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Abstract

Bacteria exhibit a number of metabolism-dependent and metabolism-independent processes for the uptake and accumulation of
toxic metals. The removal of these metals from environmental sources such as soil, sludge, and wastewaters using microbe-based
technologies provide an alternative for their recovery and remediation. Lead (Pb) is a pervasive metal in the environment that
adversely affects all living organisms. Many aspects of metal-microbe interactions remain unexploited in biotechnology and
further development and application is necessary, particularly to the problem of Pb release into the environment. Thus, this review
provides a synopsis of the most important bacterial phenotypes and biochemical attributes that are instrumental in lead biore-
mediation, along with what is known of their genetic background that can be exploited or improved through genetic engineering.
This review also highlights the potential of Pb-resistant bacteria in bringing about detoxification of Pb-contaminated terrestrial
and aquatic systems in a highly sustainable and environmental friendly manner, and the existing challenges that still lie in the path

to in situ and large-scale bioremediation.
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Introduction

Lead is widely recognized as one of the most pervasive metal
that has caused extensive health problems and environmental
contamination in many parts of the world. Lead poisoning is
common among children and leads to mental retardation in
children (Boeckx 1986; Moncrieff et al. 1964). Lead affects
both the male and female reproductive systems. In men, lead
reduces sperm count when blood lead levels exceed
40 ug dL"of blood (Grant 2009). Elevated blood lead levels
in pregnant women lead to miscarriage, prematurity, and low
birth weight (Cleveland et al. 2008). Lead also is toxic to natural
biota including microorganisms by inhibiting enzyme activity,
damaging DNA, and disrupting cell membrane permeability
(Nies 1999; Jaishankar et al. 2014). Industrial activities, such
as the manufacture of batteries, pigments, lead arsenate insec-
ticides, or lead water pipes, are the main sources of lead in the
environment (Tong et al. 2000). In industrial areas, total lead
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concentration can reach up to 10,000 mg kg ', which is 100 to
1000 times higher that of soil (Schwab et al. 2005; Akmal and
Jianming 2009). In aquatic ecosystems, lead tends to settle at
the bottom of the water where it concentrates and is capable of
accumulating in the tissues of aquatic biota (Bowman et al.
2018). Due to extensive anthropogenic activities, lead has in-
creased significantly, which led to biomagnifications at differ-
ent tropic levels in the food chain (Kundu et al. 2016; Lombardi
etal. 2010). Despite the fact that lead is the most common metal
found in Superfund sites (Enger and Smith 1992), it is less
commonly studied compared to other metals. Lead not only
needs to be remediated from the ecosystem, it is also requires
to be recovered from every possible source given its importance
in commercial and industrial applications.

The impact of metals on biological processes has led to the
emergence of a variety of resistance mechanisms. Bacterial
metal resistance mechanisms include precipitation of metals
as phosphates, carbonates, and sulfides, intracellular accumu-
lation with low molecular weight, cysteine-rich proteins, ex-
tracellular sequestration in biopolymers, energy-dependent ef-
flux mechanisms, and alteration of cell morphology (Higham
et al. 1984; Taghavi et al. 2009; Roanne 1999; Naik and
Dubey 2011; Naik et al. 2012a; Jarostawiecka and
Piotrowska-Seget 2014). Interestingly, it is precisely the study
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of these adaptation to metal tolerance that is providing the
tools to carry out bioremediation. Bacterial strains that possess
these unique capabilities prove to be valuable for the recovery
or removal of metals from contaminated sites.

Over the last several decades, studies on the use of bacterial
strains for environmental restoration have primarily focused
on exploiting their potential for heavy metal remediation both
in terrestrial and aquatic ecosystems mainly because remedi-
ation processes with microorganisms are cost effective and are
highly efficient as compared to conventional methods (phys-
icochemical methods). Conventional methods generally uti-
lize non-regenerable materials, which in turn increases the
cost of the remediation process. Furthermore, these methods
accumulate substantial secondary waste and are therefore not
environmental friendly. Tapping any of the resistance mecha-
nisms mentioned above has significant potential for the devel-
opment of environmentally friendly and cost-effective process
for heavy metal decontamination.

Overall, microbes play an important role in the process of
lead mobilization and transformation in the environment and
the investigation on Pb bioremediation mechanisms is of prac-
tical significance. Despite the many interesting metal-related
properties of other biological agents (e.g., fungi/yeasts, algae
and plants), this review focuses on bacterial systems, particu-
larly on current knowledge of several lead resistance mecha-
nisms in bacteria and the approaches and strategies for lead
removal from the environment. In general, bacteria are more
resistant to metals than eukaryotic organisms and are therefore
excellent players in bioremediation of metals. Moreover, bac-
teria are excellent biosorbents owing to their surface to vol-
ume ratio, and due to high number of potentially active sorp-
tion sites (Veglio etal. 1997; Pagnanelli et al. 2000). Emerging
technologies in this arena rely on enhancing the biosorption of
metals into biomass, or the precipitation and transformation of
ions by exploiting some metal-related facet of bacterial me-
tabolism. This review also highlights bacterial systems that are
amenable to genetic analysis and, eventually, to genetic engi-
neering for the enhancement of their lead-associated abilities.
Figure 1 illustrates a schematic diagram summarizing the fea-
tures and differences of each adsorption mechanism.

Biosorption of lead on cell surface

The cell wall is a natural barrier for toxic metals since the
functional groups of several macromolecules in the cell wall
are involved in metal binding (Fomina and Gadd 2014). The
cell walls of both Gram-positive and Gram-negative bacteria
naturally carry a negative charge, which bind to metal cations
and regulate movement of metals across the membrane.
Carboxyl groups in Gram-positive bacterial cell walls are the
key binding sites for metal cations, whereas phosphate groups
contribute significantly to metal binding in Gram-negative
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species (Gadd 2009). Carbonyl, phosphate, hydroxyl, and
amino groups in the cell wall of Pseudomonas aeruginosa
ASU6a (Gabr et al. 2008) are recognized to participate in
binding Pb**, while molecules with amide, amino, hydroxyl,
or carboxyl groups participate in the binding of Pb**
Synecochoccus sp. cell wall (Shen et al. 2008). Interestingly,
in E. coli, almost 97% of Pb>* is bound in the cell membrane,
while almost no Pb** is detected in peptidoglycan (Kumar and
Upreti 2000). The adsorption capacity of Pb>* on the cell
surface is strongly affected by pH and the initial lead concen-
tration. The study of pH effect on metal removal (e.g., lead) by
Pseudomonas pseudoalcaligenes and Micrococcus luteus by
indicates that the metal biosorption increased with increasing
pH from 2 to 6 (Leung et al. 2000), with a maximum absorp-
tion capacity achieved at pH 5 and initial metal concentration
of 100 mg L' (Leung et al. 2000).

Biosorption of lead on extracellular polymeric
substances (EPS)

Another mechanism that many metal-tolerant bacteria possess
involves absorption of metals by secreting extracellular poly-
meric substances (EPS). These EPS are of particular relevance
to the bioremediation process because of their involvement in
the flocculation process and binding of metal ions from solu-
tions (Salehizadeh and Shojaosadati 2003). EPS are such
complex blend of high molecular weight polyanionic poly-
mers, such as proteins, humic acids, polysaccharides and
nucleic acids that bind cationic metals with different degrees
of specificity and affinity (Bhaskar and Bhosle 2006; Pal and
Paul 2008). Several lead-resistant bacteria including
Klebsiella michiganensis R19, Providencia rettgeri L2,
Raoultella planticola R3, and Serratia sp. L30 have been
found to absorb lead in mono- and mixed metal solutions
(Bowman et al. 2018). These bacterial strains can grow at
1250r15¢ L ! of Pb (NO3),. In mono-metal (lead only)
solutions, the Pb** removal is highest for K. michiganensis
R19. In the multiple metal solutions containing eight metals
(As, Pb, Cu, Mn, Zn, Cd, Cr, and Ni), the highest Pb** remov-
al is recorded for K. michiganensis (297 mg Pb g "), followed
by R. planticola R3 (102 mg Pb g™ ') and P, rettgeri L2
(0.11 mg Pb g "). The highly selective affinity towards Pb**
observed for strain K. michiganensis R19 suggests its use for
the recovery of Pb>* from multiple-metal solutions (Bowman
et al. 2018).

The binding process results in metal immobilization,
preventing toxic cationic metals from entering the cell. EPS
binding of Pb®* has been observed in several lead-resistant
bacteria (Roanne 1999; Salehizadeh and Shojaosadati 2003;
Raungsomboon et al. 2006, 2007; Amoozegar et al. 2012;
Kalita and Joshi 2017). The structural and compositional
make up of EPS varied according to phase of bacterial growth
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and thus higher lead removal is seen during stationary phase
due to high net acidic sugar incorporation in the EPS
(Raungsomboon et al. 2006). In case of Gloeocapsa
gelatinosa, abundance of acidic sugar in EPS resulted in much
higher lead ion sequestration around 82-86 mg Pb g ' of EPS
(Raungsomboon et al. 2006). Likewise, Calothrix marchica
display similar pattern of Pb>* adsorption where higher acidic
sugar content of EPS was responsible for the enhanced Pb**
complexation of almost 65 mg Pb** g ' of EPS
(Raungsomboon et al. 2007). Enzymatic activities in EPS also
assist in detoxification of metals by transformation and sub-
sequent precipitation in the polymeric mass making them ideal
lead biosorbent agent for bioremediation.

The cation binding ability of EPS from biofilms, activated
sludges, and biogranules has been studied to establish the role
EPS as the key component in heavy metal bioremediation
(Gupta and Diwan 2017). Metal binding to biofilm EPS is
influenced by surrounding pH, metal concentration, presence
of organic matter, biomass and protein (C/P ratio) to remove
heavy metals in the wastewater. In Burkholderia cepacia
biofilms, 90% of the total lead uptake occurred at pH <4.5,
which subsequently led to the accumulation nanoscale crystals
of pyromorphite (Pbs[PO,4]3[OH]) in the biofilm (Templeton
et al. 2003). Activated sludges have always been a rich source
of several metal-resistant bacterial species. EPS from sludges
exhibit greater metal complexation than that of pure cultures
of bacteria (Xie et al. 2006). In activated sludge bioreactor, the
biosorption yield of Pb** is higher (0.793 mM min') than
Cu®* (0.242 mM min ") (Sag et al. 2003). Anaerobic
biogranules prepared from sludge of wastewater treatment
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»
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plant have also proved to be effective biosorbing agents for
removal of Pb>* from metal-contaminated wastewater
(Hawari and Mulligan, 2006). The lead removal can be as
highas 123 mM g .

Various factors influence metal sorption by the EPS includ-
ing the initial metal concentrations, pH, and sodium chloride
concentrations on binding of lead (Pb**). In Enterobacter
cloacae P2B, a significant increase in EPS production
(108 mg I"! dry weight) was observed when the cells are
exposed to 1.6 mM lead nitrate in Tris buffered minimal me-
dium (pH 7.2) (Naik et al. 2012a). Perez et al. (2008) noted
that the immobilization of Pb*>* in the EPS is strictly pH de-
pendent. In their study, they found that Paenibacillus jamilae
achieve maximum binding capacity (303 mg g~ EPS) for lead
at pH 6 (Perez et al. 2008). For Marinobacter sp., both Cu**
and Pb>* ions are sorbed more at near neutral pH than acidic
pH (Bhaskar and Bhosle 2006). The estimated maximum
binding ability of the EPS is 182 nmol copper and 13 nmol
lead mg™' EPS. However, the sorption of these metals de-
creased with increased sodium chloride concentrations
(Bhaskar and Bhosle 2006).

Bioaccumulation of lead by metallothioneins

Bioaccumulation is an active metabolic process that requires
energy (Velasquez and Dussan 2009). Unlike the biosorption
process described above, bioaccumulation binds metals intra-
cellularly (Joutey et al. 2015). Possibly the best-known mech-
anism involves metal-binding with metallothioneins.
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Metallothioneins are low molecular weight, cysteine-rich pro-
teins that facilitate the sequestration or bioaccumulation of
toxic metals inside the cell (Hamer 1986). This resistance
mechanism is often plasmid-borne, which facilitates its dis-
persion from one cell to another (Das et al. 2016). Bacteria
synthesize metallothioneins in response to increased metal
exposure (Blindauer et al. 2002; Gadd 1990; Liu et al. 2003;
Turner et al. 1996). The production of metallothioneins in the
presence of Pb>* has been detected in Bacillus cereus, Bacillus
megaterium, Proteus penneri GM-10, Providencia vermicola
strain SJ2A, Pseudomonas aeruginosa strainWI-1,
Salmonella choleraesuis, and Streptomyces sp., 4A (Huckle
et al. 1993; Murthy et al. 2011; Naik et al. 2012b; Roanne
1999; Rifaat et al. 2009; Sharma et al. 2017).

The presence of plasmid-borne bacterial metallothionein
genes, bmtA and smtAB in lead-resistant strains may be at-
tributed to the intracellular sequestration of lead. Sharma et al.
(2017) investigated the intracellular sequestration of
155.12 mg g ' of lead by metallothionein (BmtA)-producing
P vermicola. P. aeruginosa strain WI-1 also possesses metal-
lothionein (BmtA), which bioaccumulated 26.5 mg g ' of lead
intracellularly to reduce lead toxicity (Naik et al. 2012a).
P. penneri expressed metallothionein (SmtAB),
bioaccumulating 22 mg g ' of lead (Naik et al. 2012b,
2012c). Several bacterial strains have been reported to encode
metallothioneins including Syrnechococcus PCC 7942
(SmtA), Anabaena PCC7120 (SmtA), Oscillatoriabrevis
(BmtA), and Pseudomonas putida (BmtA) (Blindauer et al.
2002; Turner et al. 1996; Liu et al. 2003). Hence, these
metallothionein-producing bacteria can be used for
bioremedaition of lead in contaminated environmental sites.

Precipitation of lead

Precipitation is another mechanism used by several bacteria to
lower the concentration of free metals to insoluble complexes
and therefore reducing their bioavailability and toxicity. Pb**
has been known to react with several anions such as chlorides,
phosphates, sulfides, carbonates, and hydroxyl ions to form
insoluble precipitates. The precipitation process occur outside
(extracellularly) or inside (intracellularly) the cell (Levinson
et al. 1996). Bacteria reported to precipitate lead into lead
phosphate include Providencia alcalifaciens 2EA (Naik
et al. 2013), Pseudomonas fluorescens ATCC13525 (Al-
Aoukaty et al. 1991), Staphylococcus aureus (Levinson
et al. 1996), Vibrio harveyi (Mire et al. 2004), and Bacillus
thuringiensis 016 (Chen et al. 2015). A phosphate-
solubilizing bacterium, E. cloacae, is found to resist lead by
immobilizing lead as insoluble lead phosphate, pyromorphite
(Park et al. 2011). The lead-resistant Bacillus iodinium GP13
and Bacillus pumilus S3 and Klebsiella aerogenes NCTC418
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precipitate lead into lead sulfide (Aiking et al. 1985; De et al.
2008).

Recently, Mwandira et al. (2017) used the microbially in-
duced calcium carbonate precipitation (MICP) technique in
conjunction with the bacterium Pararhodobacter sp. to
bioremediate lead-contaminated mine wastes. Laboratory-
scale experiments showed complete removal of
1036 mg L' of lead and the coprecipitation of calcium car-
bonate and lead. Pararhodobacter sp. is effective at complete
removal of Pb** in soils. This result is comparable to other
ureolytic bacteria such as Rhodobacter spharoides, which
achieved 90.31% (Li et al. 2016); Sporosarcina pasteurii
(Mugwar and Harbottle 2016); and Terrabacter tumescens
achieved 100% (Li et al. 2015), which achieved 90 to 100%
lead removal. Varenyam et al. (2012) used the calcite-
precipitating bacterium Kocuria flava and saw reduction in
Pb bioavailability in Pb-contaminated soils. These findings
proved that precipitation of lead by MICP has the potential
for remediation of lead-contaminated soils. The capability of
ureolytic bacteria to completely remove lead lies in its ability
to efficiently hydrolyze urea to generate carbonate ions and
elevate the pH to alkaline conditions (8.0-9.1), which pro-
motes the precipitation of lead and calcium carbonate.

The effect of pH on the precipitation metals is well docu-
mented. For example, at pH levels of 6.6 and higher, various
Pb phosphates (in noncalcareous soils) and PbCO; may be
precipitated (Santillan-Medrano and Jurinak 1975).
Complexation of metals also appears to decrease in increas-
ingly acidic conditions (Elliott et al. 1986). Thus, these reports
argue for the importance of accounting for pH changes when
using the precipitation strategy in bioremediation of metals.

Binding of lead by siderophores

Siderophores are a major class of chelators secreted by micro-
organisms in various habitats. They function mainly as medi-
ators of iron transport to the cell. Although these metal chap-
erones are specific for iron, they also bind effectively with
other metals outside the cell (Saha et al. 2016).
P aeruginosa 4EA has been found to produce siderophores
(pyochelin and pyoverdine), which are involved in the com-
plexation of Pb>* (Naik and Dubey 2011). The siderophore
production of this lead-resistant bacterial strain is enhanced by
the presence of up to 0.5 mM lead nitrate. The production of
pyoverdines by the plant growth promoting strain
Pseudomonas putida KNP9 has been found to reduce the
concentration of Pb>* in mung bean roots by 93% and in
shoots by 56% (Tripathi et al. 2005). Braud et al. (2010) found
that the siderophore pyochelin contributes to Pb>* binding in
P, aeruginosa PAO1, seemingly with higher affinity to Pb**
than pyoverdine. In field studies, the siderophore-
overproducing mutant of Kluyvera ascorbate SUD165
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(another plant growth promoting bacterial strain) has been
implicated in the reduction Ni, Pb, and Zn toxicity (Burd
et al. 2000). The ability of siderophores to reduce the mobility
of lead in the environment by forming stable metal-ligand
complexes makes them an ideal strategy for lead remediation.

Genetic engineering for enhanced Pb
bioremediation

The introduction of genetic engineering has opened up ave-
nues for designing microorganisms that possess high affinity
and selectivity to metals. Wei et al. (2014) developed a selec-
tive lead-sensing system and a remediation system respective-
ly using the gene elements of the lead-specific operon pbr,
including the lead-specific binding protein PbrR from
Cupriavidus metallidurans CH34 (Fig. 2a). For highly sensi-
tive and selective whole-cell detection of lead ions, the lead-
specific binding protein (PbrR) and the lead-specific promoter
(pbr) from C. metallidurans CH34 is inserted into E. coli in
along with an engineered downstream red fluorescence pro-
tein (rfp) (Fig. 2b). The subsequent engineering of the E. coli
cell surface to display the unique lead binding protein, PbrR,
permits the selective adsorption and immobilization of lead
from solution containing various heavy metal ions. This meth-
od of lead removal has several advantages over traditional
biosorption methods. It eases the burden of intracellular accu-
mulation of toxic metal ions, which often results not only in
decreased absorption efficiency, but also poor growth of the
cells (Kuroda and Ueda 2010). It allows for faster interaction
between the cell surface-displayed binding proteins and metal
ions in the environment. It increases the cell’s tolerance for
metals (Wei et al. 2012). The latter is particularly important
when treating metals using engineered live cells.

Some metal-binding proteins found in nature along with
novel metal-chelating peptides obtained in the laboratory have
been introduced into bacteria. For instance, engineering of
E. coli BL21 (DE3) by the transfer of C.gMT metallothionein
from Corynebacterium glutamicum results in significantly
greater Pb*? and Zn*? than did the non-engineered E. coli
BL21 (DE3) (Jafarian and Ghaffari 2017). The expression of
mice metallothionein in E. coli (pMt-Thio) enhances metal
biosorption efficiency of bacterial biosorbents for Pb** and

Fig. 2 a Genetic organization of A)
the pbr operon locus in

Cupriavidus metallidurans CH34 —

Cd** ions. The results show that pMt-Thio significantly in-
creases the overall biosorption capacity, especially for
biosorption of lead (Almaguer-Cantt et al. 2011).

One effective approach to the surface display of metal co-
ordinating moieties is cytoplasmic expression in conjunction
with the introduction of specific heavy metal membrane trans-
porters (Chen and Wilson 1997). This approach overcomes
metal uptake limitations across the cell membrane, but is re-
stricted to those metals for which there are active import sys-
tems (e.g., mercury, copper, lead, and nickel). The cytoplas-
mic expression in conjunction with the introduction of specific
metal membrane transporters can increase both specificity to a
particular metal (e.g., lead) and bioaccumulation yield.

Another powerful technique for obtaining novel and
unpredicted metal chelators is the artificial selection of peptide
variants from libraries that include millions of random se-
quences. Phage display technology has been used as a pow-
erful tool in the discovery of peptides capable of exhibiting
specific affinity to various metals or metal ions. A polypeptide
selected by this method is able to confer increased survival to
toxic concentrations of the metal when expressed in E. coli as
a fusion to the OmpA outer membrane protein (Mejare et al.
1998). Phage display technology in conjunction with chroma-
tography procedure have been used by Nian et al. (2010) to
select for peptides with high affinities for lead. In their study, a
peptide sequence ThrAsnThrLeuSerAsnAsn (TNTLSNN)
found and its high relative binding affinity and specificity to
lead was confirmed.

Conclusions and future perspectives

The examples outlined above indicate that lead remediation
technologies using bacteria are feasible alternatives to conven-
tional technologies (e.g., physical cleansing of soils or the
concentration of metals in polluted waters by physical or
chemical means). Microbe-based approaches have several ad-
vantages over traditional physical and chemical methods in-
cluding (1) higher specificity, (2) their suitability to in situ
techniques, and (3) their potential for improvement by genetic
engineering. Possible developments in the lead bioremedia-
tion include further genetic improvement of strains.
Molecular techniques may permit the design of strains with
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specific metal-binding properties through the expression of
metal-chelating proteins and peptides; to further improve lead
biosorption and precipitation processes and the introduction of
metal transformation activities in robust strains. Other tech-
niques include engineering with a single gene or operon, al-
teration of existing gene sequences, and pathway switching
(Das et al. 2016). The prospect of creating artificial combina-
tion of genes not present in nature offers an opportunity for
these genetically modified bacteria to be used for in situ re-
moval of lead pollutants.

The adaptation of existing methodologies to in situ and
large-scale decontamination processes also needs to be devel-
oped. Large-scale biological applications are still rare due to
the inherent difficulty of reproducing these processes at large
scale. Likewise, field experiments go through much more ad-
verse environmental conditions where strict regulation and
control of temperature, pH, ionic strength, and other physico-
chemical parameters are often difficult, compared with lab-
scale settings in which laboratory conditions can be con-
trolled. The exploration and study of newly isolated heavy
lead-resistant bacteria may contribute to progress in situ bio-
remediation. For instance, to date, little is known about the
metal transformation properties of archaea, which often colo-
nize extreme environments and may have advantageous activ-
ities in more adverse environmental conditions.
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