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ABSTRACT 

Excessive lead accumulation is a severe concern for the environment as its toxicity is associated with soil 
microbial diversity, agricultural production, and human health. Physico-chemical methods of remediation 
of lead from the existing environment are generally costly and also not efficient due to the production of 
another form of the toxic compound. Bioremediation has been now considered the most efficient method to 
remove heavy metals from the surrounding by using microorganisms and plants. Microbes are generally more 
resistant than any eukaryotic organism and act as a key player in mitigating lead toxicity. The absorption 
and accumulation of toxic metals by bacteria exhibit many metabolically related and independent processes. 
Biotransformation, biosorption, precipitation, and encapsulation are the most efficient strategies opted by the 
microbial system to remediate lead metal from wide sources such as soil, sludge, and wastewaters to clean 
the environment. Genetically improved bacterial strains have good eff﻿iciency and have multiple modes of 
remediation from soil and other industrial waste.  However, environmental biotechnology has not yet explored 
many aspects of the interaction between metals and microorganisms, and further development and applications 
are needed to deliver the non-toxic form of lead into the ecosystem. This review also highlights the potential of 
lead-resistant bacteria used as a biosensor for lead contamination sites.

1. INTRODUCTION
Water, air, and land (fertile soil), which are extremely important 
for life, have been made impure by exposure to heavy metals 
owing to the constantly rising population, rapid industrialization, 
and urbanization [1]. The groups of elements having a density of 
more than 7 g cm−3 have been regarded as heavy metals and mainly 
include lead, cadmium, arsenic, copper, chromium, silver, zinc, 
and many others. Among all, lead (Pb) is one of the most pervasive 
as well as most toxic element documented for severe health issues 
and environmental concern and is regarded as the chemical of great 
concern [2]. In addition to natural and human activities, mining, 
refining, coal, industrial wastes, arsenic-rich pesticides, toxic 

chemical fertilizers also increased the lead contamination in the 
environment [3]. Lead usually exists in the soil as ionic lead (for 
example, Pb(II) in the form of PbSO4) oxides and hydroxides, and 
metallic lead–oxygen anion complexes [4]. Phosphates, carbonates 
(above pH 6), hydroxides/oxides, sulfides, and pyromorphites are 
some of the most stable and insoluble forms in which lead is found 
in soils with a wide pH range. Lead adsorption is a sequential 
process and its accumulation in soil occurs in various forms 
such as free metal ions, complex metal components, or organic 
acids (amino acid, humic acids) depending upon bioavailability, 
mobility, and toxicity [5]. Due to strong bonds with organic and 
colloidal substances, a small amount of lead dissolves in the soil 
and can be used by plants for absorption [6]. Lead usually does 
not play a beneficial role in biological systems and is harmful 
to plants, animals, and human health. Higher accumulations of 
lead generate oxidative stress resulted in cellular halt and thus 
inhibiting seed growth, cell divisions, pigments productions, 
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and delayed flowering [7,8]. In humans, lead toxicity affects the 
nervous system and causes cardiovascular diseases, renal failure, 
and reproductive disorders [9]. Severity of lead toxicity depends 
upon dose and duration of exposure; mode of consumption, for 
example, uptake of lead contaminated water or foods or directly 
inhaled from environments. Long-term exposure showed vision 
and memory loss, muscle and joint pains, intolerance to food 
allergens and gastrointestinal disorders. Lead contamination also 
causes biological expansion at various tropical levels of the food 
chain [10]. Lead is also toxic to natural biota, including altering 
microbial diversity and distribution [11]. 

As lead contamination becomes widespread, there is an increasing 
interest in recovering or reducing lead concentrations in soil. 
Cheap and efficient technologies must be used to repair lead-
contaminated sites for efficient distribution [12]. Bioremediation 
is an advanced and eco-friendly method for recovery and lead 
removal from contaminated areas. Indigenous and exogenous 
living organisms especially microorganisms and plants are 
indulged to recover or reduce lead into less hazardous forms. 
More recently, phytoremediation and mobilization and washing 
of lead-contaminated soil with metal chelators have been widely 
used. These methods often replace chemical and physical methods 
that use non-recyclable materials and add to the cost of subsequent 
processing. In addition, this process leads to the formation of a 
large amount of secondary waste and is not environmentally 
friendly [13]. Microorganisms play an important role in attracting 
and converting the lead. Strains with this unique ability can 
effectively reduce lead contamination by employing a variety of 
defense mechanisms to keep lead levels low without compromising 
development or metabolism that are given in Table  1. Since 
bacteria are more resilient than any other eukaryotes, the use of 
bacterial strains to restore the environment is mainly focused on 
realizing their heavy metal recovery potential in terrestrial and 
aquatic ecosystems. This review focuses on the bacterial system, 
especially the current understanding of the various mechanisms 

of bacterial lead resistance, as well as methods and strategies for 
removing lead from the environment.

2. MICROBIAL SYSTEM AND LEAD DETOXIFICATIONS 
MECHANISMS
It was earlier reported that accumulations of lead pollutants 
significantly reduced the microbial diversity and distribution 
while soil fertility is completely dependent upon the microbial 
diversity (enzymatic form) those catalyzes enzymatic reactions 
essentials for both plants and microorganisms [2]. Lead toxicity 
to microorganisms causes cell membrane destruction, nucleic 
acid degradations, protein denaturation resulted in lowering 
enzymatic activity, cellular division, and metabolic respiration 
thus consequently results in death [14,15]. Survival strategies for 
bacteria in areas contaminated with lead include the deposition of 
metals such as phosphates, carbonates, and sulfides, accumulation 
in cells, siderophores on cell surfaces or extracellular polymers, 
and attachment to living organisms including absorption [13,16]. 

The complex mechanisms of the microbial system include 
physicochemical mechanisms such as electrostatic interaction, 
ion exchange, precipitation, redox mechanism, and complexity 
[17]. Mechanical resistance to heavy metals by microorganisms 
include metal oxidation, methylation, enzymatic destruction, 
organometallic damage, metal degradation, metal-ligand 
destruction, metal removal, demethylation, and chelation of 
metals inside and outside the cell, by permeability inhibition 
and production of metal chelators (such as metallothionein and 
bioactive compounds) [18]. Due to the existence of an anionic 
system, this allows microorganisms to bind to metal cations, 
microorganisms carry a negative charge on the cell surface [6]. 
The main constituents of microorganisms associated with the 
adsorption of metals are hydroxyl, alcohol, phosphoryl, amine, 
carboxyl, ester, sulfhydryl, sulfonate, thioether, and thiol 
groups [19].

Table 1: Lead resistant bacteria and their methods to resist lead.
S.N. Bacteria Methods/process References

1 P. aeruginosa ASU6a Biosorption [22]

2 Oceanobacillus profundus Biosorption [23]

3 Klebsiella sp. 3S1 Biosorption [24]

4 Pseudomonas pseudoalcaligenes Biosorption [26]

5 Micrococcus luteus Biosorption [26]

6 Strains (Q3 and Q5) of Bacillus sp. Biosorption [11]

7 Gloeocapsa gelatinosa Bioaccumulation [27]

8 Bacillus cereus Bioaccumulation [28]

9 B. megaterium Bioaccumulation [29]

10 Bacillus cereus RPb5-3 Bioaccumulation [30]

11 P. vermicola strain SJ2A Bioaccumulation [31]

12 Providencia alcalifaciens 2EA Precipitation [32]

13 Penicillium chrysogenum CS1 Precipitation [33]

14 V. harveyi Precipitation [34]

15 E. cloacae Precipitation [35]
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2.1. Biosorption on Cell Surface
Plasma particles, cell walls, or microbial capsules can prevent 
ions from entering the cell. Bacteria can form metallic ions from a 
variety of ionizable compounds (amino, carboxyl, phosphate, and 
hydroxyl) on cell walls [20]. There are several important points on 
the cell wall of Gram-positive bacteria that can bind metal cations, 
and phosphate groups play an important role in the binding of 
metals in Gram-negative bacteria [21]. The carboxyl, phosphate, 
hydroxyl, and amino groups on the cell wall of Pseudomonas 
aeruginosa ASU6a are responsible for the fixation of Pb(II), while 
the amide, amino, hydroxyl, or carboxyl group on the Pb2+ bond 
on the cell wall of Synechococcus sp. are involved in [22,23]. 
In Escherichia coli, most of the lead (Pb2+) is bound to the cell 
membrane, the cell wall of peptidoglycan has no binding affinity 
[24]. In the genus Bacillus ATS-2, carboxyl and hydroxyl groups, 
and amide and sulfonamide are all involved in the binding of 
Pb(II) [25]. The phosphate group in Saccharomyces cerevisiae is 
responsible for the fixation of Pb(II) [25]. The potency of Pb2+ over 
the cells depends on the pH value at the initial input. The effect 
of pH on the removal of metals (such as lead) by Pseudomonas 
pseudocyaninea and Micrococcus chrysogenum shows that the 
biosorption of metals increases when the pH increases from 2 to 6, 
and has the strongest potential at pH 5 [26].

2.2. Biosorption Through Extracellular Polymeric Substances 
(EPS)
Depending upon bioavailability and solubility, heavy metals easily 
diffuse across the cell membrane and induced toxicity [36]. To 
counter this phenomenon, some metal-tolerant bacteria initiate 
bioabsorption by secreting EPS. EPS is a high molecular weight 
heterogeneous mixture of proteins, humic acids, sugars, and 
nucleic acids. It binds to cationic metals with different specificity 
and affinity [37]. EPS composition depends mainly on bacterial 
growth, in which case more lead swelling was observed during 
stagnation due to the high net sugar concentration in EPS [38]. 
The limit cycle restores metals and prevents harmful cationic 
metals from entering cells. Pb2+ EPS limitation has been observed 
in some lead-resistant microscopic organisms [39,40]. Various 
factors affect the corrosion of metals by EPS, including metallic 
fixation, pH, and sodium chloride focus on anti-corrosion (Pb2+). 
The enzymatic EPS system also contributes to the purification of 
metals by conversion and degradation to polymer, making them 
ideal biosorbent agents for bioremediation.

In addition, to determine the role of EPS as an important factor 
in the biological purification of heavy metals, the cation-binding 
capacity of EPS from activated sludge of biofilms and biological 
granules was investigated [41]. The binding of metal to EPS 

Figure 1: Lead tolerance strategies opted by bacteria: cell surface adsorption of lead, Extracellular lead sequestration, 
ATPase PIB-type efflux of lead, intracellular bioaccumulation of lead, precipitation, lead binding of siderophores.
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biofilm depends on the pH of the environment, the concentration 
of the metal, the presence of organic matter and protein (C/P 
ratio) to remove heavy metals from biomass and wastewater. In 
Burkholderia cepacia biofilm, 90% of the total lead uptake occurs 
at pH < 4.5, after which nanosized crystals of pyromorphite 
(Pb5 [PO4]3 [OH]) accumulate in the biofilm. Activated sludge is 
always a rich source of various types of metal-resistant bacteria. 
EPS sludge has greater metallic complexity than pure bacterial 
culture [43]. The bioabsorption capacity of Pb2+, a bioreactor with 
activated sludge, is higher than that of Cu2+ [44]. Anaerobic raw 
granules obtained from sewage sludge have also proven to be an 
effective biosorbent for removing Pb2+ from metal-contaminated 
wastewater [45].

2.3. Role of Metalloproteins in Bioaccumulation
Bioaccumulation is an energy driven intracellular immobilization 
of heavy metals with the additional help of low molecular proteins 
known as metalloproteins [46]. Bacterial strain with lead resistance 
system initiates the synthesis of metallothioneins upon higher 
exposure of lead toxicity. This phenomenon was reported in several 
bacterial species (Bacillus megaterium, Proteus penneri GM-10, 
Providencia vermicola strain SJ2A, P. aeruginosa strainWI-1, 
Salmonella choleraesuis, and Streptomyces sp., 4A [28,29,31]. In 
the bacterial system, the presence of genomic DNA metal-binding 
metallothionein genes such as bmtA and smtAB may be attributed 
to the intracellular sequestration of lead and reduced toxicity. 
Genetically engineered to increase the expression of genes for 
resistance to lead, bacteria, or this metal-producing strain can be a 
powerful tool for the biological purification of lead in contaminated 
areas of the environment.

2.4. Outflow Mechanism
To control the homeostasis of lead nitrate, the concentration of 
lead ions inside the cell has to be firmly regulated [47]. The P1B 
type ATPases is a transporter protein that transports lead nitrate 
from outside the cell membrane and controls lead nitrate resistance 
[48,49]. Such transporter proteins stop the aggregation of high 
concentrations of highly aconitic and reactionary metal ions like 
Cu2+, Pb2+, Ag2+, Zn2+, and Cd2+, etc. There are two subgroups 
of P1B ATPases: (I) Cu/Ag translocating ATPases encrypted in 
Helicobacter pylori, Enterococcus hirae, and E. coli by the cop 
A gene., (II) Cd/Pb/Zn -ATPase codified by the ZntA gene in E. 
coli & Staphylococcus aureus plasmid by gene cadA [48,49]. 
Multifarious PIB-type ATPases are appertaining with jumping 
DNA elements & lead tolerance through the plasmid-mediated 
has been noticed for Ralstonia metallidurans and S. aureus [50]. 
The transcribed part of the genome, that encrypting PIB ATPases 
is noticed in most sequenced archael and bacterial genomes [51]. 
P-type ATPases relate to transmembrane transporters family 
mediated for the flow of organic molecules and ions out and in 
of cell membranes-type, ATPases relates to the transmembrane 
transporters family accountable for transfers of tiny organic 
molecule & ions out and in of the cell membranes. The subclass 
of membrane-embedded transporter protein, which involves PIB-
type ATPases, controls the outflow of lead nitrate outside the cell 
membranes and hinders the over-accumulation of toxic and high 
reactive soft metals, and like this, it gives its importance in lead 
resistance [51]. The transcribable part of DNA cad A, zntA, and 

pbrA codes ATPase are parts of the super-family of P-type cation 
transporting ATPases, but relates to the category of soft metal 
transporters. Cation diffusion facilitator and P-types ATPases 
transporters transport lead ions from cytoplasm to periplasm 
while carbohydrate-binding agents, a trans-membrane envelope 
efflux pump, play a role of chemiosmotic ion-proton exchanger to 
remove periplasmic lead ions [52]. 

2.5. Bio Precipitation
For reductions of toxicity and bioavailability, precipitation is 
mostly adopted by bacterial systems to convert soluble metal 
into an insoluble form. The precipitation process occurs outside 
(extracellularly) or inside (intracellularly) the cell [33]. The lead 
precipitation on Citrobacter sp. cell surface as PbHPO4 that 
was explored by electron microscope and X-ray microanalysis 
although implied precipitation and accumulation of Pb3(PO4)2 
inside the cell of S. aureus cultured in the existence of huge 
concentration of soluble lead nitrate [53]. Similarly, Vibrio harveyi 
has also the potential for precipitating lead as a different phosphate 
i.e. Pb9(PO4)6 [34]. Also, phosphate solubilizing bacterium, 
Enterobacter cloacae, is found to resist lead by immobilizing 
lead as insoluble lead phosphate, pyromorphite [35]. Besides this, 
microbially induced calcium carbonate precipitation techniques 
along with Pararhodobacter sp. were used to remediate the 
lead-contaminated sites [54]. Furthermore, ureolytic bacteria 
(Rhodobacter spharoides, Sporosarcina pasteurii, and Terrabacter 
tumescens) can proficiently hydrolyze urea to generate carbonate 
ions and elevate the pH to alkaline conditions (8.0–9.1), which 
promotes the precipitation of lead and calcium carbonate [55,56]. 

2.6. Lead-Binding Efficiency of Siderophores
The ability of siderophores to reduce the movement of living 
organisms and the environment by creating complex-ligand 
compounds makes them an effective biodegradable system. 
Active siderophores are called disinfectants and are eliminated by 
microorganisms and act as mediators of the transport of iron to 
cells. Synthetic P. aeruginosa are pyoverdin and Pyochelin, which 
help to chelate Fe3+ [57]. Metal chaperones are specific to iron and 
can integrate well with other metals outside the cell [58]. It has 
also been reported that brown pigments from lead-resistant strains 
of Pseudomonas vesicularis and streptomycin are synthesized in 
the presence of lead. [59]. Similar results have also been reported, 
which can improve siderophores in anti-bacterial strains after 
application of the optimal concentration of lead nitrate.

2.7. Bacterial Encapsulation

Bacterial encapsulation has been considered the most efficient 
technique for the bioremediation of heavy metals through 
microorganisms [60]. Most encapsulation techniques involved 
spray drying, emulsifying-crosslinking, and coacervation 
which are based upon high temperature or organic agents that 
lead to potential toxicity and nutrient destructions [61]. To 
overcome these problems, electrospun cyclodextrin fibers (CD-
F) encapsulate bacteria for efficient bioremediation. CD-F not 
only serves as a carrier matrix but also serves as a feeding source 
for the encapsulated bacteria. Recently, electrospun cellulose 
acetate (ethylene oxide), a nanofibrous membrane were used to 
immobilize Bacillus paramycoides from industrial wastewater 
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using DMSO (dimethylsulfoxide) as a solvent [62]. Celebioglu 
et al. [63] also reported that nanofibrous poly-CD membrane 
successfully removed several polycyclic aromatic hydrocarbons 
and heavy metals such as i.e., Pb2+ , Ni2+, Mn2+, Cd2+, Zn2+, Cu2+ 
with the different sorption capacities from industrial wastewater.

3. MICROBIAL GENETIC ENGINEERING FOR 
ENHANCED LEAD DETOXIFICATIONS
With advanced genetic engineering technologies, newly 
developed or manipulated microorganisms can tolerate the high 
accumulation of metal stress, enhanced expression of metal-
chelating proteins and peptides, and the ability to accumulate 
metals [64]. Genetically improved bacteria showing the huge 
number of bacteria-metallothionein (BmtA) may be used 
to clean up environmental areas that are extremely polluted 
with Pb. Bacteria may be improved by genetic engineering to 
express increase binding ligands i.e. sulfate, hydroxyl, carboxyl, 
phosphate for a huge level of toxic lead biosorption on the surface 
of bacterial cells. For example, for field samples, the genetically 
modified Campylobacter crescentiformis strain JS4022/p723-6H, 
which is highly expressed on the surface of bacterial cells with 
hexahistidine peptides, has been studied. Compared to the control 
strain, the high concentration of cadmium effectively sequesters 
combined many times [65]. By further engineering the E. coli cell 
surface to display the single binding protein PbrR, lead can be 
selectively adsorbed and fixed in solutions containing multiple 
heavy metal ions by increasing the interaction between cell surface 
proteins and metal ions in the environment [66]. In the laboratory, 
some naturally occurring metal-binding proteins and new metal-
chelating peptides have been designed and introduced into the 
bacterial system. For example, construction of E. coli BL21 (DE3) 
by transfer of metallothionein from Corynebacterium glutamicum 
C.gMT resulted in significantly higher levels of Pb2+ and Zn2+ than 
non-constructed E. coli BL21 (DE3) [66].

4. BACTERIAL BIOSENSORS FOR MONITORING OF 
LEAD CONTAMINATION
Bacterial bio-reporters are living microorganisms that can provide 
measurable results when detecting target chemical substances. 
Various whole-cell bacterial bioreceptors have been cultivated, and 
they can be used as acceptable biological devices to monitor and 
measure the bioavailability of lead contaminants in environmental 
samples with great precision, sensitivity, and specificity. It was 
found that the detection limit of bacterial bioinformation providers 
had improved when testing the presence of metals host bacterial 
transport system [52]. The monitoring limit of the Pb/Cd/Zn 
bioreporter based on Pseudomonas putida KT2440 is increased 
by 45 times by destroying the four main Pb/Zn/Cd drainage 
conveyors by forming metals for assembly in the battery. The 
bioreceptor can also be replaced by replacing the sensor element. 
The Z-specific biological receptor is generated using the P. putida 
cadA1 promoter as a sensory element. The defective engineering 
vector corresponding to the strain of P. putida stained Zn2+ ions 
usually 50 times less than other available Zn2+ biological reports. 
The detection limit of these biological reporters must be lower 
than the acceptable limit of Pb and Zn in soil and water. R's major 
protein PbrR691Metal Durans CHC34, lead (II) handcuffs can 
detect metal ions, such as cadmium (II), mercury (II), cobalt (II), 

nickel (II), and copper (I) [67]. In addition to the fact that many 
bioinformatics implementations have been developed to quantify 
heavy metals, the environmental sample requirements are still low.

5. CONCLUSION AND FUTURE PROSPECTIVE
Lead is an endless environmental adulterant that is deliberately 
assembled and contributing to bio-magnification at various 
trophic levels in the chain of food and gives rise to many toxic 
impacts on organisms. Adulterants from industries comprising a 
significant concentration of poisonous Pb that is of consequential 
natural apprehension should be eliminated from the adulterant 
sources. Physicochemical techniques like precipitation, flocculants 
coagulant, other used techniques are expensive, less effective, and 
cannot work as efficiently to remove lead heavy metals from a very 
low level of heavy metals. The major application of bioremediation 
of heavy metal polluted areas employing bacteria is the treatment 
of the huge amount of effluents with a low concentration of heavy 
metals, and it is also cost-effective because bacteria can be grown 
on simple media. Steps taken to achieve the bioremediation are 
very economical, ecological, and are very coherent as a contrast to 
physiochemical strategies for the elimination of lead from adulterant-
containing environmental areas. In recent decades, the effort has 
been directed towards exploring bacterial bioremediation of lead. In 
this review, various methods adopted by lead resistant bacteria such 
as outflow mechanism, biosorption, precipitation etc, to remediated 
lead contaminated environments has been discussed. Furthermore, 
bioremediation efficiency of living organisms by overcoming the 
lead toxicity and proves its suitability over conventional methods. 
An important feature that is already present in some bacteria may be 
modified by employing normal approaches to genetic engineering. 
Capable lead-resistant bacteria can be genetically improved in 
excessive production of metallothionein, and biosurfactants, and 
proteins would be good approaches for the clean up the lead from 
industrial effluents. In addition, this molecular technology allows 
the creation of strains with specific metal-binding properties through 
the expression of peptides that chelate proteins and metals. This 
further enhances the processes of bioadsorption and deposition of 
lead and introduces actions to convert the metal into robust strains. 
Other techniques include engineering one or an operon, modifying 
existing genes, and analyzing pathways to improve molecular 
refinement processes. Unfortunately, after excessive effort with 
advanced technologies, a higher level of lead in the environment 
is still an alarming signal there is an urgent demand for novel 
approaches that should be highly efficient, less costly, and more 
eco-friendly. 
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