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Heavy metal pollution is one of the major environmental concerns worldwide. Toxic heavy metals when untreated get accumulated in environment and can pose severe threats to living organisms. It is well known that
metals play a major role either directly or indirectly in diﬀerent metabolic processes of bacteria. This allows
bacterial cells to grow even in the presence of some toxic heavy metals. Microbial biotechnology has thus
emerged as an eﬀective and eco friendly solution in recent years for bioremediation of heavy metals. Therefore,
this review is focused on summarising bacterial adaptation mechanisms for various heavy metals. It also shares
some applications of have metal tolerant bacteria in bioremediation. Bacteria have evolved a number of processes for heavy metal tolerance viz., transportation across cell membrane, accumulation on cell wall, intra as
well as extracellular entrapment, formation of complexes and redox reactions which form the basis of diﬀerent
bioremediation strategies. The genetic determinants for most of these resistances are located on plasmids
however some may be chromosomal as well. Bacterial cells can uptake heavy by both ATP dependent and ATP
independent processes. Bacterial cell wall also plays a very important role in accumulating heavy metals by
bacterial cells. Gram-positive bacteria accumulate much higher concentrations of heavy metals on their cell
walls than that of metals gram -ve bacteria. The role of bacterial metallothioneins (MTs) in heavy metal has also
been reported. Thus, heavy metal tolerant bacteria are important for bioremediation of heavy metal pollutants
from areas containing high concentrations of particular heavy metals.

1. Introduction
The discharge of industrial eﬄuent containing toxic heavy metals
(e.g. Cd, As, Hg) and their simultaneous accumulation in the environment can be a severe threat to life of plants, animals as well as humans
(Zhang et al., 2014; Nouha et al., 2016; Cao et al., 2019; Dumont et al.,
2019; Sandhu et al., 2019). Heavy metals with no cellular (Cd, As) roles
are toxic in nature (Shi et al., 2002; Pan et al., 2018; Shen et al., 2019)
while others (Co, Zn, Ni) may be essential at low (nM) concentrations
(Badar et al., 2000). These may also become toxic at μM or mM c oncentrations (Nies, 1992). Thus, it is necessary to control the increasing
concentrations of these heavy metal contaminants in the environment.
The traditional diﬀerent types of chemical and biological methods are
used in treating the heavy metals in industrial eﬄuent and soils
(Ahluwalia and Goyal, 2007; Kuan et al., 2009; Mouedhen et al., 2009).
The advancements in environmental biotechnology have focused
⁎

bioremediation as a potential alternative for environmental restoration.
It involves the use of bacteria, fungi, plants, algae etc. to reduce, degrade/detoxify diﬀerent environmental pollutants (Dua et al., 2002).
Bacteria being ubiquitous in nature are involved in almost all biological processes of life. It is well known that metals play a major role
either directly or indirectly in diﬀerent metabolic processes of bacteria.
This allows bacterial cells to grow even in the presence of some toxic
heavy metals. However, higher concentrations of heavy metals are toxic
to microorganisms as it results conformational alterations in nucleic
acids as well as polypeptides. They also disturb oxidative phosphorylation and osmotic balance (Poole and Gadd, 1989).
Heavy metal tolerant bacterial species can be employed for the
bioremediation of heavy metal. Microbial biotechnology has thus
emerged as an eﬀective and eco friendly solution in recent years for
bioremediation of heavy metals. The site from where a particular bacterial species has been isolated can very well help us predict the
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et al., 2007).
Apart from the bacterial cell wall extracellular polysaccharides have
also been reported to accumulate heavy metals but it varies from one
bacterial species to the other (Yee and Fein, 2001). Several bacterial
species have been reported to bioaccumulate metal cations extracellularly e.g., Klebsiella aerogenes, Pseudomonas putida, and Arthrobacter
viscosus (Ayangbenro and Babalola, 2017; Ilyas et al., 2017).

behavior of those bacteria. Thus, bacteria isolated from heavy metal
contaminated sites pose to be the most suitable candidates for heavy
metal bioremediation (Malik, 2004). Unlike other environmental pollutants heavy metals cannot be biologically degraded in order to reduce
their toxic behaviour. They can only be transformed by bacteria to a
lesser toxic form or oxidation state which makes it less bioavailable
(Knox et al., 2000; Garbisu et al., 2017).
Bacteria have evolved a number of processes for heavy metal tolerance viz., transportation across cell membrane, accumulation on cell
wall, intra as well as extracellular entrapment, formation of complexes
and redox reactions which form the basis of diﬀerent bioremediation
strategies (Veglio et al.,1997; Ahemad, 2012). The genetic determinants
for most of these resistances are located on plasmids however some may
be chromosomal also (Jasmine et al., 2012).
Biosorption is actually the passive removal of heavy metals by their
adsorption on non-living biomass. It is metabolism-independent.
Whereas, bioaccumulation is the metabolism-dependent accumulation
of heavy metals in living bacterial cells. Gram-positive bacteria accumulate much higher concentrations of heavy metals on their cell walls
than that of metals Gram-negative bacteria (Rani and Goel, 2009).
The present review oﬀers a critical summary of bacterial tolerance
to various heavy metals along with their underlying mechanisms which
is very important to understand especially in the context of environmental protection. The study therefore also attempts to review the
ﬁndings of previous researchers that can be applied eﬃciently in the
bioremediation of heavy metal contaminants.

4. Bacterial resistance mechanisms to diﬀerent heavy metals
Bacteria can grow almost everywhere on earth. The discharge of
heavy metals into diﬀerent microbial habitats has led to the development of diﬀerent heavy metal resistances in them. The genetic determinants for these heavy metal resistances can be either chromosomal
or on plasmids and the resistance determinants also varies from species
to species (Hall, 2002; Nies, 1999). However, the chromosomal and
plasmid mediated resistance systems are quite diﬀerent. Chromosomal
encoded resistance mechanisms are more complex. Plasmids generally
encode ion eﬄux systems and hence are transferable to other organisms
(Silver and Walderhaug, 1992). Bacterial plasmids harbor various genes
that confer resistance to diﬀerent toxic heavy metals e.g., Sb3+ Zn2+
etc. (Cavicchioli and Thomas, 2002).
There is no mechanism of resistance that can be generalized to
diﬀerent metals (Nies, 1999). The various possible mechanisms for
heavy metal tolerance reported by diﬀerent researchers include: extracellular eﬄux by pumps, formation of complexes with other components, redox reactions, intra and extra-cellular sequestration (Malik,
2004; Veglio et al., 1997; Liu et al., 2004). Some metal ions may also
utilize as terminal electron acceptors during anaerobic respiration
(Gadd, 1990).
Since heavy metals cannot be degraded or detoxiﬁed like many
other environmental pollutants, bacteria have developed eﬄux mechanisms that actively pumps these toxic elements out of the bacterial
cells. This reduces the accumulation and increase in concentration of a
particular heavy metal in a bacterial cell (Nies and Silver, 1995). Some
cations have also been studied and reported getting segregated as
complex compounds with thiol containing molecules in the cell. Enzymatic reduction is another strategy adopted by bacterial cells through
which they transform them to less toxic oxidation states. The reduced
form of the metal should be exported out of the cell before it gets reoxidized (Nies, 1999).
The CorA Mg2+ transport system studied by Nies (1999) is a metal
transport system that non speciﬁcally accumulates divalent heavy metal
ions within bacterial cells. Other inducible transport systems that are
highly speciﬁc also exist, but they work only during starvation (Nies,
1999).
The role of bacterial metallothioneins (MTs) in heavy metal has also
been reported. Metallothioneins are small, cysteine rich proteins that
can bind metal ions (Blindauer, 2011). They are found in all eukaryotes
and various bacteria. The ﬁrst known bacterial MT was the cadmium
induced SmtA in marine cyanobacterium Synechococcus sp. RRIMP N1
(Olafson et al., 1979) and the gamma proteobacterium Pseudomonas
putida (Higham et al.,1984). Homologues for SmtA are also reported in
cyanobacteria, pseudomonas, alphaproteobacteria, gammaproteobacteria,
and ﬁrmicutes. Another bacterial metallothionein, the MymT (4.9 kDa)
protein was found in Mycobacterium tuberculosis, the expression of
MymT that conferred resistance to Cu and Cd (Gold et al., 2008).

2. Uptake of heavy metals by bacteria cell
Two diﬀerent mechanisms are present in bacteria through which the
heavy metal can enter a bacterial cell. The ﬁrst one is a nonspeciﬁc
mechanism that works on secondary active transport (ATP independent) and utilizes the chemiosmotic gradient across the cell
membrane for heavy metal uptake. This mechanism allows fast transport of heavy metal into the cells. The other is an ATP dependent mechanism for heavy metal uptake by bacterial cells. It is comparatively
slower and highly substrate-speciﬁc as compared to the ATP independent mechanism (Ahemad, 2012; Spain and Alm, 2003).
3. The role of bacterial cell wall in heavy metal tolerance
In order to protect essential components of their cell from toxic
heavy metals microorganisms alter the composition of their cell wall
and/or cell membrane which restricts metal permeability e.g., E.coli is
capable of excluding Cu(II) by altering the production of porin, a
membrane channel protein as a defense mechanism against copper
toxicity (Rouch et al., 1995).
The ﬁrst component of the bacterial cell that is encountered with
metals ions is the cell wall. The heavy metals then get accumulated on
diﬀerent chemical groups available on the cell wall. Peptidoglycan
layer containing diﬀerent groups in gram + ve bacteria and gram -ve
bacteria determines the metal-binding capability. Out of these carboxyl
groups being abundant and negatively charged most actively bind
metal cations (Doyle et al., 1980). Gram-positive bacteria accumulate
much higher concentrations of heavy metals on their cell walls than
that of metals gram -ve bacteria (Rani and Goel, 2009). Golab and
Breitenbach (1995) have reported the binding of copper by carboxyl
groups of peptidoglycan in Streptomyces pilosus. Amine groups have
been reported to chelate and adsorb anionic metal species through
electrostatic interaction or H- bonding by Kang et al. (2007).
Diﬀerent methods can be used for studying and determining the
mechanisms of biosorption by bacterial cell wall components e.g., X-ray
diﬀraction,
potentiometric
titrations,
Transmission
Electron
Microscopy (TEM), Scanning Electron Microscope (SEM) and Fouriertransform Infrared (FTIR) spectroscopy (Texier et al., 2000; Lopez et al.,
2000; Kazy et al., 2006; Vannela and Verma, 2006; Vijayaraghavan

4.1. Resistance to arsenic and antimony
Due to very similar chemical properties arsenic and antimony also
have similar the transport and tolerance genetic determinants in bacteria (Silver and Phung, 1996). A number of studies (Rosenstein et al.,
1992; Nies and Silver, 1995) have also reported detoxiﬁcation of antimony by arsenite eﬄux systems. Bacterial cells reduce As (V) to As (III)
which is further exported out of the cell by a metal eﬄux system e.g.,
2
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Fig. 1. Overview of arsRDABC operon for bacterial resistance
to Arsenic, When As (III) is not present the repressor protein
(ArsR) occupies the operator and restricts its own expression
as well as the other genes of the ars operon. Entry of As (V)
into bacterial cell is mediated by phosphate transporters (Pit
and the Pst pumps) whereas As (III) enters via GlpF. Reduction
of As(v) to As (III) is catalysed by ArsC (arsenate reductase).
As (III) exported out of the cell by a metal eﬄux system, arsenite ATPase formed of ArsA (catalytic subunit) and ArsB
(membrane subunit) proteins. ArsD transfers As (III) to ArsA
ATPase.

called the Ncc (Schmidt and Schlegel, 1994). Mts proteins (smt) have
been reported in cyanobacteria to determine tolerance to cadmium
(Olafson et al., 1979). The smt operon consists of the SmtA gene (Mt
protein), the SmtB gene that controls the expression of smtA gene and
the operator-promoter region between the two genes (Fig. 2) (Huckle
et al., 1993).

arsenite ATPase of Gram-negative bacteria (Nies, 1999; Ji and Silver,
1995; Wu and Rosen, 1993). The genetic determinants of the arsenite
eﬄux system are found on the chromosome in gram -ve bacteria
whereas these reside on the plasmids in gram + ve bacteria (Nies,
1999).
Resistance to both antimony and arsenic is regulated by the ars
operon (Fig. 1) in E. coli as well as S. Aureus (Rosen, 2002;
Bhattacharjee et al., 2000). As (III) and Sb (III) enters the bacterial cells
through the G1pF transporter protein (Sanders et al., 1997; Rosen,
2002). Entry of As(V) into bacterial cells is mediated by transporters
that usually carry other compounds e.g., phosphate transporters (Pit
and the Pst pumps) in Escherichia coli. However, the Pit system is preferred system for arsenate uptake. It is less speciﬁc and accumulates
arsenate into bacterial cells during abundance of phosphate. The Pst
being highly speciﬁc transports phosphate only during phosphate
starvation with the help of two proteins viz., the PstS (binds phosphate)
and the PstABC ATPase complex (Rosen, 2002).
The ars operon in E. coli plasmid bears three structural genes viz.,
arsA, arsB and arsC. Two more regulatory proteins, ArsR (repressor)
and ArsD (co-regulator) also control the ars RDABC operon (Wu and
Rosen, 1993). The change of As(v) to As(III) is mainly catalysed by ArsC
(arsenate reductase). Further the reduced product is eﬄuxed by an
ATPase formed of ArsA (catalytic subunit) and ArsB (membrane subunit) proteins. ArsD transfers As (III) to ArsA ATPase (Lin et al., 2006).
When As (III) is not present the repressor protein (ArsR) occupies the
operator and restricts its own expression as well as the other genes of
the ars operon (Rosen, 2002).
Glutathione serves as the source of reducing potential in E. coli
whereas in Staphylococcus aureus the reducing potential is aided by
thioredoxin (Nies and Silver, 1995). The optional substrate for ArsB
protein is Antimonite therefore the ars determinants also govern resistance to Sb (Nies and Silver, 1995).

4.3. Resistance to mercury
The mer operon located on bacterial plasmids (Pseudomonas,
Escherichia coli and Staphylococcus aureus) imparts resistance to mercury
in both gram -ve and gram + ve bacteria (Nies, 1999; Wagner-Döbler
et al., 2000). The inducible, intracellular enzyme, mercuric reductase
encoded by the merA gene converts Hg2+ into volatile metallic mercury
by an NADPH-dependent process (Summers, 1986). Resistance to inorganic mercury is governed by the narrow spectrum mer resistance
system whereas resistances to both inorganic Hg and methylmercury
and phenylmercury is governed by the broad-spectrum mer resistance
system (Silver and Phung, 1996; Bogdanova et al., 1998).
The mer operon comprises regulatory proteins (merR, merD), proteins for transport (merT, mer P) and proteins catalysing mercury reduction i.e., merA. The merR protein control both positive and negative
regulation of the other genes. It also negatively controls self expression.
merD is secondary regulatory gene and it down-regulates the mer operon (Fig. 3) (Nucifora et al., 1990; Mukhopadhyay et al., 1991). The
proteins encoded by structural genes (merT and merP) located downstream of the operator-promoter aid in mercuric ion transport
(Summers, 1986).
Many bacterial species have been reported to carry merB genes
(encoding organomercurial lyase) that imparts tolerance to diﬀerent
forms of mercury viz., organomercurials, methylmercury and phenylmercury. The enzyme cleaves the C-Hg bond, and then reduces Hg2+
into volatile metallic which moves out of the cell. The additional merB
genes are present downstream of the merA gene (Osborn et al., 1997).
However, in case of Pseudomonas stutzeri, the merB gene lies between
merR and merT (Reniero et al., 1995). merB is rarely found in case of
gram negative bacteria cells (Bogdanova et al., 1998). Other genes
imparting organomercury resistance have also been reported viz., merG
and merE (Huang et al., 1999).

4.2. Resistance to cadmium
The CadA system (Fig. 2) governs the resistance to Cadmium in
gram positive bacteria in response to accumulation of cadmium inside
bacterial cells. MIT, the metal ion transporter allows entry of cadmium
into bacterial cells. CadA is a plasmid borne resistance system that
actively pumps cadmium out of bacterial cells (Nies and Silver, 1995;
Nies, 1999; Bruins et al., 2000; Haferburg and Kothe, 2007). A regulatory protein called the Cad C protein controls the expression of other
genes of the resistance system. Another protein which is Cad A gene
product (P-type ATPase) actively pumps cadmium out of the cells (Oden
et al., 1994; Nies and Silver, 1995).
The gram-negative bacteria cells manage resistance to cadmium by
the RND-driven (resistance, nodulation, cell division) zinc exporter viz.,
the Czc system (Nies and Silver, 1995; Nies, 1999) and a nickel exporter

4.4. Resistance to cobalt and nickel
Cobalt [Co(II)] is a necessary trace element for living organisms. Ni
(II) functions to be a cofactor for few enzymes only (Nies, 2004).
However very high concentrations of both Co and Ni can be toxic to
bacterial cells and therefore they are detoxiﬁed by cation eﬄux (Nies,
2004). The speciﬁc uptake of these metals is mediated either by either
secondary transport systems or by ATCases (ATP binding cassette)
3
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Fig. 2. Overview of bacterial resistance to Cadmium, (i) Binding of Cd2+ on bacterial cell surface. (ii) MIT metal ion transporter.(iii) Intracellular sequestration by
bacterial Metallothionein (MT), SmtA protein. (iv) Eﬄux of Cd2+ by CadA transporter (P-type ATPase).

systems (Rodionov et al., 2006). Plasmid encoded nickel and/or cobalt
resistance determinants include cation antiporter CzcCBA (cobalt-zinccadmium), the cobalt-nickel resistance (CnrCBA) and the nickel-cobaltcadmium resistance i.e., NccCBA eﬄux systems (Nies, 1995; Schmidt
and Schlegel, 1994). The RND-driven eﬄux systems impart a very
strong resistance to cobalt in bacterial cells (Nies, 2003).
In E. coli chromosomal located yohM (rcnA) gene expressing a
transmembrane protein determines Ni and Co tolerance. The RcnA/
YohM protein belongs to the NiCoT transporter family (Eitinger et al.,
2005).
Nickel resistance in bacteria have also been reported by cnr/nccand cnr/ncc/nreB-like tolerance systems (Stoppel and Schlegel, 1995).
The cnr and ncc genes carry a protein which is Resistance Nodulation
Cell Division (RND). The CnrCBA protein complex exports nickel outside the cell (Nies, 2003). cnrCBA eﬄux system is expressed by the
cnrYHXCBAT gene system (Fig. 4). It consists of three structural genes
cnrC, cnrB, cnrA whose protein products complex together to form the
eﬄux system that pumps nickel out of bacterial cells. As nickel enters
the periplasmic space the regulatory genes cnrY and cnrC initiate the
transcription at the promoter region. The proteins encoded by the
cnrYXH genes regulate the expression of all other genes. cnrH constitutively activates cnrCBA expression (Fig. 4) (Tseng et al., 1999).
NreB belongs to the MFS protein superfamily that exports Ni(II)
across the cytoplasmic membrane (Saier, 2000). The nickel resistance
determinants in K. oxytoca have been described to contain four genes
viz., nirABCD (Stoppel et al., 1995).

Fig. 4. Overview of the cnrCBA eﬄux system for bacterial resistance to Nickel,
The CnrCBA protein complex exports nickel outside the cell. The cnrCBA eﬄux
system is expressed by the cnrYHXCBAT gene system. It consists of three
structural genes cnrC, cnrB, cnrA whose protein products complex together to
form the eﬄux system that pumps Nickel out of bacterial cells. As nickel enters
the periplasmic space the regulatory genes cnrY and cnrC initiate the transcription at the promoter region. The proteins encoded by the cnrYXH genes
regulate the expression of all other genes. cnrH constitutively activates cnrCBA
expression.

Fig. 3. Overview of bacterial resistance to Mercury, The mer
operon comprises of regulatory proteins (merR, merD), proteins
for transport (merT, mer P) and proteins catalysing mercury
reduction (merA). (i)The protein encoded by merT structural
gen aid in mercuric ion transport. (ii) The merR protein control
both positive and negative regulation of the other genes. It also
negatively controls self expression. merD is secondary regulatory gene and it down-regulates the mer operon. (iii) merB
genes (encoding organomercurial lyase) imparts tolerance to
diﬀerent forms of mercury viz., organomercurials, methylmercury and phenylmercury. (iv) The enzyme mercuric reductase
encoded by the merA gene converts Hg2+ into volatile metallic
mercury that moves out of the cell.
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4.5. Resistance to copper

4.6. Resistance to zinc

Bacteria are exposed to extremely high concentrations of copper in
soil and water as Cu is extensively used during mining, industry processes, and agricultural practices which is discharged into the environment along with their eﬄuent. Low concentrations of copper allows biosynthesis of several metabolic enzymes e.g., cytochrome c
oxidase in bacterial cells. Copper acts as a cofactor for many enzymes
including oxidase and hydroxylase. However, higher concentrations of
copper are highly toxic to bacterial cells thus bacteria have developed
diﬀerent mechanisms to defend against copper induced biotoxicity
(Issazadeh et al., 2013; Lu et al., 1999).
The genetic determinants for regulation of copper are frequently
found on chromosomes in most living organisms (Liu et al., 2002).
However, in case of bacteria they are generally found in plasmids
(Cooksey, 1993). Various researchers (Fong et al., 1995; Rogers et al.,
1991) have also a reported a co-ordination of both the plasmid and
chromosomal genes to regulate copper in bacteria.
Resistance to Cu is mainly regulated by P-type ATPases that pump
copper out of bacterial cells (Odermatt et al., 1993; Rensing et al.,
2000). In E. coli the CusCBA multi protein complex controls Cu eﬄux
(Outten et al., 2001; Franke et al., 2003). CusA is an RND protein,
driven by the proton motive force, that transport Cu out of bacterial
cells with the help of CusB and CusC gene products (Seeger et al.,
2006). The third component of Cu homeostasis in E. coli is Multi Copper
Oxidase (MCO) that concerts Cu(I) to Cu(II) and protects the periplasmic proteins (Singh et al.,2004).
The copper inducible cop operon (Fig. 5) located on plasmids in
Pseudomonas sp. imparts resistance to Cu. It consists of four proteins
CopA, CopB, CopC and CopD. These accumulate copper and simultaneous compartmentalization in the cell’s periplasm and the outer
membrane which imparts protection against copper. The extracellular
Cu2+ enters the bacterial cell through the porous outer membrane.
CopA (periplasmic protein) binds Cu2+ and further transports them to
CopD (inner membrane Cu2+ transporter protein) through CopC protein. CopD transports Cu2+ inside bacterial cell (inner membrane protein) senses raised Cu2+ concentrations in the periplasmic space and
CopS transmits the same to CopR which induces the expression of copABCD genes (Cooksey, 1993; Nies, 1999).
Copper homeostasis in E. hirae is maintained by the copYZAB operon. Resistance to Cu is mainly regulated by. CopA proteins mediates
Cu uptake under Cu-limiting conditions. CopB is a P-type ATPases that
pumps excess of copper out of bacterial cells. CopY (transcription repressor) and CopZ (a Cu chaperon) proteins regulate the expression of
the cop operon (Solioz and Stoyanov, 2003).

Zinc is an essential trace element is an integral part of many cellular
enzymes and complexes e.g. zinc ﬁngers in DNA (Nies, 1999). Zinc
enters into bacterial cells by an unspeciﬁc but fast mechanism which is
also coupled to magnesium uptake mechanisms in bacteria (Nies and
Silver, 1995). However high concentrations of zinc can inhibit many
cellular enzymes.g., ETC and thus inhibit many crucial functions
(Chvapil, 1973; Beard et al., 1995).
Two eﬄux systems have been reported to regulate zinc resistance in
bacteria. First is a chromosomal regulated P-type ATPase (encoded by
the zntA gene) that allows the eﬄux of zinc ions across plasma membrane by an ATP driven active transport (Fig. 6) (Beard et al., 1995).
Second is a proton gradient driven RND transporter found commonly in
case of gram-negative bacteria (Nies, 1999).
Another well known zinc tolerance system is the Czc system of the
gram negative soil bacterium Ralstonia. This plasmid borne operon
system also imparts resistance to cadmium and cobalt and functions as
cation/proton antiporter that eﬄuxes cations from the cells. The czc
operon is constituted by three structural genes, czcC, czcB and czcA that
together form the cation eﬄux system (Nies, 1992, 1995; Nies et al.,
1989).
CzcB displays homology to membrane fusion proteins, calphotin
(calcium-mobilizing protein) found in sponges (Ji and Silver, 1995).
CzcB brings the outer membrane near to the CzcA (cation/H +
antiporter) antiporter that resembles the RND superfamily (Goldberg
et al., 1999; Rensing et al., 1997).
A resistance system for both Cd and Zn is reported in P. aeruginosa
CMG103 called the Czr system. It consists of czrCBA genes that is very
similar to the Czc system of R. eutrophus CH34 (Hassan et al., 1999).

4.6.1. Post-eﬄux control and zinc-binding proteins
Presence of a post eﬄux mechanisms that restricts the re-entry of
eﬄuxed zinc ions has also been reported by several researchers
(Choudhury and Srivastava, 2001a,b; Diels et al., 1995; Saxena and
Srivastava, 1998). This involves either precipitation, attachment to a
protein or forming a complex with some cellular component e.g.,
periplasmic storage of eﬄuxed Zn 2+ in P. syringae and E. coli (Brown
et al., 1995; Cervantes and Silver, 1996). In Ralstonia sp. the metal is
ﬁnally precipitated in the form of bicarbonates and hydroxides as a
post-eﬄux management (Choudhury and Srivastava, 2001a,b). The
ZnuABC (Fig. 6) is a well known periplasmic binding protein dependent
zinc transport system in E. coli (Patzer and Hantke, 1998). This is an
eﬀective approach where eﬄux immediately controls metal toxicity
whereas binding and storage impart long term tolerance. The eﬄuxed
Zn is then reserved that can be later used for some other cellular
Fig. 5. Overview of bacterial resistance to Copper, The copper
inducible copABCD operon located on plasmids in
Pseudomonas sp. imparts resistance to Cu. The extracellular
Cu2+ enters the bacterial cell through the porous outer
membrane. CopA (periplasmic protein) binds Cu2+ and further transports them to CopD (inner membrane Cu transporter
protein) through CopC protein. CopD transports Cu2+ inside
bacterial cell. CopS (inner membrane protein) senses raised
Cu2+ concentrations in the periplasmic space and transmits
the same to CopR which induces the expression of copABCD
genes.
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Fig. 6. Zn tolerance systems in bacterial cells, ZntA is a P-type
ATPase that allows the eﬄux of zinc ions across plasma membrane by an ATP driven active transport. The ZnuABC is a
periplasmic binding protein dependent zinc transport system.
Czc system is a plasmid borne operon system that in addition to
zinc also imparts resistance to cadmium and cobalt in and
functions as cation/proton antiporter that eﬄuxes cations from
the cells.

5.2. Bioattenuation

function (Nies, 1999).

The removal of heavy metals contaminants naturally by the resident
bacterial population is involved in bioattenuation also called as natural
attenuation. It is a slow but inexpensive process that sometimes has to
accelerated by either biostimulation or bioaugmentation (Mulligan and
Yong, 2004; Li et al., 2010).
Jasmine et al. (2012) isolated heavy metal resistant bacteria from
sewage water collected in and around Trichy district, South India. Their
results showed Pseudomonas sp. to be highly resistant to Cu, Ag and Zn.
Therefore, such bacteria could be utilized for detoxiﬁcation and removal of heavy metals from polluted environment. Dinu et al. (2011)
have also reported the resistance of Pseudomonas sp. against Cd, Pb, Zn
and Ni.
Hakeem and Bhatnagar (2010) isolated three indigenous strains of
Streptococcus sp., Staphylococcus sp. and Pseudomonas sp from eﬄuent of
a pulp and paper industry to be used in bioremediation of heavy metals.
They also tested the heavy metal removal capabilities of the isolated
bacteria and found Pseudomonas sp. to eﬀectively remove cadmium,
manganese and mercury. Whereas Streptococcus sp. and Staphylococcus
sp. were able to remove Cu more eﬃciently.

5. Potential applications of bacteria in heavy metal
bioremediation
Heavy metal tolerance in bacteria has been extensively studied
worldwide. A number of bacterial species have been reported for heavy
metal resistance (Table 1). Most of the bacterial species that pose to be
potential candidates for bioremediation of heavy metals belong to the
genus Bacillus, Pseudomonas, Streptomyces, and Pseudomonas (Uslu and
Tanyol, 2006. Bioremediation of heavy metals can be achieved through
diﬀerent methods like bioaugmentation, biostimulation, and bioattenuation.

5.1. Bioaugmentation
Bioaugmentation is an approach used for bioremoval of diﬀerent
metal contaminated sites by the introduction of speciﬁc bacteria or
genetically engineered bacteria that are capable of ﬁghting against that
particular heavy metal contaminant. This is a highly eﬃcient approach
with greater substrate speciﬁcity and sustainability (Mrozik and
Piotrowska-Seget, 2010). It is an in situ approach and thus is aﬀected by
diﬀerent abiotic and biotic factors. Emenike et al. (2018) suggested
bioaugmentation and biostimulation as the most acceptable methods
for bioremediation of metal polluted environments. They have also
proposed the use of a consortium of diﬀerent strains over a single strain.
Further, genetically modiﬁed bacteria strains with upgraded catabolic
abilities are considered to be more eﬃcient for bioaugmentation than
the wild ones (Mrozik and Piotrowska-Seget, 2010; Mrozik et al., 2011).
Apart from this bioaugmentation where the genetic determinants
are located on plasmids can give more promising outputs as it can be
easily transferred to the indigenous bacterial population of the contaminated site. But for the approach to be successful it requires a very
deep understanding of the donor as well as the recipient bacterial population (Garbisu et al., 2017).
Emenike et al. (2017) applied bioaugmentation for removing of
metal contaminants from leachate polluted soil. They used a blend of
bacterial strains belonging to Bacillus sp., Lysinibacillus sp. and Rhodococcus sp. and obtained a reduction of, Al (72%), Cu (88%), Cd (41%),
Mn (65%) and Pb(71%).
Fauziah et al. (2017) also studied metal (Al, Cd, Cr, Fe, Ni, Pb and
Zn) reduction potential of bacteria in leachate contaminated soil with B.
thuringiensis, L. sphaericus and R. wratislaviensis. They were able to attain
the best results with Ni (> 50%).

5.3. Biostimulation
Biostimulation is an approach where the indigenous bacteria are
provided with conditions suitable to stimulate their metal resistant
potential and thus enhance bioremediation (Atagana, 2008). This involves addition of nutrients (phosphorus, nitrogen, oxygen, carbon)
that enhances the growth of resident bacterial species for biodegradation (Al-Sulaimani et al., 2010; Bundy et al., 2012). Biostimulation has
been studied by a number of researchers for bioremediation of diﬀerent
heavy metals viz., Fe, Cu, Cd, Fe and Cr (Fulekar et al., 2012; Kanmani
et al., 2012).
In a study conducted by Anderson and Cook (2004) highly arsenic
resistant bacteria have been reported in Bacillus and Pseudomonas.
Several other studies have also reported high arsenic resistance in
species of Bacillus, Methylobacterium, Pseudomonas Arthrobacter, Staphylococcus (Zolgharnein et al., 2007; Suresh et al., 2004; Cervantes
et al., 1994; Ahmed and Rehman, 2009).
Grewal and Tiwari (1990) isolated heavy metal resistant strains of
E. coli from foodstuﬀs. Most of the isolates (94.9%) was resistant to Cd,
followed by As (76.9%), Hg (71.8%) and Hg (61.5%). The authors also
found most of the strains displayed multiple heavy metal resistances
viz., three metals (35.9%), four metals (38.5%) metals two metals
(18%) and one metal (7.7%).
Sevgi et al. (2010) reported resistance to heavy metals in industrial
6

Aquatic Toxicology 212 (2019) 1–10

M. Nanda, et al.

Table 1 (continued)

Table 1
Heavy metal removal using bacteria (mg g−1 or %).

Bacteria
Bacteria

Heavy
metal

Removal of
heavy metal
(mg g−1 or %)

References

Bacillus sp.

Pb
Cu
Cu

92.3
16.3
69.34%

Cu
Pb
Cd
Hg
Cu
Zn

84.0%
99.5%
72.9%
45%
62%
418

Tunali et al.
(2006)
Hussein et al.
(2004)
Azzam and Tawﬁk
(2015)

Cu
Pb
Cr
Fe
Cu
Cd
Pb
Cr
Cu

50.32
36.71
95%
52%
32%
69.90%
67.36%
54.56 %
20.8

Zn
Zn
Cu
Cu
Zn
Pb
Cu
Zn
Pb
Pb
Cu
Cd
Pb
Cu
Cr
Hg
Cd
Cd

172.4
95.24
39.84
57
18
53
65
12.3
54
50.9
32. 5
46.2
67.9%
78.9%
55.8%
43.23%
58.9%
278.0
90.41%
500

Cu
Pb
Cd
Cr
Cu
Ni
Cd
As
Co
Cr(VI)
Cu
Zn
Pb
Cu
Cd
Zn
Cu
Pb
Cu
Cd
Cu
Pb

70.4%
97.8%
93.5%
8.9-238
8.9-238
556
56%
34%
53%
1.07
0.67
1.33
79.5
23.1
42.4
17.7
15.8
270. 4
96.9
8.0
6.6
135.0

Zn

80.0

Cd
Cu
Cd

44%
34%
250.0

Bacillus ﬁrmus

Bacillus cereus
Bacillus licheniformis

Bacillus subtilis

Thiobacillus ferrooxidans
Thiobacillus thiooxidans
Geobacillus
thermodenitriﬁcans
Geobacillus
themocatenulatus
Enterobacter sp.

Enterobacter cloacae

Pseudomonas sp.

Pseudomonas
aeruginosa

Pseudomonas putida

Streptomyces rimosus

Staphylococcus Sp.
Staphylococcus xylosus

Staphylococcus
saprophyticus
Micrococcus sp.

Nanda et al.
(2011)
Salehizadeh and
Shojaosadati
(2003)
Babak et al.
(2012)
Karakagh et al.
(2012)

E. coli

Bacterial Mixtures
(Viridibacillus arenosi B-21,
Sporosarcina soli B-22,
Enterobacter cloacae KJ46, and E. cloacae KJ-47)

Huang et al.
(2001)

Heavy
metal

Removal of
heavy metal
(mg g−1 or %)

Cr(VI)
Pb
Cu
Pb

24.1%
100%
14.5%
84.27%

Cr(VI)
Ni
Cd
Pb
Cr
Pb
Cd
Cu

92%
90%
63.39%
68.51%
60.26 %
98.3%
85.4%
5.6%

References

Ziagova et al.
(2007)
Jencarova and
Luptakova (2012)
Hussein et al.
(2004)
Sulaymon et al.
(2012)
Huang et al.
(2001)
Kang et al. (2016)

soil isolates of Pseudomonas spp. and Bacillus spp. Most of the bacteria
(73.9%) displayed resistance to Chromium. 26% were found resistant to
Ni. Whereas lower resistances i.e., 18.4%, 11.5%, 9.2% and 7.3% were
recorded for Zinc, Cadmium, Cobalt and Copper respectively.
Samanta et al. (2012) isolated a Gram positive Bacillus sp. from a
heavy metal contaminated soil. The isolated strain showed diﬀerent
levels of tolerance to the metals under investigation and as indicated by
diﬀerent MTC values. It was found that among four experimental heavy
metals, the strain showed high resistance to cadmium showing the
growth of microorganisms up to 1.0 mg/ml (i.e.1000 μg/ml) and less
resistance to cobalt showing growth of microorganism up to 0.4 mg/ml
(i.e.400 μg/ml). The pattern of metal tolerance were in the order
Cd2+ > Cr6+ > Ni2+ > Co2+.
In another study conducted by Bisht et al. (2012) heavy metal tolerance eﬃciency of Staphylococcus aureus, Staphylococcus epidermidis
and Staphylococcus saprophyticus was studied. Staphylococcus saprophyticus was found more resistant to Cu than the other bacterial species. In
case of zinc Staphylococcus aureus and Staphylococcus epidermidis displayed better resistance.
Gaballa et al. (2003) have also isolated and reported the resistance
of Staphylococcus sp. for Cd and Ni. Sri Kumaran et al. (2011) isolated a
heavy metal tolerant Pseudomonas sp. that was capable of eﬀectively
removing 41%, 62.8%, 87.9%,53% and 49.8% of Cadmium, Iron, Lead,
Nickel and Zinc respectively.
Lin and Harichund (2011) studied the removal of heavy metals from
chemical industry eﬄuent and found that Bacillus sp. was able to remove 20.3% As and 16.7% Hg eﬀectively from the eﬄuent. PenaMontenegro et al., 2015 in 2015 have also reported bioremediation of
heavy metals (cobalt, copper, chromium and lead) using bacteria. In
2014 Jain and Bhatt, 2014 isolated the two cadmium resistant strains
viz., Pseudomonas putida SB32 and Pseudomonas monteilii SB35. The
genetic determinants for the resistance the plasmid encoded czc system,
which is responsible for the eﬄux of metal ions.
Nanda et al. (2011a,b) have reported diﬀerent bacteria to be eﬃcient in removing heavy present from pharmaceutical industrial efﬂuent samples. Bacillus sp was able to remove Hg (45%) and Cu (62%).
Pseudomonas sp. was able to remove 56% Cd, 34% As and 53% of Co. A
reduction of 44% Cd and 34% Cu reduction was recorded by Staphylococcus sp.
Kang et al. (2016) suggested the use of consortium of bacteria instead of single bacterial species for eﬃcient bioremediation of heavy
metals from water. They worked on removal of a number of metal
contaminants using bacterial consortium and have reported a reduction
of 98.3%, 85.4% and 5.6% for lead, Cadmium and Copper respectively.

Nakajima et al.
(2001)
Liu et al. (2004)
Nagashetti et al.
(2013)
Samarth et al.
(2012)
Samarth et al.
(2012)
Lu et al. (2006)

Rani et al. (2010)

Ziagova et al.
(2007)
Hussein et al.
(2004)
Liu et al. (2004)
Azzam and Tawﬁk
(2015)
Liu et al., 2004

Nanda et al.
(2011)
Babak et al.
(2012)
Chang et al.
(1997)
Chen et al. (2005)
Uslu and Tanyol
(2006)
Pardo et al. (2003)
Selatnia et al.
(2004)
Mameri et al.
(1999)
Nanda et al.
(2011)
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2008. Identiﬁcation of a copper-binding metallothionein in pathogenic mycobacteria.
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Cation/Proton antiporter of the resistance-nodulation-Cell division protein family. J.
Biol. Chem. 274 (37), 26065–26070.
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Haferburg, G., Kothe, E., 2007. Microbes and metals, Interactions in the environment. J.
Basic Microbiol. 47, 453–467.
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Eﬄuent by Indigenous Microbes. Asian J. Exp. Biol. Sci. l (1), 201–203.
Hall, J.L., 2002. Cellular mechanisms for heavy metal detoxiﬁcation and tolerance. J.
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Microbial biotechnology is an eﬀective and eco friendly solution for
bioremediation of heavy metals. The site from where a particular bacterial species has been isolated can very well help us predict the behaviour of that bacteria. Thus, bacteria isolated from heavy metal
contaminated sites pose to be the most suitable candidates for heavy
metal bioremediation. Bacterial cells have evolved various mechanisms
for tolerating diﬀerent heavy metals which also varies from one bacterial population to another. The important heavy metal accumulating
functional groups of the bacterial cell wall that play a very important
role in biosorption by either dead or inactive biomass are carboxyl,
phosphonate, amine and hydroxyl groups. Extracellular polysaccharides have also been reported to accumulate heavy metals in
some bacteria. The bacterial metallothioneins (Mts), small cysteine rich
proteins also impart heavy metal resistance to some bacteria. Diﬀerent
bacteria isolated from the same heavy metal contaminated environment
show variation in their tolerance to the same heavy metals. Heavy
metal binding capability is more prominent in gram + ve than gram -ve
bacteria. The eﬃciency of a particular bacteria in removing diﬀerent
heavy metals may vary. Also, the extent of removing a particular heavy
metal from diﬀerent sites/samples of the same bacteria also varies. The
genes for resistance to heavy metals can be present on plasmids as well
as on chromosomes. The current states about the application of bacterial heavy metal bioremediation discussed here gives an insight of the
potential of diﬀerent bacteria towards heavy metal removal that can be
utilized for developing better techniques for environmental research.
Keeping in view the limitations of bioremediation the future prospect
looks promising in the direction of using genetically modiﬁed bacteria
for bioremediation of heavy metals in the environment. Also, bacterial
biomass if combined with other biosorbents e.g. fungus can also give
very promising results.
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