport of ions to cell wall 
and the cell membrane (Armstrong 2017). However, there exists a debate about the 
mechanisms that each symbiont contributes for holobiont heavy metal tolerance 
(Álvarez et al. 2012, 2015). In general, phycobionts are usually more sensitive than 
mycobionts to metal contamination (Ahmadjian 1993). At least, they are more sen-
sitive than the mycobionts to the presence of heavy metals when grown outside the 
symbiosis (Bačkor et al. 2006, 2007). Therefore, the ecological success of lichens 
living on substrates contaminated with toxic elements may be due to the presence of 
metal-tolerant phycobionts, however, contradicting data must still be considered 
(Bačkor et al. 2010; Álvarez et al. 2015).

1.3  �Uses of Lichens in the Evaluation  
of Environmental Quality

Lichens are good indicators of global change because they are sensitive to variations 
in temperature, air pollution and water availability (Bajpai et al. 2018). Even subtle 
environmental changes affect measurably their biodiversity (Eldridge and Delgado-
Baquerizo 2018). Urbanization and environmental pollution seem to affect all the 
functional features of lichens, with different responses according to the group (Koch 
et al. 2019). As a matter of fact, anthropogenic activities, and consequently, pollution 
and climate change, have been proposed to explain the structure of the lichen com-
munities (McCune et al. 1997; Geiser and Neitlich 2007; Bajpai et al. 2018). Table 2 
contains some examples of articles on lichens as bioindicators in different areas.

Lichens have long been used as environmental toxicity and air quality bioindica-
tors given that, despite their outstanding stress tolerance‚ they are very sensitive to 
the accumulation of certain atmospheric pollutants (Hawksworth and Rose 1970; 
Herzig et al. 1990; Richardson 1993; Nash III and Gries 1995; Cislaghi and Nimis 
1997; Cumming et al. 2007). On one hand, due to their physiology, they are bioac-
cumulators of trace elements (Garty et al. 1993; Sloof 1995; Loppi and Bargagli 
1996; Bargagli 1998; Sarret et al. 1998), but they are also sensitive to toxic gases 
such as ozone, sulphur and nitrogen oxides (Conti and Cecchetti 2001; Giordani 
et al. 2002; Berganimini et al. 2005; Giordani et al. 2014; Ochoa-Hueso et al. 2017).

Lichens are ideal biomonitors, they occupy diverse regions allowing their com-
parison and they are submitted to contaminants throughout the year and their response 
is integrated along time (Markert 1993; Loppi et al. 2000). Passive biomonitoring 
with lichens is used worldwide as a biological measuring system for monitoring 
atmospheric pollution (Herzig et al. 1990; Loppi and Bargagli 1996; Giordani et al. 
2002; Giordani 2007; Augusto et al. 2010; Agnan et al. 2017). Both the diversity of 
the lichen communities and the pollutants bioaccumulation may be used (Nimis et al. 
1990; Sloof 1995; Komárek et  al. 2008). Lichens are superb passive samplers of 
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atmosphere contamination both for inorganic and organic elements (Nash III and 
Gries 2002; Augusto et al. 2010) since their accumulation of xenobiotics is directly 
proportional to environmental concentrations (Ockenden et al. 1998; Poličnik et al. 
2004; Sett and Kundu 2016). Table 3 presents some studies on lichens acting as bio-
monitors of heavy metals, air pollution and/or trace elements.

In particular, the biomonitoring of air heavy metals with lichens gathers abundant 
literature (Herzig et al. 1990; Loppi and Bargagli 1996; Loppi et al. 2000; Carreras and 
Pignata 2002; Poličnik et al. 2004; Kinalioǧlu et al. 2006; Komárek et al. 2008; Bačkor 
and Loppi 2009; Garty 2010; Bosch-Roig et al. 2013; Sett and Kundu 2016). One 
outstanding case is the usage of these organisms as biomonitors of Pb as a marker for 

Table 2  Lichens acting as bioindicators ecological parameters of lichen populations and 
communities used as surrogated measures of environmental quality

Community Parameter Region References

Lichens Abundance Artic regions Nash III and Gries 
(1995)

Dryland biocrust 
communities

Relative abundance Australia Eldridge and 
Delgado-Baquerizo 
(2018)

Lichens Functional traits and 
functional groups

Brazil Koch et al. (2019)

Lichen epiphytes 
associated with juniper 
scrub

Richness Britain Ellis and Coppins 
(2009)

Epiphytic lichens Diversity European forests Stofer et al. (2012)

Lichenized fungi Jaccard index Floristic regions of 
the world (Takhtajan)

Feuerer and 
Hawksworth (2007)

Corticolous lichens Diversity, Abundance 
and Shannon index

France and 
Switzerland

Agnan et al. (2017)

Epiphytic lichens Diversity value, 
Relative diversity

Italy Nimis et al. (1990), 
Giordani (2007)

Epiphytic lichens Diversity Mediterranean basin 
and woodlands

Pinho et al. (2011), 
Ochoa-Hueso et al. 
(2017)

Lichens Diversity Pakistan Firdous et al. (2017)
Epiphytic lichens Lichen Diversity value Portugal Pinho et al. (2008)
Lichens Richness Several European 

countries
Berganimini et al. 
(2005)

Epiphytic 
macrolichens

Richness Southeast United 
States

McCune et al. (1997)

Epiphytic lichens Communities on 
conifers

Southern California 
mountains

Sigal and Nash III 
(1983)

Gypsophilous lichens Genetic diversity
(Phylogenetic analysis)

Spain Chiva et al. (2019)
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leaded gasoline. Lichens accumulate this metal correlating with traffic in the area 
(Takala and Olkkonen 1981; Garty et al. 1985). Studies carried out in 1970 showed an 
increase in Pb due to the massive use of tetraethyllead in gasoline, but the elimination 
of this octane booster in some countries caused a reduction in subsequent studies 
(Garty 2010). The diversity of lichens has even been recognized as a sensitive indicator 
of the biological effects of contaminants in human health (Cislaghi and Nimis 1997).

2  �Lichens and Pb

2.1  �Damaging Effects of Pb on Lichens

Despite lichens retain high concentrations of Pb extracellularly, mainly attached to 
cell walls and extracellular polymers, this metal has been shown to enter cells 
(Branquinho et  al. 1997), especially in fungal cortical areas (Garty and Theiss 
1990). Thanks to the big fungal biomass and morphology, lower quantities reach the 
phycobiont layer but even trace amounts of Pb cause alterations in lichen 

Table 3  Lichens as passive biosensors. The table shows the organism that has been used as a 
biomonitor and the type of pollutant that accumulates heavy metals, air pollution and/or trace 
elements. The reference of each study is presented

Organism Pollutant References

Epiphytic lichens Air particulate matter 
levels

Varela et al. (2018)

Epiphytic lichens Nitrogen critical loads Giordani et al. (2014)
Flavoparmelia caperata Heavy metals Loppi and Bargagli (1996),  

Loppi et al. (2000)
Flavoparmelia caperata Trace elements Paoli et al. (2012)
Hypogymnia physodes Air pollution Ockenden et al. (1998)
Hypogymnia physodes Heavy metals Herzig et al. (1990)

Poličnik et al. (2004)
Parmelia sulcata Trace elements Sloof (1995)
Pseudevernia furfuracea Heavy metals Bari et al. (2001)
Punctelia subrudecta Heavy metals González and Pignata (1994)
Ramalina celastri Heavy metals Bérmudez et al. (2009)
Ramalina duriaei Heavy metals Garty and Fuchs (1982)
Ramalina fastigiata Atmospheric metal Branquinho et al. (1999)
Several species of lichens Heavy metals Agnan et al. (2015)
Several species of lichens Heavy metals Garty (2010)
Several species of lichens 
(review)

Air pollution
Heavy metals

Conti and Cecchetti (2001)

Usnea amblyoclada Air pollution
Heavy metals

Carreras and Pignata (2001, 2002)

Xanthoria parietina Trace elements Nimis et al. (2000)
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photosynthesis, because it affects chlorophyll integrity and content, especially at 
low pH (Garty et al. 1992; Garty et al. 1997; Branquinho et al. 1997). These effects 
on chlorophyll are related with a drop in PSII and photochemical reactions, particu-
larly in cyanobionts. Namely, Branquinho et  al. (1997) report that the important 
decrease in Fv/Fm observed for Lobaria pulmonaria may be related to a higher 
sensitivity to Pb of Dictyochloropsis microalgae with regard to Trebouxia 
(Flavoparmelia caperata and Ramalina farinacea). This higher sensitivity of pro-
karyotic photobionts to heavy metals has also been reported by other researchers 
(Puckett 1976; Brown and Beckett 1983; Garty et al. 1992; Branquinho and Brown 
1994).

Some authors have related accumulated high concentrations of Pb among other 
metals with membrane damage leading to ion leaking or water loss (Puckett 1976; 
Chettri and Sawidis 1997; Garty et al. 1997; Chettri et al. 1998) but others have not 
(Branquinho et al. 1997). These divergences may be due to heavy metal dose, given 
that Puckett (Puckett 1976) observed that Pb initiated a dramatic K+ efflux at a cer-
tain concentration, in contrast with other metals which induced a dose-dependent 
effect. Membrane damage may be mediated by lipid peroxidation, which is one of 
the main effects of prooxidant pollutants studied in lichens (Paoli et  al. 2011; 
Gurbanov and Unal 2019). Whereas short time exposure (minutes to hours) to Pb 
has been shown to induce a compensatory hormetic decrease of lipid peroxidation 
in Ramalina farinacea (Álvarez et al. 2015), longer exposures (days) showed a posi-
tive correlation in Xanthoria parietina or Cladonia convoluta thalli (Dzubaj et al. 
2008; Gurbanov and Unal 2019).

Infrared spectroscopic studies showed that lead exposure of Cladonia convoluta 
diminished the band corresponding to total nucleic acids. This decrease was espe-
cially related with the B-form of DNA, less stable under abiotic stress than the 
A-form, but involved in replication and transcription processes (Gurbanov and Unal 
2019). The same study also reported an increase in the quantity of usnic acid, an 
important lichen substance involved in the extracellular heavy metal chelating abil-
ity of mycobionts (Purvis and Pawlik-Skowrońska 2008). In plants, high levels of 
Pb also cause inhibition of enzyme activities by reacting with their sulfhydryl 
groups, and disturb mineral nutrition (reviewed in Nagajyoti et al. 2010) but ade-
quate studies addressing these effects in lichens must still be performed.

2.2  �Exclusion Systems and Walls

Cell wall is the first barrier in the defence against heavy metals to avert them from 
entering the protoplast. Extracellular polymeric substances (EPS) made by the symbi-
onts, including microalgae, are involved in Pb tolerance and ionic biosorption (Pereira 
et al. 2009; Ozturk et al. 2014). Lacking specialized tissues, the presence of acidic 
charged polymeric elements around lichen cells may be an important feature for the 
abstraction and bioaccumulation from the environment of essential oligo elements, 
most of them being divalent cations (Ca, Fe, Zn, Cu, Mn, etc.) (Hauck et al. 2009b; 
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Hauck et al. 2010). Some mycobionts present orange or yellow extracellular pigments 
which belong to the dibenzofuran (e.g. usnic acid, norstictic acid), anthraquinone (e.g. 
parietin) or pulvinic acid groups which are all efficient UV radiation screens but differ 
in metal-binding characteristics. Hauck et  al. (2009a, 2010) prompt that they may 
promote adaptation to sites with different pH and metal availability, being complex-
ation a prerequisite for metal uptake control in lichens.

Cyanobacteria and green microalgae can also secret EPS (i.e. proteoglycans and 
polysaccharides) as a mechanism of protection (Pereira et al. 2009; Casano et al. 
2015). The composition of exopolysaccharides varies among species a great deal. 
They may include uronic acids and pectin-like carbohydrates containing polypep-
tide moieties forming complex species-specific proteoglycans. Casano et al. (2015) 
demonstrated a modulation of both moieties in Pb exposed Trebouxia axenic phyco-
bionts of Ramalina farinacea. Furthermore, the extracellular Pb retention abilities 
of the microalgae were linked to differences in the chief characteristics of their cell 
walls and EPS. Therefore, secondary to their role in oligoelement abstraction and 
bioaccumulation, all these EPS would also be effective in creating microsites that 
secure cells against toxic heavy metals (Pereira et al. 2009; Casano et al. 2015). In 
addition to the ability of symbiont cell walls to bioaccumulate Pb, hyperaccumula-
tors, as Diploschistes muscorum, have been shown to immobilize it thanks to the 
excretion of large quantities of oxalates, which form insoluble salts preventing its 
entrance inside the cytoplasm (Edwards et al. 1997; Sarret et al. 1998).

Regarding thalli anatomy, Goyal and Seaward (1981) reported that the metal 
accumulation abilities by the different layers of terricolous lichens were interrelated 
and dependent upon the biologically available metal levels in their associated soils 
as well as the kind of substrate. Furthermore, metal cumulation ability of the rhi-
zinae was maximum for Pb, Mn and Fe whereas the phycobiont was found to have 
maximal accumulation capacity for Ni, Cu and Zn. The rhizinae were found to be 
capable of uptaking, accumulating, translocating and regulating metals. Cations 
were able to move freely from this area to the upper surface of the thalli and back. 
The rhizinae and medulla play a significant function in metal management (Goyal 
and Seaward 1982). Goyal and Seaward (1981) observed that, in the case of Peltigera 
spp., metal accumulation of the algal fraction was consistently higher than that for 
the fungal fraction except for enhanced Pb levels.

2.3  �Intracellular Effects of Pb

Despite lichen cell walls are especially well adapted to exclude Pb, it seems that 
small amounts can still reach the cytoplasm of the symbionts (see Fig. 1). Cd and 
Cr have been localized in concentric bodies and vacuoles of mycobiont and phyco-
biont chloroplasts in Xanthoria parietina together with other ultrastructural altera-
tions (Sanità Di Toppi et  al. 2004; Sanità Di Toppi et  al. 2005). However, 
microscopical studies in Ramalina duriaei thalli after experimental exposure 
revealed that Pb penetrated into the cortical cells of the thallus but not into the algal 
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cells of the phycobiont, nor into the ascospores or medullary cells (Garty and Theiss 
1990). Álvarez et  al. (2012) reported that Trebouxia phycobionts may present 
extremely diverse abilities to prevent Pb from entering the cytoplasm interfering 
with cytoplasmatic processes. Whereas Trebouxia sp. TR9 tended to accumulate a 
large amount the heavy metal at the cell wall thus avoiding intracellular uptake, 
large deposits in small vesicles were seen in Trebouxia jamesii (TR1). Purvis and 
Pawlik-Skowrońska (2008) already highlighted that the microscopical evidence for 
intracellular localization of metals is very limited in lichens. More works present-
ing microscopic direct evidence of Pb cytoplasmic penetration in whole thalli and 
field samples are necessary to reveal the presumed ultrastructural alterations as well 
as to check whether the divergences in the literature are due to species-specific 
strategies.

The synthesis of intracellular chelators such as S-rich peptides and proteins (glu-
tathione, phytochelatins and metallothioneins) are well known as the first line of 
cytoplasmatic defence against heavy metals (Cobbett and Goldsbrough 2002). 
Pawlik-Skowrońska et al. (2002) showed that widespread lichen species (Xanthoria 
parietina, Physconia grisea and Physcia adscendens) collected in unpolluted areas 
biosynthesized phytochelatins and some des-Gly derivatives upon experimental 
exposure to Cd, Pb and Zn. Mycobionts produced glutathione when grown out of 
the symbiosis and, conversely, phycobionts (of the genus Trebouxia) produced phy-
tochelatins (Pawlik-Skowrońska et  al. 2002; Bačkor et  al. 2006). However, total 
phytochelatins concentrations were much lower than in other free-living microalgae 
to similar Cd and Pb concentrations, suggesting that the availability of metals to 
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photobionts is limited as compared to free-living microalgal cells in the presence of 
the same concentrations of metals (Pawlik-Skowronska 2000; Pawlik-Skowrońska 
et al. 2002). Perhaps these differences are a consequence of the morphological pro-
tection provided by the high mycobiont biomass in lichen thalli in relation to that of 
the photosynthetic partners.

Metallothioneins have been reported in non-lichenized fungi and most authors 
postulate an important role for these proteins in lichen tolerance to heavy metals. 
Nonetheless, no metallothioneins have been identified in lichens in response to Pb 
or any other metal to our knowledge and this point deserves further investigation.

2.4  �Antioxidant Capacity and Redox Dimension of Lichen 
Symbiosis

Current evidence reveals a neat relationship between metal and oxidative stress in 
lichens. Both field and laboratory studies have demonstrated a correlation between 
Pb exposure and lipid peroxidation (Paoli et al. 2011; Gurbanov and Unal 2019). 
However, the relation between heavy metal exposure/accumulation and peroxida-
tive damage is not direct. As stated above, metals may be scavenged, free radicals 
may originate from diverse disrupted cellular processes, or else antioxidant defences 
may counteract prooxidative species.

Thanks to their adaptation to anhydrobiosis‚ lichens possess especially powerful 
systems to compensate for oxidative stress generated during rehydration. The capac-
ity to eliminate free radicals, using antioxidants like glutathione, ascorbate, tocoph-
erols and free radical-processing enzymes is important to tolerate desiccation and 
have a lengthy longevity in the desiccated state (Kranner and Birtic 2005). For des-
iccation tolerant organisms, rehydration is a critical step. In mitochondria, fast 
changes in hydric content can alter normal operation and boost reactive oxygen 
species (ROS) generation. Superoxide anion radicals are of especial concern since 
it can, in time, be converted to the exceedingly harmful hydroxyl radical by the 
Haber-Weiss or Fenton reactions catalysed by divalent cations (reviewed in Halliwell 
and Gutteridge 2007). Free radical production is also increased in these organisms 
during desiccation and/or rehydration because CO2 fixation is interrupted, whereas 
light continues to be absorbed by chlorophyll and electrons transported to O2 by 
redox intermediates (Kranner et al. 2008).

Kováčik et al. (2018a, b) observed an increased in reactive oxygen species (ROS) 
release upon exposure of Cladonia spp. to several heavy metals (Ni, Cu, Cr). 
However, when Álvarez et al. (2015) challenged Ramalina farinacea with Pb during 
the critical process of rehydration they observed a strong reduction of the physiolog-
ical free radical burst together with a change in kinetics in the first hours. The same 
observation was performed in the isolated axenic Trebouxioid phycobionts of this 
lichen. Furthermore, lipid peroxidation also was reduced in whole thalli by the effect 
of Pb. The effects on membrane damage in the isolated phycobionts were diverse. 
Whereas lipid peroxidation was reduced by high doses of Pb in Trebouxia sp. TR9, 

Biological Strategies of Lichen Symbionts to the Toxicity of Lead (Pb)



160

no significant effects were observed in Trebouxia jamesii (TR1). The authors inter-
preted these surprising results as a hormetic response to Pb: a compensatory defen-
sive mechanism which would involve the activation of defence systems based on 
free radical scavenging or antioxidants (Calabrese 2008; Calabrese and Blain 2009; 
Calabrese 2014). In this sense, together with ROS and lipid peroxidation, they also 
observed a reduction in chlorophyll auto fluorescence which could be related with 
the fluorescent quenching ability of lichen microalgae (Wieners et  al. 2018). 
Quenching may help safely dissipate light absorbed by the photosynthetic apparatus 
preventing free radical formation and photooxidation (Gasulla et al. 2009).

Nevertheless, lichens frequently contain phenolic products with antioxidant and 
free radical scavenging properties (Kranner and Birtic 2005). A high number of 
lichen substances chemically related with phenol proved to possess free radical 
scavenging activity (Valencia-Islas et al. 2007). These authors showed the antioxi-
dant activity and antiradical power of salazinic acid, atranorin, and chloroatranorin 
(from Parmotrema stuppeum) and boninic, 2-O-methylsekikaic, and usnic acids 
(isolated from Ramalina asahinae). At least usnic acid has been shown to increase 
upon Pb exposure (Gurbanov and Unal 2019) and lichens acclimated to Pb polluted 
sites showed a high correlation between metal bioaccumulation and lichen sub-
stances (Pawlik-Skowrońska and Bačkor 2011).

Ascorbic acid has been shown to be involved in the response and damage reduc-
tion of Pb challenged Coccomyxa subellipsoidea (a Chlorophyta genus including 
some lichenizing species) through modulation of ROS/NO balance and metal uptake 
(Kováčik et al. 2017). Ramalina farinacea isolated phycobionts, Trebouxia sp. TR9 
and Trebouxia jamesii (TR1) have been shown to exhibit ascorbate peroxidase 
enzymatic activity (APx), being higher in TR1 than in TR9. Furthermore, each spe-
cies differently modulates this activity in response to Pb: whereas it decreased dra-
matically in the latter, it progressively increased with rising Pb concentrations 
(Álvarez et al. 2012).

Conversely to plants and free living microalgae, the importance of ascorbate or 
tocopherol in lichens seems very diminished (Kranner et  al. 2005; Purvis and 
Pawlik-Skowrońska 2008). Whereas it has been demonstrated to decrease in pollu-
tion exposed populations of Parmelia quercina (Calatayud et al. 1999), no ascorbate 
or (homologues of) erythroascorbate were found in Cladonia vulcani and tocoph-
erol was only present in the microalgae (Trebouxia excentrica). Therefore in the 
absence of these important systems, glutathione plays a pivotal role in oxidative 
stress prevention, making it essential for lichens to survive desiccation (Kranner and 
Birtic 2005). In addition to the ability of its cysteine to chelate metals, the tripeptide 
glutathione is also able to neutralize free radicals directly and is used as co-substrate 
by a high number of antioxidant enzymes rendering glutathione disulphide (GSSG).

Kranner et  al. (2005) proposed that the lichenized symbionts mutually up-
regulate their antioxidant systems and when isolated they lose this enhanced resis-
tance to oxidative stress. Outside the holobiont thallus, the alga is very susceptible 
to photooxidation; without the phycobiont, the fungal glutathione-based antioxidant 
system seems ineffective. The multifaceted NO has been involved in this redox 
dimension of lichen symbiosis since scavenging of this molecule was shown to 
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render phycobionts much more susceptible to photooxidation in axenic culture than 
in the thallus and to be involved in oxidative stress caused by the prooxidant pollut-
ant cumene hydroperoxide (Catalá et  al. 2010a, b, 2013). In plants, exogenous 
sodium nitroprusside supplementation (known to release NO) reduces oxidative 
damage produced by the presence of Pb (Kaur et al. 2015; Jafarnezhad-Moziraji 
et al. 2017) and ameliorative effects and regulation of ascorbic acid upon Pb and 
other heavy metals exposure in C. subellipsoidea and R. farinacea is linked to NO 
modulation (Kováčik et al. 2015, 2017, 2019).

Not only enhances the cross talk established between a mycobiont and the phyco-
bionts lichen tolerance to abiotic stress, but is  the complexity of symbiosis being 
revealed, and more than two partners have a starring role in this story. Recent works 
report that unicellular fungal yeasts, bacteria and a different species of microalgae 
may render thalli a much more complex system than expected (del Campo et al. 
2010, 2013; Casano et al. 2011; Álvarez et al. 2015; Spribille et al. 2016; Moya et al. 
2017). Ramalina farinacea is sensitive to air pollution (see above), in spite of this, it 
has been shown to be tolerant to heavy metals such as Pb (Branquinho et al. 1997; 
Loppi and Frati 2006; Álvarez et al. 2015; Expósito et al. in press). As explained 
above, two main phycobionts have been identified whose proportions change in 
dependence of the biogeography of the population studied (Casano et al. 2011). In 
addition to morphological and genetic differences, both microalgae exhibit very dif-
ferent performances regarding heavy metal and antioxidant defences. Each phyco-
biont has different ability to immobilize Pb at extracellular level. These two 
microalgae have completely different strategies to obtain similar levels of Pb toler-
ance: TR9 has a thicker wall but is less active than TR1 whose enzymes show higher 
activities constitutively. On the other hand, TR9 is able to upregulate antioxidant 
defences to achieve similar levels as TR1 upon Pb exposure (del Hoyo et al. 2011; 
Álvarez et al. 2012, 2015; Casano et al. 2015). Recent results of our group also point 
to differences in the dependence of each R. farinacea phycobiont on NO to maintain 
the hormetic effect of described above on lipid peroxidation as well as a role in 
mycobiont-derived NO on Pb response (Expósito et al., in press). This behaviour 
probably allows them to coexist in the same lichen and amplify the fitness of the 
organism.

3  �Conclusions

Lichens are unique symbiotic phenotypes with complex physiology. They are poiki-
lohydrous, adapted to anhydrobiosis and can resume cell function immediately after 
rehydrating. Anhydrobiosis and tolerance to desiccation is linked to mechanisms of 
reparation along with the presence of antioxidants, antioxidant enzymes and NO, 
among others. In the abscence of protective or absorptive specific structures, miner-
als penetrate thalli and bioaccumulate within cells in a significantly more effective 
manner than in plants. Heavy metal concentration inside thalli is well correlated with 
the distance to the pollution source as well as with climatic and land cover factors, 
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greatly impacting on lichen abundance and richness since there is a vast variability in 
species tolerance. Lichens are good indicators of global change because even subtle 
environmental changes affect measurably their biodiversity. They are superb passive 
samplers of atmosphere contamination both for inorganic and organic elements. 
Namely, they are excellent biomonitors of Pb as a marker for leaded gasoline.

They show a relative high resistance to heavy metals but there exists a debate 
about the how each symbiont contributes. Pb causes alterations in lichen photosyn-
thesis, membrane damage leading to ion leaking, water loss and decreases of the 
A-form of DNA involved in replication and transcription processes. However, its 
effect on the inhibition of enzymes remains to be addressed. Lichen cell walls are 
especially well adapted to exclude Pb. Extracellular polymeric substances (EPS) 
made by both myco- and phycobionts are involved in ionic biosorption and Pb toler-
ance. Hyperaccumulators have been shown to immobilize it thanks to excreted oxa-
late insoluble salts. Few works present microscopic direct evidence of presumed Pb 
cytoplasmic penetration in whole thalli and works demonstrating this fact in wild 
samples are necessary. The ecological success of lichens living on substrates con-
taminated with toxic elements may be due to the presence of metal-tolerant phyco-
bionts which may present extremely diverse abilities to prevent Pb damage, they 
biosynthesize phytochelatins in much lower concentrations than in other free-living 
microalgae. Mycobionts seem to produce glutathione instead, and a presumed syn-
thesis of fungal metallothioneins has not been demonstrated yet. Thanks to their 
adaptation to anhydrobiosis lichens possess especially powerful systems to com-
pensate for oxidative stress generated during rehydration. Ramalina farinacea chal-
lenged with Pb during rehydration showed a strong reduction in the physiological 
free radical burst, a hormetic compensatory mechanism which would involve the 
activation of defence systems based on free radical scavenging or antioxidants, as 
well as chlorophyll fluorescent quenching. This ability of lichen microalgae may 
help safely dissipate light absorbed by the photosynthetic apparatus preventing free 
radical formation and photooxidation. A high number of lichen substances chemi-
cally related with phenol possess free radical scavenging activity and ascorbic acid 
has been shown to be involved in the modulation of ROS/NO balance and metal 
uptake. However, the importance of ascorbate or tocopherol in lichens is under 
debate and some authors point out to a pivotal role of glutathione.

In any case, lichenized symbionts seem to mutually up-regulate their antioxidant 
systems. Outside the holobiont thallus, the microalga is very susceptible to photo-
oxidation and, without the phycobiont, the fungal antioxidant system seems ineffec-
tive. The multifaceted NO has been postulated as a key factor in this redox dimension 
of lichen symbiosis. The complexity of symbiosis is being revealed and more than 
two partners have a starring role in this story. Several phycobionts in the same thal-
lus have been identified whose proportions change in dependence of the biogeogra-
phy of the population studied. Seminal studies show that these coexisting microalgae 
exhibit completely different strategies to obtain similar levels of Pb tolerance. The 
lichenization of different partners with diverse physiological strategies and perfor-
mances seem to be the secret for amplifying the fitness of the organism.
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Abstract  Environmental pollution is the most important problem faced by modern 
civilization among all other concerns. Metals are normal components of the crust of 
Earth. Due to erosion of rocks, volcanic activity and many more natural and anthro-
pogenic activities metals and other contaminants are discharged and found in almost 
all environmental compartments and strata. Among these heavy metals, lead is the 
most considerable toxic pollutant which is coming from diverse sources into the 
surrounding environment and consequently goes into the various components of the 
food chain. Industrialisation, urbanization, technological spreading out, increased 
use of fossil fuel, chemical fertilizer and pesticide use, mining and smelting and 
inappropriate waste management practices stay put the foremost reasons of 
extremely high levels of toxic quantities of lead in the environment. Mined ores or 
recycled scrap metal and batteries are the sources that fulfil the industrial lead 
requirement. Lead mining-smelting, industrial processes, batteries, colour-paints, 
E-wastes, thermal power plants, ceramics, and bangle manufacturing are the impor-
tant point sources of lead. Huge quantities of lead in the air are from combustion of 
leaded fuel. The key reason for prolonged persistence of lead in the environment is 
the non-biodegradable character of this metal. This has led to manifold increased 
levels of lead in the environment and biological systems. Lead has no known bio-
logical requirement and is highly toxic even at low concentrations. Lead is looked 
upon as a strong occupational toxin and its toxicological manifestations are very 
well documented. Lead toxicity and poisoning has been recognized as a major com-
munity health threat all around in developing countries. Lead moves into the eco-
system and creates toxic effects on the microorganism as well as on all living 
organisms including plants. Conventional or traditional techniques of heavy metal 
quenching and putting out of contaminants from the contaminated sites have jeop-
ardy to leave go of looming heavy metals in the environment and these are costlier 
as well as unsafe additionally. Use of microbes and green plants for clean-up pur-
poses is therefore, a promising solution for onslaught of heavy metal polluted sites 
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in view of the fact that they include sustainable ways of repairing and re-establishing 
the natural status of soil and environment. The future outlook of phytoremediation 
depends on ongoing research and development. The science of phytoremediation 
has to go through numerous technical obstacles and developmental stages and better 
outcomes can be achieved by learning and knowing more and more about the vari-
ety of biological processes participating in phytoremediation programmes. For suc-
cessful future of phytoremediation a number of attempts yet to be require with 
multidisciplinary approach. This review comprehensively presents the background, 
concepts, technical details, types, strategies, merits and demerits, and upcoming 
path for the phytoremediation of lead pollution.

Keywords  Heavy metals · Lead pollution · Ecotoxicology · Bioremediation · 
Phytoremediation

1  �Introduction

The most important problem faced by modern society today among all other con-
cerns is environmental pollution. Naturally, metals are normal components in soils 
and in the crust of Earth. Metals are released and are present in various concentra-
tions in different environmental components (water, soil) through a number of dis-
charge processes such as erosion of rocks and volcanic activity. The widespread 
heavy metals found in contaminated localities are described to be lead, chromium, 
cadmium, copper, mercury and nickel (Jagetiya and Aery 1994; Jagetiya and Bhatt 
2005, 2007; Jagetiya et al. 2007, 2013; Kapourchal et al. 2009; Gupta et al. 2013b). 
Among these, lead and few other heavy metals are the most significant poisonous 
and deadly pollutants that come from diverse origin points into the surrounding 
milieu, plant systems and subsequently come into the food chain. The important 
lead ore is galena (PbS). Galena has cubic form, low hardness and high density 
(Reuer and Weiss 2002). Lead has been kept in the category of heavy metal and it is 
a malleable and soft metal. The average concentration of lead in the soil is about 
13 mg kg−1 and its values are found to be ranged between 1 and 200 mg kg−1. The 
ultimate recipient of numerous wastes is soil which comes through various anthro-
pogenic actions, chiefly from mining, industrial discharge and disposal/outflow of 
wastes from manufacturing, and many more doings. Anthropogenic sources of lead 
include mining, smelting, electroplating and atmospheric deposition due to petrol 
and use of pesticides, fertilizers. Atmospheric deposition due to petrol comprises 
anti-knocking additive lead (Tiwari et al. 2013). Huge quantity of lead into the air 
entered through combustion of leaded fuel these lead particles then settle down on 
surface of the soil and goes into the soil with precipitation and irrigation practices. 
Large sized particles of lead discharged from exhaust of the vehicles by and large 
go away in the expanse of about 50–100 m from the highways and settled on the 
surface of soil. On the other hand much farer distance is travelled from these sites 
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by the particles with 2 and less than 2 μm in size (Kapourchal et al. 2009). Soil that 
contaminated by firing range represent a long term source of lead (Okkenhaug et al. 
2016). Hair colouring contributed additionally to lead in environment (permanent 
colouring has lead acetate combined with SH-group of hair protein to form black 
insoluble lead sulphides) (Cohen and Roe 1991). Lead mining-smelting, industrial 
processes, batteries, colour-paints, E-wastes, thermal power plants, ceramics, and 
bangle manufacturing, etc. are the important point sources of lead pollution (Fig. 1) 
(Singh et al. 2015). Heavy metal pollution is a worldwide problem because these 
metals are everlasting and nearly every one of these have lethal and deadly impact 
on all living being, when their quantity go beyond the threshold limits (Ghrefat and 
Yusuf 2006; Yadav et al. 2017). Plants as well as animals absorb these toxic heavy 
metals from surrounding sediments, water, and soils, through ingestion, contact and 
inhaling of airborne suspended tiny metal particles (Mudgal et  al. 2010). Heavy 
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metals toxicity has reported as the great threat for the health of plant and animals 
and most of them may disturb important biochemical processes of these organisms. 
Toxicity due to heavy metals in plants has restraining effect on enzymatic action, 
stomatal task, photosynthesis, accumulation and uptake of nutrient elements and 
root system and ultimately on growth (Addo et  al. 2012). Heavy metals such as 
mercury, cadmium and lead do not have any known biological requirement and very 
much venomous yet at lower concentrations of 0.001–0.1 mg L−1(Aery and Jagetiya 
1997; Wang 2002; Alkorta et al. 2004). Cadmium is responsible for carcinogenicity, 
mutagenicity, endocrine disruptor, lung damage in human (Degraeve 1981; Salem 
et al. 2000). The major health effect due to mercury toxicity are depression, fatigue, 
insomnia, drowsiness, hair loss, restlessness, loss of memory, tremors, brain dam-
age, temper outbursts, lung and kidney failure and autoimmune diseases (Neustadt 
and Pieczenik 2007; Gulati et al. 2010). Excess exposure of lead in kids causes vari-
ous diseases such as poor intelligence, memory loss, developmental impairment 
and disabilities in learning, coordination dilemma, and cardiovascular ailment 
(Fig. 1) (Padmavathiamma and Li 2007; Wuana and Okieimen 2011). Exposure of 
human beings to these heavy metals that have a number of perilous effects on 
human health are mostly comes from polluted food chain (Mudgal et al. 2010). A 
number of heavy metals amputation technologies including ultrafiltration, chemical 
precipitation, ion-exchange, adsorption, electrodialysis, coagulation-flocculation, 
reverse osmosis and flotation are generally bring into play. These technologies are 
too expensive, unfavourable and unsafe to do away with heavy metals from con-
taminated sites. Above discussed techniques are very costly and has much disad-
vantage but rather than eco-friendly and cost-effective. Exploiting micro-organisms 
and plant systems for remediation intentions is therefore a potential way out for 
pollution due to heavy metal in view of the fact that it includes sustainable decon-
tamination methods to repair and restore the normal state of the rhizosphere and top 
soil (Jagetiya and Purohit 2006; Jagetiya and Porwal 2019; Jagetiya and Sharma 
2009, 2013; Jagetiya et al. 2011, 2012, 2014; Yadav et al. 2017). The efficient and 
most attractive alternative is plant based remediation or phytoremediation which 
has already been used of years is environment pleasant, inexpensive and safer 
modus operandi. It has minimal vicious impact on the ecosystem (Kapourchal et al. 
2009; Singh 2012; Ali et al. 2013). A large number of studies have been success-
fully carried out for phytoremediation of lead and number of plant species are being 
used for this purpose (Prasad and Freitas 2003; Kapourchal et al. 2009; Malar et al. 
2014; Arora et  al. 2015; Mahar et  al. 2016; Wan et  al. 2016; Fanna et  al. 2018; 
Chandrasekhar and Ray 2019).

2  �Lead Enrichment in the Environment

Lead is present in Earth’s crust as a bluish-grey, low melting, heavy metal and it is 
exceptionally found as a natural metal and present frequently combined with two or 
more elements to constitute compounds of lead (ATSDR 2005). It is one of the 
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metals usually present in the environment for the reason that it is in the list of the 
earliest discovered metals and most far and wide utilized in history of human beings 
(Shoty et al. 1998). It is becoming severe menace to human health in view of the fact 
that it’s continued to go into the environment as an automobile exhaust emission and 
widespread exploitation in industry (Juberg et al. 1997). Mined ores (primary) or 
recycled scrap metal and batteries (secondary) are the sources of lead used in indus-
tries. It is reported that about 97% of lead-acid batteries are recycled and lead pre-
dominantly found nowadays is “secondary” type and accrued from lead-acid 
batteries (ATSDR 2005). Manufacturing of lead batteries, extensively used in auto-
mobiles is the main use of lead in the industries. Lead is also used for shielding of 
X-ray machines, alloy making, manufacturing of corrosion and acid resistant stuffs 
and soldering materials manufacturing etc. (Patil et al. 2006). Lead pollution in air, 
water, soil and agricultural fields is an ecological concern due to its severe impact on 
human health and environment since among heavy metals lead is most hazardous. 
Mining-smelting, industrial effluents, fertilizers, pesticides, and municipal sewage 
sludge are the main sources of lead pollution in the environment (Aery et al. 1994; 
Sharma and Dubey 2005; Malar et al. 2014). Negatively charged solid surfaces such 
as clays, carbonates, oxides and hydroxides of iron, manganese as well as organic 
carbon of water column rapidly scavenge soluble lead. Consequently non-chelated/
dissolved lead has a short water column dwelling duration in ocean. Settling of lead 
associated particulate stuff by and large regulates the distribution of lead in specific 
ocean basin (Chakraborty et al. 2015). In maritime sediments, lead may be found in 
diverse physico-chemical varieties and it has differential affinities for various bind-
ing-phases of coastal sediments. Carbonate phase in coastal sediments plays an 
imperative role in regulating lead distribution (Fulghum et al. 1988) and scavenging 
nature of lead by Fe/Mn oxy-hydroxide phase in residue has also been identified as 
a crucial process (Jones and Turki 1997). Distribution and speciation of lead has 
been demonstrated to be regulated by organic binding phase of it (Krupadam et al. 
2007; Chakraborty et  al. 2012). Geogenic or anthropogenic activities turned lead 
contamination into a severe large-scale worldwide environmental apprehension. 
Industrialisation, uncontrolled use of fossil fuel resources, urbanization, technologi-
cal expansion, use of pesticides and fertilizers, mining and smelting and poor waste 
management are the foremost reasons of extremely high quantities of lead in the 
environment (Lajayer et al. 2017; Chandrasekhar and Ray 2019). Enormous mining 
activities, paper, metal coating, fertilizer and other industries resulted in the diffu-
sion of lead and allied heavy metals into the environment and their concentrations is 
escalating bit by bit (Fu and Wang 2011; Wang et al. 2016). Increased lead levels in 
the water reservoirs is taking place due to residential dwellings, groundwater infiltra-
tion, mining drains and manufacturing discharges and over the most recent years, 
growing human population and industrial expansion have led to a boost of lead con-
tamination in aquatic ecosystems. For that reason, studies reporting the effects of 
lead and other toxic heavy metals on aquatic organisms are presently attracting 
added contemplation, predominantly those focusing on urban and industrial con-
tamination (Rocchetta et al. 2007; Akpor and Muchie 2011; Sadik et al. 2015; Dogan 
et  al. 2018). The blemish of coastal waters with trace and heavy metals through 

Phytoremediation of Lead: A Review



176

anthropogenic spring and sewage has turn into a ruthless predicament (Mamboya 
et al. 1999). Heavy metals, such as lead is among the most widespread pollutants at 
hand in equal amounts in urban and industrial discharge (Sheng et al. 2004; Santos 
et al. 2014). Environmental degradation from heavy and toxic metal contaminants in 
aqueous water streams and groundwater as well as in soil posing a major community 
problem is mainly due to worldwide technological progress, unprecedented anthro-
pogenic activities (over exploitation of metal-mineral resources, over use of fertil-
izers and pesticides, increased household activities and automobiles exhaust) and 
natural phenomenon (forest fires, volcanic eruption and seepage from rocks) that 
needs to be addressed seriously. Heavy metals and minerals especially lead, mer-
cury, chromium, cadmium, copper, arsenic and aluminium is a serious threat to the 
environment and human health. These toxic substances enter into the human body 
mainly through contaminated water, food and air, leading to numerous lethal health 
complications (Singh et  al. 2015). Some other reports also states that sources of 
heavy metals in the environment are mainly industry, municipal wastewater, atmo-
spheric pollution, urban runoff, river dumping, and shore erosion and stated that 
anthropogenic inputs of metals exceeds natural inputs. Higher volumes of cadmium, 
copper, lead and iron may be act like ecological poisons in terrestrial and aquatic 
ecosystems (Balsberg-Påhlsson 1989; Guilizzoni 1991). The water, sediments and 
plants in water bodies receiving municipal and domestic runoff contain higher quan-
tity of heavy metals in comparison to those not getting runoff from urban areas and 
this process leads into surplus metal levels in surface water which cause a health risk 
to human beings and to the environment both (Vardanyan and Ingole 2006). Higher 
levels of lead in the forest flooring and relatively porous soils in forest ecosystems 
has been documented that lead is released from the forest flooring to the mineral soil 
or into the surface waters. Continued accrual of lead in forest ecosystems conse-
quently may pose upcoming threat to water quality (Johnson et  al. 1995). Lead 
reaches to the soil and environment through pedogenic processes (depends on the 
nature and origin of the parent substances) and through anthropogenic activities. 
Anthropogenic processes, primarily involve manufacturing activities and the dis-
posal of industrial and municipal waste materials and these are the major source of 
lead contamination of environment (Adriano 2001). Foremost important sources of 
lead enrichment in the environment are presented in Fig. 2.

3  �Ecotoxicology of Lead

Lead is one of the earliest metals discovered by the human and its distinctive nature, 
such as pliability, ductility, higher malleability, low melting point and corrosion 
resistant, make its widespread usages in numerous industrial process (colour-paint, 
automobiles, plastics, and ceramics). The key cause for long-lasting persistence 
of lead in the ecosystem is due to its non-biodegradable character; consequently 
it has led to a manifold quantity of free lead in the environment and living beings. 
Lead is considered as a powerful/potent occupational pollutant and its toxicological 

B. Jagetiya and S. Kumar



177

manifestations are very well recognized. Lead poisoning has been documented as a 
major public and community health peril for the most part in developing countries of 
the world. Nevertheless, a variety of community health and occupational approaches 
have been taken on in order to control and regulate the lead toxicity, many more 
cases of lead poisoning are yet to be accounted (Flora et al. 2012). Diverse sources 
together with industrial activities including smelting of lead and coal burning, colour-
paints containing lead, pipes having lead or lead based soldering in water supplying 
system, recycling of batteries, bearings and grids, lead-based gasoline, etc. are the 
reasons for human exposure to lead. Though lead toxicity is a decidedly explored 
and meticulously published topic, full control and preclusion concerning on expo-
sure to lead is yet far from being accomplished. Lead is a non-essential element and 
has no advantage on to the biological systems and no “safe” level of exposure to lead 
has been reported. There is even no such concentration of lead is reported to found 
essential for it to require by living beings and toxicity of lead have been reported 
as specific menacing hazard with the potential of causing irreversible health conse-
quences. Lead moves into and throughout the ecosystem and creates toxic effects 
on the microorganism and all living organisms. It is a highly toxic heavy metal that 
affects human beings, animals, plants and phytoplankton by incorporating into food 
chain (Truhaut 1977; Chapman 2002; Huang et al. 2011; Singh et al. 2012).
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Fig. 2  Various sources of lead enrichment in the environment
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3.1  �Effects of Lead on Living Beings and Human Health

No function of lead is known for biological systems, likewise it causes many irre-
versible health problems once it taken up in the tissues of living systems. Lead toxic-
ity in the environment is an ancient and continual community health concern for all 
the countries of the world. All the important organs such as hematopoietic, renal, 
nervous and cardiovascular systems are affected by lead toxicity. Oxidative stress 
has been reported as pronounced and severe effect of lead toxicity. Biomolecules 
such as enzymes, proteins, membrane lipids and DNA are damaged by excess lead 
toxicity which is responsible for generating ROS that impairs the antioxidant defence 
system (Fig. 3) (Flora et al. 2012; Inouhe et al. 2015). All the way through the evo-
lutionary process lead incorporates into the tissues of living organisms and thus has 
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become crucial element. Lead particles may enter into residential houses through 
windows, shoes, air, and so on (Patel et al. 2006). Improvement of technology over 
the time has appreciably decreased the discharge of lead but still conditions at local 
sites may be present causing a potential risk due to exposure in surrounding environ-
ment. Children are more susceptible to lead toxicity because of their activities of 
hand to mouth, high rates of respiration and additional absorption by gastrointestinal 
systems per unit body weight. For certain at-risk groups of children lead toxicity 
continues to be an main community health issue and impacts of lead on intellectual 
development has been remained a major concern forever (Ahamed and Siddiqui 
2007). Lead affects the nervous system of vertebrates and cause diseases in fingers, 
wrists or ankles. Accumulation of lead in invertebrates above a particular level 
becomes toxic to their predators. Elevated blood levels of lead just >10 μg dL−1 
cause anaemia in children (Tiwari et al. 2013). Two types of anaemia reported, hae-
molytic anaemia and frank anaemia due to lead poisoning effect on the enzyme 
δ-aminolevulinic acid dehydrates (ALAD), aminolevulinic acid synthetase (ALAS), 
ferrochelatase involved in haem synthesis but mainly affects the cytosolic enzyme 
ALAD.  Lead nitrate induce the rate-limiting enzyme ALA synthetase 
(S-aminolevulinic acid synthetase) of the haem biosynthesis at the post transcrip-
tional level (Kusell et al. 1978). Lead exposure had decreased the permanency of the 
spermatozoa and reduced secretory function of the accessory genital glands (Wildt 
et al. 1977). Nutrients factors or deficiency (some vitamins and essential elements) 
affects the susceptibility to lead toxicity (Ahamed et al. 2005). Renal effects of Pb 
poisoning (>60 μg dL−1) causes Fanconi’s syndrome which is represented by the 
combined excretion of phosphates, glucose and amino acids at an abnormal rate. It 
also affects the ROS production and antioxidant defence, causing cell death due to 
oxidative stress (Gupta et al. 2009; Flora et al. 2012). A variety of immune responses 
such as differentiation of B cell, MHC class II molecule on the surface of B lympho-
cytes’ increased expression, lymphocyte proliferation, inhibition and targeted first 
suppressor T cell and then Th cells are the poisonous effects of lead. Lead also 
affects the nuclear factor-kb, CD 4, natural killer cells (NKC) and nitric oxide (Singh 
et al. 2003). Lead may cause cytotoxicity and genotoxicity, which can be determined 
through histopathology, proteomics and cell growth (Pan et al. 2010).

3.2  �Effect of Lead on Microorganisms

Elevated level of lead near smelter decrease the microorganism population and 
inhibited the germination of fungal spore and mycelium growth (Bisessar 1981). 
Lead toxicity turn into inhibited cell division, protein denaturation, cell membrane 
disruption, inhibition of enzyme activity, translation inhibition and transcription 
inhibition by damaging of DNA (Yadav et al. 2017). Pb caused short term (<24 h, 
5 mg L−1) and long term impact on microorganisms. After long term lead exposure 
on sludge bacterial viability decreased linearly (Yuan et al. 2015). E-waste recy-
cling sites produce different lead contaminants that effects the soil microorganisms 
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by decrease biomass, enzyme activity (covalently bind with –SH, –OH, –COOH, –
NH2 group on active site of enzymes) and enhance soil basal respiration, metabolic 
quotient (Zhang et al. 2016). Lead affects the algae by inhibiting growth and pri-
mary metabolite accumulation (Piotrowska et al. 2015). Lead accumulations in zoo-
plankton were lower than in bacteria and in phytoplankton (Rossi and Jamet 2008).

3.3  �Effects of Lead on Ecosystem

Industrial fine particles are toxic for ecosystem (Schreck et al. 2011). Lead stored in the 
O horizon of soil in forest floor from input deposition of alkyl-lead additives gasoline 
due to this lead release in the mineral soil or surface water from forest floor with high 
concentration threat to water quality in ecosystem (Johnson et al. 1995). Acute/chronic 
toxicity concentration or threshold concentration of dissolved lead in fresh water eco-
system is calculated between 6.3 mg dissolved Pb L−1 and 31.1 mg dissolved Pb L−1. It 
is influenced by many reported factors effects of pH, alkalinity, dissolved organic car-
bon and concentration of Mg and Ca cations in aquatic toxicity of lead at EU scenarios 
(Sprang et al. 2016). Some widely used applications like UV coating, polishers and 
paints used Meo and NPs species that release cerium oxide (CeO2NPs) which deposit 
on aquatic sediments and therefore making potential risk of lead in aquatic ecosystem 
(Wang et al. 2018). Lead toxicity affects aquatic organisms such as blackening in the tail 
and spinal deformity (Singh et al. 2012). Some physiological and biochemical changes 
have also been reported in hydrophytes such as water hyacinth (Malar et al. 2014).

3.4  �Ecotoxicology of Pb-210

Pb-210 is the most important to study in relation to its behaviour in soils and plants. 
Short-lived progeny of radon decay gives rise to 210Pb. This radioactive isotope exhibits 
the chemical characteristics of lead because it has sufficient time to decay, which 
results in the production of Po-210 which tends to be mobile in the substratum. The 
most common redox state encountered in the environment is the divalent form of lead, 
out of the three known oxidation states, 0, +2 and +4. Lead is found adsorbed on the 
surface of oxides, hydroxides, oxyhydroxides, clays and organic matter. The adsorp-
tion is highly associated with the cation exchange capacity of and pH of the soils. 
Phosphate, chloride, and carbonate and other soil constituents affect lead reactions in 
the soils by precipitation and reducing adsorption due to ligand forming (Mitchell et al. 
2013). Pb-210 produced in the atmosphere from 222Rn and this phenomenon increases 
the concentration of 210Pb with decrease in Ra-226. Pb-210 will decay to give rise 210Po 
(Sheppard et al. 2008). A major contributing way to plant uptake of 210Pb is aggregating 
from surrounding atmosphere (Ham et al. 2001). Po-210 to Pb-210 equilibrium studies 
established the trail of 210Pb settling. Po-210 to Pb-210 ratios less than 1 demonstrate 
inadequate time for 210Po to equilibrate subsequent uptake by plants. The ratio for 
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shoots was found to be between 0.35 and 0.72 during a study (Pietrzak-Fils and 
Skowronska-Smolak 1995). Canadian annual plants showed a median value of 0.6 
(Sheppard et al. 2004, 2008). Relative concentrations of radionuclides in the medium, 
individual Fv values, rate of deposition of radionuclides on the shoots from atmosphere 
and further withholding determined the ratio. Higher Pb-210 Fv values were noticed 
relative to stable lead due to atmospheric deposition (Sheppard et al. 2004). In contrast, 
an excess of 210Po over 210Pb was observed in wild berries from a boreal ecosystem 
(Vaaramaa et al. 2009). To look into phytoremediation of lead a vibrant model devel-
oped that gave a mechanism of lead behaviour within soil–plant system (Brennan and 
Shelley 1999). Limited studies are available for radio-ecological research (Hovmand 
et al. 2009; Sheppard et al. 2008; Vaaramaa et al. 2009). Atmospheric settling of 210Pb 
was found the major route under a study when uptake under covered tent was com-
pared to that in open field (Pietrzak-Fils and Skowronska-Smolak 1995). The effects of 
soil texture on transfer were the highest when plants were grown on sandy soils. There 
were few noteworthy differences between crop groups, and no correlations were found 
between numerous soil characteristics (cation exchange capacity, pH, clay and organic 
matter) and the Fv values for the crop sets. Significant dissimilarity was noticed in Fv 
values among soil types for leafy vegetables, root crops and tubers (Vandenhove et al. 
2009). The Fv value may be increased up to 20-fold from atmospheric settlement of 
210Pb (straw of cereals, grasses and vegetables) (Vandenhove et al. 2009). The accumu-
lation of lead and other radionuclides in spring wheat exhibited the following relation-
ship: root > stem > grain (Nan and Cheng 2001), while the beet of red beet had a lower 
value than the leaves (Pietrzak-Fils and Skowronska-Smolak 1995). On the other hand, 
in beans 210Pb was largely absorbed and held in the roots without translocation to aerial 
plant parts (D’Souza and Mistry 1970). Red kidney bean showed that 100% was 
retained by the leaf with an application of 210Pb as nitrate to the leaves. This has been 
known as immobile isotope and trapped at the sites of applications (Athalye and Mistry 
1972). Type of the plant and part of the plants plays important role for plant 210Pb con-
tent (Pietrzak-Fils and Skowronska-Smolak 1995). In crops grown under ordinary field 
conditions, washing may take away about 10% of plant radioactivity; radioactivity 
values were found 6–10-fold high in plants grown in the open in contrast to crops 
kept in the cover-up tents. During dry time radioactivity of 210Pb on plant leaves was 
found at climax, while during wet times it was observed to be decreased and attrib-
uted that during wet of aerosols wash-off from the surface of the leaves (Sugihara 
et al. 2008; Mitchell et al. 2013). Transfer factors of 210Pb from contaminated soil in 
oil fields located in a semiarid area to some pasture species were determined and it 
was found that uptake of 210Pb from soil to plants increased with the time of the first 
planting. Among the studied plants Medicago sativa (alfalfa) and Bermuda grass 
were found to have the highest transfer factor (Al-Masri et al. 2014). In Typha lati-
folia L. in a study conducted in an environment with a higher quantities of radionu-
clides and heavy metals, many structural alterations; synthesis and presence of 
numerous antistress substances (anthocyanin, ferritin, etc.) as well as the occur-
rence of various exogenous particles in the epidermal and parenchyma cells were 
observed (Corneanu et al. 2014).
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4  �Remediation Techniques of Lead

The method in which contaminants from soils, water and air are removed is known 
as remediation. Heavy metal such as lead is one of the most dangerous contaminant. 
Electrokinetic remediation (EKR) uses many electrolytes to bind contaminants and 
make them immobile in soil by the influence on soil conductivity (H+and Fe2+) and 
current by replaced soil ions from EKR ions (e.g., KNO3, NaNO3, Na2CO3, K2HPO4, 
KH2PO4, sodium acetate acid (NaAc), H+, EDTA, Na/HAc, citric acid, Tris–acetate-
starch, ammonium, nitrate, lithium lactate, MgSO4, and NH4NO3) (Li et al. 2014).

4.1  �Conventional Remediation Techniques

In situ vitrification, excavation and landfill, soil incineration–washing–flushing–
reburial, solidification, stabilization of electrokinetic system, pump and treat sys-
tem, ion exchange chemical precipitation, ultrafiltration, adsorption, electrodialysis, 
flocculation, and so on are mostly used decontamination methods for metal polluted 
sites; out of these, ion exchange, adsorption, ultrafiltration, chemical precipitation, 
electrodialysis, and flocculation are more useful for lead removal.

Chemical precipitation: Coagulants such as lime, alum and iron salt are used for 
precipitation of metal ions.

Ion exchange: Electrostatic force on ion exchange in a dilute solution is applied.
Adsorption: A molecular or atomic film is formed by accumulation of gas or liquid 

solutes on the surface of an adsorbent.
Ultrafiltration: It is used to remove heavy metal ions; 0.1–0.001 micron pore size 

membrane used in ultrafiltration.
Eletrodialysis: This method is applied when separation of cations and anions 

through electrical potential to remove metal ions by the use of semipermeable 
ion selective membranes.

Flocculation: This method makes flocs in water using a coagulant to attract sus-
pended metal ions by these flocs (Yadav et al. 2017).

These methods have a threat of releasing potentially dangerous metals into the 
environment as well as unsafe, high-priced and inadequate.

4.2  �Bioremediation Techniques

Use of microbes and green plants for clean-up purposes is therefore, a promising 
solution for onslaught of heavy metal polluted sites in view of the fact that they 
comprise sustainable ways of repairing and re-establishing the natural status of soil 
and environment. The employment of primarily microbes, to clean up contaminated 
soils, aquifers, sludge, residues and air, termed as “bioremediation”, is a rapidly 
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changing and expanding branch of environmental biotechnology that offers a poten-
tially more effective and economical clean up method. The use of microorganisms 
to control and destroy toxic substances is of growing attention to minimize a number 
of pollution issues. Bacteria, algae, fungi and yeast and some other microbes have 
been found to absorb and break down many metal compounds (Dixit 2015). Green 
plants may be used to remove effluents and contamination from soil. This may be 
called as “phytoremediation” (Jagetiya et al. 2011, 2014; Gupta et al. 2013a, b).

4.2.1  �Remediation of Lead by Bacteria

Many bacterial species accumulate lead from polluted soil and water system by the 
process of bioaccumulation and bio-sorption through active and passive process. To 
survive in the toxic environment these species develop resistance to toxicity of 
heavy metals. Some potential bacterial species being used for lead remediation are 
listed in Table 1.

4.2.2  �Remediation of Lead by Algae

Algae remove lead by the process of chemisorption in which metal ion transport 
into cytoplasm and physical adsorption in which ion adsorbed over the surface 
quickly (Dwivedi 2012). The mechanism of remediation depends on anatomy of 
algae and environmental conditions in growing medium (Yadav et  al. 2017). In 
recent years many researchers have used various algal species for removal of lead 
from contaminated sites (Table 2).

4.2.3  �Remediation of Lead by Fungi

Comparatively fungi are the good alternative for removal of heavy metal from the 
environment and more tolerant to heavy metals than the bacterial species (Rajapaksha 
2004). Some fungi work as hyper-accumulator of heavy metals (Purvis and Halls 

Table 1  Some bacterial species with potential of Pb bioremediation.

Bacterial species References

Bacillus firmus Salehizadeh and Shojaosadati (2003)
Bacillus licheniformis Basha and Rajaganesh (2014)
Corynebacterium glutamicum Choi and Yun (2004)
Escherichia Coli Basha and Rajaganesh (2014)
Pseudomonas aeruginosa Lin and Lai (2006)
Pseudomonas fluorescens Basha and Rajaganesh (2014)
Pseudomonas putida Uslu and Tanyol (2006)
Salmonella typhi Basha and Rajaganesh (2014)
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1996). Cell wall lipids, carbohydrates and proteins bind with the metals (Veglio and 
Beolchini 1997; Beolchini 2006). Potential fungal species used for lead remediation 
are given in Table 3.

4.2.4  �Phytoremediation (Green Technology)

When conventional remediation methods are unfeasible due to the extent of the pol-
luted region or cost and safety issues, phytoremediation is advantageous (Garbisu 
and Alkorta 2003). Phytoremediation involves different methods where green plants 
efficiently decontaminate polluted sites at relatively low cost and good public accep-
tance. Phytoremediation is an aesthetically pleasing, safer and non-destructive, sus-
tainable technology which has commercial acceptability (Sheoran et al. 2011). In 
this modern technology accumulation power of plants is used to detoxify essen-
tial and non-essential heavy metals from contaminated soils (Djingova and Kuleff 
2000). Some most important families of plant that have been identified to accu-
mulate heavy metals are Fabaceae, Euphorbiaceae, Asteraceae, Brassicaceae, 
Lamiaceae and Scrophulariaceae and mangrove plants (Lacerda 1998). Plants used 
in phytoremediation accumulate toxic heavy metal in varied concentrations at same 

Table 3  Some fungal species 
with potential of lead 
bioremediation

Fungal species References

Aspergillus niger Kapoor et al. (1999)
Aspergillus flavus Dwivedi et al. (2012)
Aspergillus terreus Joshi et al. (2011);  

Massaccesi et al. (2002)
Mucor rouxii Yan and Viraraghavan (2001)
Saccharomyces cerevisiae Damodaran et al. (2011)
Saprolegnia delica Ali and Hashem (2007)
 Trichoderma viride Ali and Hashem (2007)

Table 2  Some algal species with potential of Pb bioremediation

Algae species References

Ascophyllum nodosum Holan and Volesky (1994)
Chlorella vulgaris Aung et al. (2012); Edris et al. (2012)
Cladophora fascicularis Deng et al. (2007)
Cladophora glomerata Dwivedi et al. (2012)
Oedogonium rivulare Dwivedi et al. (2012)
Oscillatoria quadripunctulata Rana et al. (2013); Azizi et al. (2012)
Oscillatoria tenuis Ajavan et al. (2011)
Sargassum natans Holan and Volesky (1994)
Sargassum vulgare Holan and Volesky (1994)
Spirogyra hyalina Kumar and Oommen (2012)
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contaminated site and some plant work as hyper accumulators that absorb 100-fold 
greater amount than those of non-accumulator plants of heavy metals (Peer et al. 
2005). Toxic heavy metals from underground water, dregs, top soil, and brown fields 
can be removed by various methods of phytoremediation (Fig. 4). Reported values 
of conventional remediation technologies are always higher than the phytoremedial 
techniques which is commercially applicable and having all adequate possibilities 
to be applied successfully. Mostly around the world phytoremediation studies are 
confined only to the organic chemistry and bio-agro processes. However, individual 
monetary and financial analysis for this process is largely unavailable (Ali et  al. 
2013). Economics of phytoremediation consists of two types of costs, that is, initial 
capital and running or operational costs. The mandatory materials involved in initial 
capital may be pollution analysis and preliminary testing, planning and setting up of 
decontamination or removal tactics, preparation of soil, nursery tools (quantitative) 
procurement, creation of storing facility, irrigation facility, incineration utensils and 
apparatus, road construction, bridge construction, and drain facility. Operational 
cost mostly have the cost of ploughing, seedling, plantation programmes, irrigation, 
fertilizers-pesticides-insecticides-herbicides purchase and application, produce har-
vesting with a number of less considerable things. Benefit of cost includes both 
of benefits during remediation and after remediation. Therefore, phytoremediation 
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P

Fig. 4  Various methods of phytoremediation

Phytoremediation of Lead: A Review



186

technology is price efficient compared to conventional remediation technologies 
(Wan et al. 2016). Some potential plant species used for lead phytoremediation are 
listed in Table 4.

Phytoaccumulation

Translocation and uptake of metal from contaminated soil or water by plant root 
and accumulation in above ground biomass is the basic concept of phytoaccumu-
lation and this has been described in literature as many other terms such as phy-
toabsorption, phytoextraction and phytosequestration (Chou et  al. 2005; Eapen 
et al. 2006; Singh et al. 2009). Metal accumulation in shoot is an effective bio-
chemical process (Zacchini et al. 2011). Natural/continuous or induced (driven by 
chelators) are the two techniques of phytoextraction (Hseu et al. 2013). Certain 
plants work as hyperaccumulators because of having 100 times more absorbing 
power (Table.  5). In Zea mays, which is a high biomass crop, can accumulate 
higher lead in shoots than in roots (Brennan and Shelley 1999; Gupta et al. 2009) 
whereas, plants such as Thalspi rotundifolium are low biomass plants can hoard 
lead higher in roots than shoots. For better performance plant should have stumpy 
growth rate, elevated production of biomass, property of hyper-accumulation of 
metals or contamination to be removed, branched roots, higher root to shoot trans-
location of heavy metals, high tolerance and adaptability, pests and pathogen 
resistance, easy to cultivate and harvest (Adesodun et al. 2010; Sakakibara et al. 
2011). Phytomining is a type of phytoextraction that involves extracting of heavy 

Table 4  Some higher plant 
species with potential of Pb 
phytoremediation

Plant species References

Alyssum lesbiacum Baker et al. (1991)
Alyssum murale Baker et al. (1991)
Ambrosia artemisiifolia Huang and Cunningham (1996)
Arabidopsis thaliana Baker et al. (1991)
Astragalus bisulcatus Baker et al. (1991)
Brassica juncea Kumar et al. (2002)
Brassica oleracea Baker et al. (1991)
Euphorbia cheiradenia Chehregani and Malayeri (2007)
Jatropha curcas Abhilash et al. (2009);  

Jamil et al. (2009)
Populus deltoides Ruttens et al. (2011)
Populus nigra Ruttens et al. (2011)
Populus trichocarpa Ruttens et al. (2011)
Raphanus sativus Baker et al. (1991)
Thlaspi caerulescens Baker et al. (1991)
Trifolium alexandrinum Ali et al. (2012)
Zea mays Huang and Cunningham (1996); 

Meers et al. (2010)
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metal from substratum, harvesting the plant produce and burning it for bio-ore 
(recovery of heavy metals) using specialist hyperaccumulator plant species (Ali 
et al. 2017; Ha et al. 2011). Phytomining gives precious metals, biofuel as well as 
increased soil nutrients and soil carbon contents (Brooks and Robinson 1998). 
Metal concentrations in the substratum and plant system, yearly productivity of 
plants, the biomass combustion energy and cost of recovered metal at international 
level influence the economics of phytomining (Brooks and Robinson 1998). Some 
biogeochemical factors viz. rhizobiological activity, exudates release, extended 
time, temperature, pH, damping of soil are some of the rate limiting factors for 
phytomining (Ali et al. 2013; Bhargava and Srivastava 2014). It is very difficult to 
remove lead once lead introduced into the soil matrix. Enhanced uptake of lead 
from the soil medium was observed at increased pH value, cation exchange capac-
ity; soil/water Eh, content of organic carbon and phosphate levels (USEPA 1992). 
A model suggests that precipitation of lead as Pb-phoshate and effective roots 
mass are important factors for uptake and accumulation of lead into the plants 
(Brennan and Shelley 1999). Lead accumulation was highest in Agrostemma gith-
ago which is an herbaceous plant species, some of which produce enough biomass 
to be of practical use for phytoextraction of lead (Pichtel et al. 2000). T. officinale 

Table 5  Hyperaccumulator plant species for phytoextraction of lead

Plant Family References

Arabis paniculata Brassicaceae Tang et al. (2009)
Noea mucronata Amaranthaceae Chehregani et al. (2009)
Baccharis latifolia Asteraceae Bech et al. (2012)
Onchus oleraceus Asteraceae Bech et al. (2012)
Bidens triplinervia Asteraceae Bech et al. (2012)
Brassica juncea Brassicaceae Zaier et al. (2010)
Buckwheat Polygonaceae Chen et al. (2004)
Cynara cardunculus Asteraceae Epelde et al. (2009)
Helianthus annuus Helianthoideae Chen et al. (2004)
Hemidesmus indicus Apocynaceae Sekhar et al. (2005)
Lepidium bipinnatifidum Brassicaceae Bech et al. (2012)
Indian mustard Brassicaceae Chen et al. (2004)
Poa pratensis Poaceae He et al. (2009)
Pisum sativum Fabaceae Chen et al. (2004)
Plantago orbignyana Plantaginaceae Bech et al. (2012)
Sedum alfredii Crassulaceae Gupta et al. (2010)
Sesuvium portulacastrum Aizoaceae Bech et al. (2012)
Sonchus oleraceus Asteraceae Xiong (1997)
Tagetes minuta L. Asteraceae Salazar and Pignata (2014)
Thlaspi rotundifolium Brassicaceae Reeves and Brooks (1983)
Zea mays Poaceae Huang and Cunningham (1996)
Phaseolus vulgaris Fabaceae Luo et al. (2005)
Raphanus sativus Brassicaceae Chen et al. (2003)
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and Ambrosia artemisiifolia were reported as lead accumulator species in a study 
(Pichtel et  al. 2000). Many members of families Brassicaceae, Euphorbiaceae, 
Asteraceae, Lamiaceae, and Scrophulariaceae were recognized as good accumula-
tor of lead (Alkorta et al. 2004). Good amount of lead translocation from roots to 
the shoots is a well-known ability of Brassica juncea (Liu et al. 2000). In lead 
polluted soils T. rotundifolium has also been found to grow. Low metal bioavail-
ability is the key reason limiting the potential of plant uptake for lead phytoextrac-
tion. Synthetic or natural chelators have been suggested to be mixed to the farm 
soil to trounce the said restraints (USEPA 2000a, 2000b). Sesbania drummondii 
accumulates up to 10,000  mg  Pb  kg−1 in aerial parts after exposure to a 
Pb-contaminated solution in hydroponic conditions (Sahi et al. 2002). Uptake of 
lead was found to increase by 21% after addition of EDTA (100 μM) to a medium 
containing 1 g Pb−l. Nicotiana glauca R. Graham (shrub tobacco) a genetically 
modified variety has enormous ability to uptake lead, and found useful phytoreme-
diation programmes (Gisbert et al. 2003). A protein (NtCBP4) that can alter plant 
tolerance to heavy metals was discovered by Arazi et  al. (1999). For enhanced 
phytoremediation this gene may be valuable. Superior tolerance to nickel and 
hypersensitivity to lead, which are associated with inhibited nickel uptake and 
improved lead accumulation, respectively has been demonstrated in many sepa-
rate transgenic lines expressing higher NtCBP4 gene (Arazi et al. 1999).

Phytostabilization (Phytoimmobilization)

In this technique plants reduce the mobility and migration of contaminants to soil, 
groundwater and food chain or stabilization the contaminants in contaminated soil 
through sorption, precipitation, accumulation and absorption by root (Erakhrumen 
2007; Wuana and Okieimen 2011; Singh et al. 2012). Leachable constituents of 
contaminated environment make up a stable mass by absorption and binding around 
the plant system out of which the toxic pollutants cannot release in the surrounding 
environment. It is a management strategy only and cannot be a permanent solution 
for clean up contaminated sites (Vangronsveld et al. 2009). Chrysopogon zizanioi-
des (vetiver grass) is an excellent option for phytostabilization, a method in which 
plants are used for the immobilization of pollutants in situ because it has ability to 
accumulate large concentrations of lead (Wilde et al. 2005) (Table 5). A small por-
tion is transferred into the shoots while the majority of lead accumulated in the 
roots of vetiver grass. The solutions in the intercellular spaces in the roots have 
higher pH and comparatively higher levels of and carbonate-bicarbonates and 
phosphate; consequently accumulated lead is precipitated in the forms of phos-
phates/carbonates and prohibits translocation of lead in to the aerial parts (Danh 
et al. 2009, 2012). Extraordinary higher concentrations of lead are accumulated in 
the biomass of vetiver and can accumulate lead at least 1000 mg kg−1 DW. Vetiver 
can uptake over 10,000 and 3000 mg kg−1 Pb in roots and shoots, respectively, and 
accumulation of lead depends on the bioavailability of lead (Antiochia et al. 2007; 
Andra et al. 2009). Among many chelators, EDTA has been proved to be the most 
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useful in the translocation of lead and a noteworthy increase of lead values in bio-
mass of vetiver was observed when EDTA was applied in lead polluted medium 
(Danh et al. 2009, 2012).

Phytotransformation

Phytodegradation/phytotranformation refers to the mobilization and degradation of 
organic contaminants taken up by plants from soil and water and subsequently 
breaking down of pollutants at outside environment by various enzymes (dehaloge-
nase and oxygenase) released by the plant systems. The characteristics of plants as 
well as the properties of the contaminants (solubility, hydrophobicity, polarity, etc.) 
affect the uptake of toxicants. Phytotransformation is independent from the activi-
ties of microorganisms that present around root and in rhizosphere (Vishnoi and 
Srivastava 2008). The limitation of this technique is that it can be used for removal 
of heavy metal only, due to non-biodegradable nature of heavy metals. To short out 
this problem some synthetic herbicides, insecticides and transgenic plants are used 
by researchers recently (Doty 2008).

Phytofiltration

During this operation movement of toxic substances into underground waters is 
minimized through absorption or adsorption of contaminants. It is the elimination 
of contaminants from polluted water reservoirs or wastewaters using plant systems. 
On the basis of application of plant organs, phytofiltration has been classified as 
blast filtration when seedlings are in use; caulofiltration when plant shoots are in use 
and rhizofiltration when plant roots are in use (Ali et al. 2013). Contaminants in the 
soil solution adjacent the zone of roots are adsorbed or precipitated on roots or 
assimilation of these pollutants into the plant roots keep ongoing during the process 
of rhizofiltration. The plants to be made use for this intention are grown in green 
houses allowed to grow their roots rather in water in place of soil substratum. Once 
an outsized root system built up; from the polluted sites tainted water is collected 
and poured at these acclimatized plants for their water requirement. Root systems of 
plants growing in the contaminated region started to take up the contaminants along 
water. Saturated roots are used for the recovery of contaminants after harvesting and 
incinerated or composted (Singh et al. 2009; Pratas et al. 2012; Jagetiya et al. 2014)

Phytostimulation or Rhizodegradation

It is the breaking up of toxicants and pollutants in soil through microbes present in 
the rhizosphere. This phenomenon is also termed as plant-assisted bioremediation/
degradation or improved rhizosphere biodegradation (Mukhopadhyay and Maiti 
2010) and always works at slow rates than phytodegradation. Plant roots secretes 
many natural biological compounds including sugars, alcohols, amino acids, and 
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flavonoids. which provides nitrogen and carbon for rhizosphere microbes, and 
makes a nutrient affluent situation. Organic substances like solvents or petroleum 
fuel that is hazardous to living beings may be digested by various microbial species 
and they may breakdown these into nontoxic products through biodegradation. A 
large number of microbial species have been reported that have the ability to facili-
tate the oxidation of Fe2+ to Fe3+ (Jagetiya and Sharma 2009; Jagetiya et al. 2014).

Phytovolatilization

For removal of organic contaminants and volatile heavy metals such as Se and Hg, 
phytovolatilization is a preferred solution. Plants take up the contaminants from the 
environment and convert these into volatile form or a modified form with release 
into the atmosphere during transpiration. This process does not take away the con-
taminants thoroughly for that reason there are chances of re-deposition are always 
there (Ali et al. 2013).

5  �Bioavailability of Lead

Bioavailability represents the amount of an element or compound available in soil 
system that is approachable to uptake by plant across its plasma membrane. Process 
in which plant absorb contaminants from soil through physiological membrane 
involve following four steps:

	1.	 Solid-bound contaminant
	2.	 Subsequent transport
	3.	 Transport of bound contaminants (symplast/apoplast)
	4.	 Uptake across a physiological membrane

Bioavailability of lead depends on physic-chemical properties of soil and activity of 
soil micro-and macro-organisms. Soil pH, ion exchange capacity, texture, porosity, 
age, adsorption capacity and environmental condition influence bioavailability of 
lead. Absorption efficiency or bioavailability of metal can be increased in soil by 
using some chelators consequently it facilitates the process of uptake of metals by 
plants. Stabilization of lead in contaminated soils can be achieved by adding phos-
phorus that reduces bioavailability (Chen et  al. 2006). Lime and red mud also 
decrease lead availability to plants (Garau et al. 2007). Temperature also affect the 
bioavailability of lead, it is higher in warm than in cold environment (Hooda and 
Lloway 1993). Size and composition of lead particles affects the lead bioavailability 
to the plants (Walraven et al. 2015). Bone char addition in soil decreases the avail-
ability of lead. Free ionic form of lead (Pb2+) is the largely bio-available and most 
toxic form which is present in the water whereas, chlorides, carbonates, and lead-
organic matter complexes in fresh water or marine are other forms readily available 
to plants. Glomalin protein that is produced by AM fungi is binds mainly with lead 
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in soil and reduces its bioavailability (Vodnik et  al. 2008). Bio-surfactants (e.g. 
Di-rhamnolipid from Pseudomonas aeruginosa) or surfactants (e.g. DPC, DDAC, 
SDS and Gemini) facilitate the bioavailability process of lead in soil without effect-
ing soil microorganisms and soil structure (Juwarkar et al. 2007; Mao et al. 2015). In 
some methods like sequential extraction, X-ray diffraction analysis, bioassay (Chen 
et al. 2006), and sorption processes, lead stabilization can be followed to examine 
the bioavailability of lead (Kumpiene et al. 2008). Bioavailability of lead can also be 
determined by bioluminescent bacterial reporter strains (Magrisso et al. 2009).

6  �Lead: Uptake, Translocation and Accumulation

Uptake, translocation and accumulation of lead involve absorption of lead from soil 
into the plants and further transport into the xylem and phloem of plant systems 
(Dalvi and Bhalerao 2013). After accumulation of lead in roots the primary bulk 
flow of lead occurs into the xylem and the secondary bulk flow of lead occurs into 
the phloem (Marschner 1986; Mengel and Kirkby 1987). Uptake and transport of 
metal ion through root surface to vascular system is passive (pores of cell wall) or 
active (symplast). In this process metal ion and different special plasma membrane 
protein bind each other according to their analogous structure for transportation. 
Model plant Arabidopsis thaliana has 150 different cation transporter proteins. For 
example in Thalspi rotundifolium (lower biomass plant) can accumulate more lead 
in the roots than the shoots. In Zea mays (higher biomass plant) lead can move effi-
ciently into shoots. To overcome this problem, soil amendments are performed 
(addition of chelators) to increase bioavailability of lead (Brennan and Shelley 
1999). Heavy metals sequestration usually takes place in the vacuoles of the plant 
cells, where the metal/metal-ligand have to be brought across the tonoplast, the 
membrane of the vacuoles (Peer et al. 2005; Jagetiya and Sharma 2013).

7  �Phytoremediation of Lead: Future Prospects

Phytoremediation is used for clean up toxic contaminants from environment with 
little environmental disturbance and good public perception. It has some limitations 
such as this process is very time consuming and toxic substances are accumulated in 
lower quantity which does not give large scale production in short time (Liu et al. 
2000; Tangahu et al. 2011; Fukuda et al. 2014; Ali et al. 2017). To overcome this 
problem use of chelators that are biodegradable may enhances the process of phyto-
extraction as well as use of fast growing and hyperaccumulator-high biomass plants 
is recommended (Tandy et al. 2006; Evangelou et al. 2007). Advancement in molec-
ular biology and genetic engineering can be make use to prepare genetically modify 
crops and transgenic plants that will helpful in further improvement in efficiency of 
phytoremediation (Tong et  al. 2004;  Ali et  al. 2013). Many plant cultivars like 
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Cynodon dactylon, Vetiveria zizanioides, Festuca rubra and Typha latifolia are 
highly tolerant to temperature, flood, drought and toxic metals have been used 
recently. Vetiver grass (Vetiveria zizanioides) has reported to exhibit as a fine plant in 
phytoremediation of lead in china (Oh et al. 2014). In order to develop commercially 
and economically viable practices we need to optimize the agronomical systems, 
plant–microbe combinations in better way as well as plant genetic abilities (Jagetiya 
and Sharma 2009; Jagetiya et al. 2014). Genetic transformation of plant will help to 
overcome the limitation of this green technology through integrating some alien 
gene in plants for transporter proteins of metals, biosynthesis of enzymes required 
for sulphur metabolism (Kotrba et al. 2009). These modifications may enhance toler-
ance, uptake rate, detoxification capabilities of plants and biodegradation compe-
tence of microorganisms. Production of genetically modified plant can be successfully 
employed to promote some processes such as phytoextraction of metals (mainly Cd, 
Pb, Cu), breakdown of explosives and removal of carbon tetrachloride, vinyl chlo-
ride, benzene and chloroform (toxic volatile organic pollutants). These contaminants 
may be partially metabolized inside the plant tissues through “green liver” concept 
which involves three different steps, activation, conjugation and sequestration. A 
family of many enzymes normally involved in the metabolism of lethal and deadly 
contaminants has been recognized in Populus angustifolia. Enhanced heavy metal 
accumulation capability is proved in Nicotiana tabacum and Silene cucubalus 
(Fulekar et  al. 2009). Advanced genetic strategies, use of transgenic plants and 
microbe will be able to contribute to the safer and wider applications of phytoreme-
diation (Pence et al. 2000; Krämer and Chardonnens 2001; Ali et al. 2013; Jagetiya 
and Porwal 2019).
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