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Abstract
Heavy metal contamination due to natural and anthropogenic source is a major environmental problem. 
Release of metal from use of agrochemicals, industrial effluents and wastewater residues and their 
accumulation in food causes serious dilemma to animal and human health concern. On the other 
hand microbial population gets affected from metal toxicity at elevated concentration. With the result 
microbes develops various resistance mechanism to cope with metal toxicity. Both physiological and 
genetic mechanisms are involved in developing such resistance. Recent advances on metal-bacteria 
interaction has led to better understanding of metal accumulation/detoxification or biotransformation 
and bioremediation of metals through application of such bacteria. Role of various transport protein 
families involved in heavy metal metabolism are now explored. this article provides insights of metal-
bacteria interaction in terms of resistance mechanisms and role of various transport proteins and its 
potential application in bioremediation of metal pollution.
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INtRODUCtION
 In intensive system of agricultural, 
agrochemicals that depend mainly on usage 
of  chemical fertilizers that directly are applied 
to the soil to support the need of essential 
nutrients as growth promoting, pest and disease 
controlling agent. Extensive literature of inorganic 
fertilizers containing heavy metals results in the 
accumulation of potentially toxic chemicals in 
animals in agricultural lands1. On the other hand 
several industrial waste and effluents significantly 
contribute to heavy metal pollution on the 
environmental which causes hazards to human 
health as well as various environmental biotic 
and ecological set up2. The toxicity of the heavy 
metals like Cd++; Pb++; Zn++; Hg++; Co++; and Ni++ being 
soluble in nature or exchangeable elements totally 
rely upon their transfer rate from source to other 
component of ecosystem acting as soil solution, 
ground water plants, soil microflora and ultimately 
to humans through food chains1. Researchers 
in the past have demonstrated the harmful 
impact of long term usage of sewage, sludge and 
industrial effluents on cultivated soil due to heavy 
metal pollution. Major industrial effluents/waste 
containing heavy metals are the common source 
including metal finishing, nuclear and electronic 
industries, metal finishing operation and glass 
industries2. Sewage sludge utilization in agriculture 
is one of the most popular way of disposal and 
reutilizitaion. However, heavy metal content of 
sludge is probably the major parameter4. Heavy 
metals are not chemically or biologically degraded 
and are difficult to remove from soil or polluted 
sites5. Most of the heavy metals are required in 
low concentration in biological system in various 
metabolic processes but become toxic at elevated 
concentrations in biotic system including humans 
and animals6. Due to overall risk associated with 
heavy metals to environment and public health by 
heavy metal pollution, various methods have been 
developed to decontaminate and bioremediate 
waste water7. Contaminated soil, water, and other 
sources contained increase frequency of metal 
tolerant and resistant microbes. Such bacteria 
develop different mechanisms of tolerance and 
resistance to toxic metal concentration8,9. The 
exploitation of such metal tolerant or resistant 
bacteria for the removal of toxic levels of heavy 
metals from wastewater and contaminated soil 

by means of physical and chemical methods have 
gained increasing attention in recent times. The 
failure in removing low concentration of heavy 
metals in biotic system, conventional methods 
have still limited application9. The resistance 
determinants to metals in bacteria may be found 
on plasmids and being transmissible in nature 
and spread by horizontal transfer8. The desired 
resistance-genes may be possibly introduced to 
into more suitable hosts by means of genetic 
transfer techniques, for commercial production 
of inocula or enzymes could be exploited for 
bioremediation of water/soil.
 Both phenotypic  and molecular 
approaches (PCR based) have been used to 
investigate adaptive responses of bacteria to 
environmental stress and molecular mechanisms 
of adaptation9.
 In the near future, environmental pressure 
is the major cause of population growth and the 
expectation of increased living standards2,3,10. Hill10 
summarized the factors responsible for pollution 
and other types of environmental deterioration 
in many communities or societies as being caused 
by the combined effect of population, affluence 
and technology. They also stated that some of 
the oldest cases of environmental pollution in the 
world are caused by industrial discharge of heavy 
metal like Cu++; Pb++ and Hg++; mining, smelting and 
utilization by ancient civilizations. Water pollution 
unfavorably alter the composition of aquatic 
ecosystems in terms of oxygen content, presence 
of toxins, the living organisms and so on3,10. 
 The major water polluting waste includes 
from sewage, industrial and agricultural types10. 
Zhang et al. (11) reported the concentration of Cr++ 
Cd++, Pb++ and Hg++ in the sediments of the River 
Bortala in northeast China exceeded the National 
Standards of China. The study conducted that 
human activities in the vicinity of river area is the 
major source of metal in river sediments. Metals 
like Pb++, Cd++and Hg++ were found an important 
ecological risk factors11. Heavy metal such as 
Cd++, Cr++, Pb++, Ni++ and Zn++ bioaccumulation 
in sediment, primary producers and in aquatic 
animals (mollusks, fish etc) in the Tabasco Coast, 
Mexico was studied to evaluate the ecological 
potential hazard in that habitat12. Zinc showed 
the highest concentration in sediment (mean of 
159.58 mg kg-1), in planktons (171.71 mg kg-1) 
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and also in crabs (128.07 mg kg-1). Overall the 
concentration of Zn++, Ni++, Cd++ and Cr++ in river 
sediments exceeds the national and international 
threshold values12. The irrigation of agricultural 
soils with wastewater contaminated with heavy 
metals leads to an accumulation of Cu++, Zn++, 
Cd++, Cr++ and Pb++ in soil as well in the growing 
crops in that soil13. The exceeding concentration of 
heavy metals in the edible parts of crops grown on 
studied soil was above the safe limits in 90% of the 
vegetable samples examined. The results clearly 
showed that utilization of vegetable grown under 
metal contaminated waste water may provide 
a potential pathway of human exposure and 
toxicity13. According to study conducted in Omani 
standards shows that the use of treated sewage 
containing heavy metals represents a trend of 
increasing heavy metals values in soil, grassroots 
and snails of areas irrigated by treated sewage 
effluents. In a long term study conducted in India 
indicated that use of treated waste water of oil 
refinery in agricultural field indicated increasing 
trend of certain heavy metals compared to soil 
irrigated with ground water14.
 In this review we have made an effort 
to address the recent progress in metal-microbes 
interactions, with special reference of toxicological 
impact of metals on living organisms, and the 
response of microbes in developing metal-
tolerance and resistance mechanisms, as well 
as potential applications of such microbes in 
bioremediation of metal-polluted environments.
effects of heavy metals on living organism
 Based on their biological functions metals 
have been classified as; (i)- essential metals; 
(ii)- toxic metals and metalloids with unknown 
biological functions; (iii)- non-essential, non-toxic 
metals with no biological functions2. Heavy metals 
ions are chemical moieties that can exert its 
negative effect through various mechanisms such 
as oxidative damage by the production of reactive 
oxygen species, protein inactivation and DNA 
damage etc. Toxicity of copper aquatic and marine 
invertebrate species have been documented15. 
The Lethal Concentrations (LC50s) are typically 
less than 0.5 mg/l, but may range from 0.005 to 
>200 mg/l under certain conditions3,16,17.  Similarly, 
copper exert toxic effect on aquatic plants, and 
most commonly used as analgicide and herbicide. 
Inhibition of growth generally occurs at a very 

low concentration18. Although it is classified as 
an essential element in mammalian nutritional 
system because of its prime importance in many 
enzymatic reactions .The minimum dietary 
requirement in humans is 0.0001 mg/day18. There 
are only a few reported cases of acute poisoning by 
copper and its salts. The chief symptoms following 
ingestion are epigastric burning, nausea, vomiting, 
and diarrhea3,18. Role of copper poisoning is 
known for individual suffering from Wilson’s 
disease however chronic copper toxicity is rarely 
reported6. The acute toxicity level of cadmium to 
aquatic invertebrates varies enormously among 
the different taxonomic groups. The LC50 dose 
is approximately 0.005 mg/l for one of the most 
sensitive species16,17. Toxicity of cadmium and, in 
its free ion are well known to plant and animal 
and microbial species. The chronic and acute 
toxicity to aquatic plants is accelerated by change 
in pH and concomitant effect on the presence of 
free cadmium ion3,17,19. Similarly, Marine algae 
are generally much more tolerant of cadmium 
than fresh water species, owing to the binding 
of the free cadmium ion with chloride. Potential 
carcinogenic effect of cadmium through inhalation 
has been described by USEPA and it is regulated 
based on renal toxic effects. Acute exposure to 
cadmium leads to nausea, vomiting, salivation, 
diarrhea, and muscular cramps20. Severe to 
fetal cases may show the following symptoms, 
liver injury, convulsion, shock, renal failure, and 
cardiopulmonary depression3,17. Acute toxicity 
of zinc to invertebrates is relatively low, with 48 
to 96-h LC50 generally ranging from 0.5 to 5 mg/
l17. Mortality of marine invertebrates following 
exposure to zinc is likely related to a progressive 
decrease in the ability to osmoregulation6. Toxicity 
of zinc to aquatic plants is highly variable, with 
LC50 ranging from 0.01 to 100 mg/l. This extreme 
variability associated with diverse physicochemical 
conditions on uptake and the ability of many 
species to adapt to high zinc levels3,17. The toxic 
effect of zinc is related to interference with 
phosphorus metabolism. The typical western diet 
yield 10-15 mg Zn / day in 70 kg reference man, 
zinc is essential in several enzymes and enzyme 
functions; DNA, RNA, and protein synthesis; 
carbohydrate metabolism and cell division and 
growth16,17. The minimum amount of zinc required 
per day ranges from 1 to 5.5 mg, depending on age, 
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and pregnancy/lactation in females. Ingestion of 
2 g Zn produce toxic symptoms: fever, diarrhea, 
vomiting and other gastrointestinal tract irritation, 
nausea, muscular weakness and pain. Symptoms 
associated with zinc deficiency include growth 
retardation, loss of taste, and hypogonadism3,17. 
Cobalt is moderately toxic to most aquatic species. 
Long term exposure of fish to cobalt exerts 
toxicological effects. These effects include decrease 
in muscle glycogen, hyperlacticemia, and necrosis 
of gill epithelia cells and poor oxygen uptake3,17. 
The total body burden of cobalt is approximately 
1.5 mg in a 70 kg adult. Acute exposure to cobalt 
may led to a depression in iodine uptake, anorexia, 
nausea, vomiting and diarrhea. Neurotoxicological 
symptoms, including headache, peripheral neuritis 
and changes in reflexes have also been reported. 
The carcinogenic potential of copper, cadmium, 
zinc, and cobalt have not been evaluated by the 
International Agency for Research on Cancer3,17.
Mechanism of Heavy metals Resistance in 
Bacteria
 Several mechanisms have been developed 
by bacteria to resist and detoxify heavy metals. 
The response of bacteria towards heavy metals 
relies upon the type of the bacteria and its 

intrinsic ability to tolerate metal concentration. In 
general the response of bacteria may fall into two 
categories: (1) general mechanisms, which convey 
resistance but do not depend on metal stress for 
their activation, and (2) mechanisms depend on 
activation by specific metals (Fig. 1).
 The production of slime layers or 
exopolymers around the cell, demonstrates one 
of the general mechanisms that do not require 
stimulation by metal stress. These exopolymers 
bind metals, as well as protecting cells against 
desiccation and phagocytosis. The efficiency of 
metal:exoplymer binding depends on pH, this is 
due to the negative charge, which is the functional 
group of these exoploymers. The exopolymers 
are demonstrated by Micrococcus leutus and 
Azotobacter spp. The production of metallo-
thionein-like proteins is one of several metal-
dependent mechanisms of resistance that have 
been demonstrated in bacteria. Metallothioneins 
have strong affinity with metals such as silver, zinc, 
cadmium, copper and mercury. The presence of 
metals induces synthesis of these proteins. Hence, 
metal detoxification is their primary function. 
These proteins have been found in Synechoccus 
spp., E. coli and Pseudomonas putida2,21.

Fig. 1. Mechanisms (intracellular and extracellular) developed by microorganisms to resist and detoxify harmful 
heavy metals
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 Not quite, but almost all bacteria have 
genetic mechanisms for resistance to several 
metals and their ions such as Ag+, AsO2-, AsO43-
, CrO42-, Co++, Cd++, Cu++, Hg++, Ni++, Pb++, Sb+++, 
TeO32-, Zn++ and Ti+. The mechanism of resistance 
is mainly through energy dependent efflux of toxic 
metal. These extrusion systems are ATPase type 
and some are chemiosmotic cation/hydrogen ion 
antiporters types8,22. Three general categories may 
includes:
 i) Plasmid-determined metal resistances 
are similar and more specific to those of antibiotic 
resistances. There is no general mechanism of 
resistance to all metal ions23.
 ii) Plasmids encodes metal resistance 
system seems common among bacterial 
population. The general mechanism of resistance 
associated with plasmid and also detected on 
chromosomes of other bacteria24,25.
 iii) The efflux pump mediated transport 
system and enzymatic detoxification of metals are 
common resistance mechanisms26.
Role of transport protein families in heavy metal 
metabolism
 Metal-exporting proteins and their 
associated physiological functions and distribution 
are summarized here. CBA efflux pumps are 
governed by the P type ATPases, RND (Resistance 
Nodulation Cell Division) super family, cation 
diffusion facilitator and chromate efflux proteins2,27. 
These proteins are member of protein family that 
were evolved in early evolutionary history. These 
transport systems belongs to the ATP-Binding 
Cassette (ABC) family, A-type ATPases and P-type 
ATPases since it uses ATP as fuel for the transport 
process of heavy metals. In some bacteria, these 
Resistance-Nodulation-Cell Division (RND) exert 
metal cation efflux along with proton-influx. 
Although the actual mechanism of driving force 
in metal transport is not exactly known; few 
examples are discussed here such as the CorA 
proteins, HoxN, the CHR and the Cation Diffusion 
Facilitator (CDF) family8,22.
AtP-Binding Cassette (ABC)-transporters 
 ATP-binding cassette abbreviated as 
ABC-Transporters, are distributed in all forms 
of life (prokaryotes and eukaryotes). The ABC-
transporters don’t perform simultaneous uptake 
and efflux of compound, both of these functions 
occurs independently. The core structure of ABC-

transporter composed of four subunits; out of 
which two are integral membrane proteins and 
two additional subunits are projecting towards 
the cytoplasm, hydrolyze ATP, and they might 
be identical or not in their structure. Therefore, 
the core of an ABC-transporter is a single 
polypeptide chain with four domains encoded by 
upto four genes28. Depending upon the direction 
of the transport the core of ABC-transporter is 
supported by additional proteins in gram-negative 
bacteria like periplasmic substrate-binding protein 
cooperate uptake-ABC-transporters29. While in 
export ABC-transporters two other proteins, 
outer membrane associated protein (OMF family) 
and a membrane fusion protein (MFP-family) are 
involved. The ABC core transporters are proposed 
to transport compounds across cytoplasmic 
membrane in association with the OMF and the 
MFP-proteins30. In bacteria such as E. coli ABC-
transporters for heavy metal ions, are inducible 
uptake systems types and utilizes inducible 
substrates are Cu+, Ni2+ and Ag+29,31. 
P-type AtPases
 P-type ATPases formed by single 
polypeptide chain utilize single transmembrane 
channel of the transporter and the ATP-binding 
domain where hydrolysis takes place. However, in 
certain cases additional subunits may be used by 
transporters. Similar to ABC-transporters, P-type 
ATPases can transport in unidirectional way as 
an efflux or an uptake system8. P-type ATPases 
can transport inorganic metal ions both divalent 
and monovalent as well as protons. For example 
Salmonella typhimurium harbors two P-type 
ATPases that are inducible in nature responsible 
for influx of MgtA MgtB and Mg32. E. coli has 4 well 
known P-type ATPases encoded by its genome8. 
One of the transporter is Mgt A (now designated 
AtmA, o898, gb#2367363) and causes uptake 
of Mg2+ (and Ca2+?). Another transport K+ (AtkB, 
gb#1786914), Cu2+ (AtcU, gb#1786691) or efflux 
Zn2+ (AtzN, gb#1789879)33. In addition to the P type 
driven efflux system for heavy metal, previously 
efflux system for Cd in Staphylococcus aureus, Cad 
A has been reported34. CadA belongs to eucaryotic 
P-type ATPases required for mono and divalent 
inorganic ions and protons transport. However 
Cad A subfamily also includes other members 
which involved in metal transport. In addition to 
this, two P-type ATPases are found, responsible 
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for concentration dependant influx and efflux of 
copper in Enterococcus hirae33. 
F-type, V-type and A-type AtPAses
 A-type ATPases are a distributed in 
mitochondrial inner membranes and chloroplast 
thylakoid membranes and bacterial membranes, 
F-ATPase together with V-ATPase and A-ATPase, 
belong to superfamily of related ATP synthases, 
which differ in terms of function35.
 In E. coli and S. aureus, ArsA subunit 
is not responsible for the export and it is solely 
attributed by the chemiosmotic gradient, while 
in other cases, efflux is additionally mediated by 
hydrolysis of ATP. In each of the case, arsenate 
is not exported directly firstly it is reduced to 
arsenite, then it might be required to distinguish 
structurally similar phosphate form that cannot be 
further reduced and arsenate form36,37.
Resistance-Nodulation-Cell Division (RND) 
transporters
 RND (resistance-nodulation-cell division) 
type transporters are high (31000 amino acid 
residues) proteins mainly distributed in Gram-
negative bacteria. Billions of years ago they are 
evolved from a common ancestor through gene 
duplication and comprises of two related halves, 
one is hydrophobic membrane part and other is 
hydrophilic domain38. It has been hypothesized 
that RND proteins are proton-driven export 
systems where one half is substrate channel and 
other half-protein is a proton-channel, cooperating 
as a proton-substrate-antiporter22,24,38. RND-pumps 
in connection with a OMF (outer membrane 
factor) protein and a MFP (membrane fusion 
protein) makes a trans envelope channel that allow 
extrusion of substrate into the extracellular lumen 
from the cytoplasm22,38. In each case, RND-systems 
are multidrug resistance factors and common 
substrates for RND-driven efflux system are organic 
compounds as and heavy metal cations as well. 
As the emergence of antibiotic resistance has 
become a greatest threat and hamper our ability 
to tackle the infections associated pathogenic 
bacterial species. RND-driven transporter family 
of proteins are major contributor involved in 
multiple drug resistance in bacteria29,38,39. These 
transporters also have the ability to detoxify beta 
lactamase inhibitors, efforts have not been made 
in understanding the features particularly the 
members of this efflux pump transporters. RND 

transporters have diversity in substrate utilization 
and most commonly utilize heavy metal ions. The 
CzcCBA efflux pump transporter (where CzcA is 
RND protein, CzcC is OMF protein and CzcB is MFP 
protein) responsible for detoxification of Zn2+, 
Co2+ and Cd2+ 38,40,41. This plasmid-encoded pump 
is found on a megaplasmid of A. eutrophus. This 
bacterium also harbors CnrCBA efflux system, 
which extrudes Co2+ and Ni2+. In close relation 
with this, A. xylosoxidans, harbors NccCBA-system 
acquired for resistance to Cd2+, Co2+ and Ni2+ (38), 
in fluctuating copper concentrations and other 
metals RND systems ensuring the Myxococcus 
bacterium life cycle completion41.
Role of other proteins
High-Affinity Nickel transport Protein (hoxN) 
family
 In Ralstonia eutropha formerly known as 
A. eutrophus is the first member of another protein 
family found. This protein plays an important role 
in a chemolithoautotrophic life style for the uptake 
of Ni2+ as it is required by hydrogenases that carry 
assimilation of molecular hydrogen42. It has been 
found that Streptomyces utilizes HoxN for high-
affinity nickel uptake whereas in case of Gram 
negative bacteria an ABC-transporter proteins 
are required for the same43. HoxN transporters 
favours the uptake of divalent cations by the 
chemiosmotoc gradient and it has no ATPases 
activity. Recently, there are various members of 
the HoxN-family transporters proteins are found 
which are either involved in Co2+ or Ni2+ uptake, 
but HoxN-proteins are restricted to one of the two 
cations44. 
Chromate ion transporter (CHR) family
 The majority members of this small family 
proteins carry efflux of chromate, in prokaryotes 
including archea. It is unclear that how transport 
is mediated; however, anion efflux is an energy 
dependant phenomenon in bacteria. Members 
of the ChrA-family of transporters utilize sulfate 
or chromate45.
Metal Inorganic transport (MIt) family
 The CorA protein of MIT family of 
transporters in S. typhimurium carry nonspecific 
and fast uptake for large number of divalent ions 
where Mg2+ comes in the form of leading molecule. 
CorA-transport proteins have been localized in the 
genome of many prokaryotic and eukaryotes. This 
family of protein has been abbreviated as MIT for 
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“metal inorganic transport”46,47. 
Cation Diffusion Facilitator (CDF) family
 CDF is the last family of heavy metal 
transport in microorganisms found in archaea, 
bacteria, worms, yeasts, mammals including 
plants27,48,49. Experimental evidence suggest that 
the members of this group transport Cd2+ or 
Co2+ and Zn2+ 50,51. The first two members of this 
family were CzcD that recognizes periplasmic 
cations as a sensor for control of Czc system of 
the RND-transporter while other one is ZRC1p 
responsible for the homoeostasis of zinc/cadmium 
and synthesis of glutathione in S. cerevisiae, 
baker’s yeast51. Mostly CDF transporters poses 
six transmembrane alpha helices with histidine 
packed large hydrophilic domain; that are 
localized on the N-terminal of the first span, and/
or between spanning four and five or sometimes 
in carboxy-terminal portion of the protein51,52 .
Copper Resistance mechanism
Plasmid encoded Copper resistance in Gram-
negative bacteria 
 The detailed description of increased 
level of copper resistance given with plasmids 
in Xanthomonas53, Pseudomonas53,54,55, and 
E.coli53, 56. In Pseudomonas, CopR and CopS are 
two regulatory genes and four are structural 
genes copABCD53. The comparable E.coli genes 
are called pcoABCD and PcoRS where PcoR and 
PcoS are transcriptionaly regulated by a classical 
regulatory system56. The PcoS, localized in the 
membrane having autokinase activity that can be 
labeled at a specific conserved regions of histidine 
residue and senses 32P from [δ-32P] ATP. PcoR 
act as a DNA-binding responder which gets trans-
phosphorylated on a specific aspartate amino acid 
residue through 32P-labeled PcoS56.
 The four structural proteins are CopD, 
two periplasmic proteins CopA and CopC, are 
blue copper proteins that poses 11 and 1 Cu2+, 
respectively and other is outer membrane protein 
CopB56. It has considered that accumulation of 
excess copper in the periplasm provide protection 
to the cell from toxic effect of copper ions. 
However the role of CopB and CopD are involved 
in stirring of copper across the transmembrane is 
not exactly clear. In a cop operon of mutant that 
contains only CopD not other genes provides 
hyper-accumulation and hyper-sensitivity of 
cellular copper53, indicating copD importance in 

uptake system of copper by the cell. In some cases 
there are problems in identifying uptake and efflux 
of copper. Copper-resistant Pseudomonas tura 
cells appears bright blue when allowed to grow 
in high concentration of copper enriched media, 
where as those of E.coli and Xanthomonas turns 
brown representing no storage of periplasmic 
copper53. However, there is scanty of evidence 
for copper efflux (not uptake) associated with 
the E. coli copper resistance system. Resolution 
of this problem still needs further research. In 
Pseudomonas syringae and E. coli53,56 certain 
chromosomal genes named as cut responsible for 
copper movement across the membrane and its 
resistance. The for these gene functions showed 
by three hypothetical chromosomal gene product 
functions are obtained through tentative models 
such as CutB for attachment to the intracellular 
domain, CutU responsible for influx and CutE for 
efflux for proposed membrane. All of these models 
are under the control of cellular uptake-efflux of 
copper-binding proteins protecting the cytoplasm 
from damage associated with copper-related 
redox56.
Chromosomal Copper resistance in Gram-positive 
bacteria
 At present time the best studied copper 
resistance and transport system is of Gram-
positive bacteria Streptococcus pneumoniae53,59 
and Enterococcus faecalis53,57,58. Notably, the two 
genes such as CopA, for uptake CopB, that is makes 
efflux-type ATPase respectively, are located on a 
single operon57. The system is under the regulation 
of both copper-limited (when the CopA uptake 
ATPases is required) and copper excess (where 
the copB efflux ATPase is needed53,57,58 (Fig. 2). 
CopA and CopB proteins in Enterococcus may 
correspond to CutU and CutE, although their 
names are different because cop names have been 
employed for the plasmid genes of Pseudomonas 
that mediate copper resistance. Mutants of E. 
hirae lack CopA uptake ATPase become somewhat 
copper resistant and require increased copper 
concentration on growth medium. While the 
bacterial mutants that lack the CopB efflux 
ATPase have gained increased sensitivity to 
copper53,58. Cop operon is regulated through two 
genes products, CopY and CopZ where CopY act 
as a apo-repressor and CopZ as a antirepressor. 
The CopY apo-repressor become active only in 
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presence intracellular Cu+ bind to the operator/
promotor DNA in the operon. CopY convert into 
a DNA-binding repressor by the moderate level of 
intracellular Cu+ 53,57. At elevated concentration of 
intracellular Cu+, Cu+ binds to CopZ antirepressor 
which then binds to CopY-Cu+, making an inactive 
complex. The co-induction and synthesis of each 
type of ATPase through 20 µM Ag+ or 2 mM Cu2+ 
could be explained by tentative model53,58.
Significance of P-type AtPase for cadmium 
resistance in Gram-positive bacteria
 The ATPase for Cd2+ efflux composed of 
727-aa found in Staphylococcal plasmid PI 258 

was the first system widely distributed among 
Gram-positive bacteria at present time60,61. The 
Cd2+ ATPase are also present in Bacillus subtilis as 
well as Bacillus cereus62,63. The protein structure 
of this transporter is typical of P-type ATPases 
that poses metal- binding motif, with a vicinal Cys 
pair. This motif shows similarity with cadmium-, 
copper- and mercury-binding regions located 
on efflux ATPase as well as other proteins (Fig 
3). The membranous ATPase region closely 
shows homologous relationship with other 
P-type of ATPase of microorganisms, animals and 
plants60,61,64,65.
Cadmium, Zinc and Cobalt resistance in Gram-
negative bacteria result from a three polypeptide 
Chemiosmotic Antiporter
 The three-component Czc (Cd2+, Zn2+, 
Co2+) is an efflux system that functions to transport 
divalent cation/proton antiporter which is 
comprises of outer membrane (CzcC), inner 
membrane (CzcA) and membrane-spacing 
(CzcB) proteins transporting cations from the 
cytoplasm across the periplasmic space of cell to 
the extracellular environment cooperatively38,66. 
Among the four proteins, CzcA (1064 aa) is the 
largest and essential for cation transport and plays 
a central role in the efflux protein complex. Only 
CzcA forms most of the part of transmembrane 

Fig 2. Copper transport, hypothesized CutU (uptake) 
and CutE (efflux) P-type ATPases model in Gram-positive 
bacteria

Fig 3. A proposed model for cadmium influx and efflux in bacterial cells
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α-helices and is thus capable of making a tunnel 
like structure. Deletions of CzcB or CzcC genes 
confer cobalt resistance in strains while CzcA 
alone is probably able to catalyze a slow efflux of 
Co, In the primary sequence of CzcA no putative 
ATP-binding site is present in contrast to CadA 
protein of S. aureus. Thus, it is hypothesized that 
the underlying mechanism for the Czc-encoded 
efflux protein action is mediated through cation-
proton antiport38,66,67. 
 Secondary structure of CzcA protein 
reveals that it poses four domains two hydrophilic 
and two hydrophobic domains. The N-terminal 
membrane region comprises of transmembrane 
α-helices having charged amino acid residues 
(both positive and negative) spanning in the center 
of membrane, contrary to the hydrophobic region 
located in the middle of two predicted cytoplasmic 
domains. Therefore, N-terminal domain might act 
as a proton “tunnel” transport protons across the 
cytoplasmic membrane through a charge-relay-
system27,38. Accordingly, hydrophobic domain that 
does not have charged residues in the middle of 
the membrane might act as a cation tunnel. The 
CzcA protein contain limited amount of cysteine 
and histidine residues and thus decreased possible 

metal binding sites. Metal cation may be required 
by CzcB protein ( composed of 521 aa) second 
largest protein of czc. CzcB contains two possible 
metal binding sites each site contain four histidine 
residues. Both of the sites show homology with 
each other; in coordination with each other the 
CzcA and the CzcB proteins function as Zn2+ efflux 
pump. In the proposed initial cation-binding site of 
CzcAB no cysteine residues are present, in contrast 
to CadA (Cd2+ pump in the first place)27,38. The CzcC 
protein (346 aa) third protein of efflux complex 
thought to be function as a modificator switching. 
The transporter substrate specificity starts from 
Zn2+ only to Cd2+, Zn2+, and Co2+. CzcC protein which 
does not have cysteines or histidines, is solely 
dependent on the CzcB protein for their function. 
Czc operpon is induced by a novel two-component 
regulatory system comprises of the soluble 
regulatory protein CzcR and a membrane-bound 
sensor CzcD (Fig 4)27,38. These proteins do not show 
any resemblance from the two component trans-
phosphorylating sensor/transducer regulatory 
proteins and thus, the underlying biochemical 
mechanism to sense and regulate might be entirely 
different67.

Fig 4. Czc model for Cd2+, Zn2+, and Co2+ efflux system functioning as proton/cationantiporter consisting of inner 
membrane (CzcA), outer  membrane (CzcC) and membrane fusion (CzcB) proteins functioning as a dimer
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Biological treatment technologies for metals 
remediation
 Biological treatment technologies 
for metals remediation are in continuous 
development. Metals and their salts have the 
ability to inhibit biological activity. Although 
some metals are essential micronutrients, they 
become toxic to animal, humans and plants. 
The storage of heavy metals in the ecosystem, 
particularly within the food chain, could lethal to 
human health. Microorganisms have advanced 
mechanism to protect themselves from the lethal 
doses of metals such as adsorption, oxidation/
reduction, or methylation. These mechanisms can 
be adopted with some manipulation in treatment 
strategies for the cleanup of metal polluted 
environmental68. Natural bacterial populations 
play an important role in metabolism of major 
elemental as well as organic compounds69. The 
pollutants in the environmental pose a greatest 
risk to existing natural bacterial populations, their 
adaptive responses in polluted environments 
have been studied extensively. Such findings 
suggest that bacteria which survive and flourish 
in metal polluted environments have acquired 
genetic systems that counteract the effect of 
elevated metal ion concentrations8. Microbial 
metabolism processes are extensively studied 
for metal remediation such as biotransformation 
(involves microbial oxidation and reduction 
of metals). Bioprecipitation (by precipitating 
metal ions at the cell surface through microbial 
mechanisms) such as cation efflux to change pH 
or using a cell-bound phosphatase to release 
phosphate at the cell surface, and biosorption 
using natural microorganisms21,68,69 or using 
recombinant microbial biomass to adsorb metal 
ions8. Bioaccumulation involves the transfer of 
a metal from a contaminated matrix to biomass. 
Microbial biomass has been shown to adsorb 
inorganic as well as organic compounds from 
aqueous phase. Metals can be accumulated by 
selected living organisms or onto inactivated 
nonliving biomass. The mechanisms to remove 
heavy metals from water can include two distinct 
pathways depending on whether the cells are 
living or dead. Biomass has been shown to be 
as efficient as many ion exchange resins for this 
type of removal. The process can be employed to 
concentrate and recovering metals, primarily from 

water solutions69,70,71,72. Selected microorganisms 
through oxidation or reduction of metals 
remediate various types of metal contaminates 
in surrounding environment. The redox reactions 
can accomplished directly by the organism or 
may be as a consequence of a reducing agents 
released by them69,70,71,72. Biological methylation 
refers to the process in which organisms attach 
a methyl group (-CH3) to an inorganic form of 
metal. Methylation directly affects the mobility 
of the metal. Among metals known to be 
methylated or demethylated by microorganisms 
are mercury, arsenic, cadmium, and lead69,70,71,72. 
Biosorption refers to the process of being taken 
up or hold by either adsorption or absorption of 
a molecule by an organism. Biosorption has been 
extensively studied process of metal remediation 
by microorganisms69,71,72,73. When the metals ions 
are strongly adhered on soil or sediment or in 
complex forms, ions exchange technology as well 
as biosorption unable to remove and recover metal 
ions like in case of Hg++. The treatment through 
adsorption and bioprecipitation process shows 
increased sensitivity to conditions, e.g.: change 
in pH and the presence of various inorganic and 
organic compounds69,70,71,72. The effectiveness pre-
cipitation and ion exchange is limited in treating 
metal-polluted wastes, particularly for dilute 
metal wastes in contrast to commonly employed 
strategies69,72. The studied mechanism of heavy 
metals biosorption mediated through pure 
microbial species reveals that one of microbial 
group which have great capacity of metal sorption 
are majority of Gram-positive bacteria69,72,74. 
Biosorption has been considered as an alternative 
technology in treatment of industrial wastewater 
by means of removing the metal residues from 
aqueous solution69,72,73. Table 1, shows a list of 
microorganisms that have been successfully 
used to remove heavy metals or their ions from 
contaminated sites. Recently, the technology of 
phytoremediation (utilization plants to detoxify 
heavy metal ions) have been applied extensively 
using natural plants such as, with the aid of soil 
natural bacterial communities has shown great 
potential making a biological tool for remediation 
of heavy metals or their ions68,72,75. Another 
promising new tool that can be used together 
with the aid of microorganisms in heavy metal 
cleanup from contaminated soil and wastewater 
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is the nano-particle technology21.
Bioremediation
 Biologically-based pollution treatment, or 
bioremediation, is a technology that has standard 
engineering approaches. Currently bioremediation 
is attracting considerable attention as a potential 
tool for degradation of troublesome pollutants 
by employing competent microorganisms for the 
restoring the health of contaminated soil and/or 
water18,76,77,78.
 Concepts of bioremediation have 
evolved from treatment and management of 
industrial and municipal wastewater including 
solid wastes. From the beginning of late 9th 
century, involvement of soil bacteria and fungi 
in decontamination processes have continued 
to add newer methods of land treatment for the 
purpose biodegradation of particular type of toxic 
components76,77,79. Developments in wastewater 
treatment technologies have been shifted in 
controlling and managing the contamination 

of ground waters78,80. Many naturally occurring 
bacteria and fungi detoxify organic compounds 
and heavy metals. Microbial bioremediation 
may therefore provide a means for on-site 
treatment of organic pollutants that circumvents 
excavation or harsh chemical treatments. In 
addition, a number of metal-resistant bacteria 
and fungi have been described at the biochemical 
and genetic levels18,78, 81. Various researchers 
have suggested the feasibility and benefits 
of introducing new metabolic activities into a 
particular microbial environment using one type 
of microbial species36,78,82,83. The use of microbes to 
treat industrial waste streams in treatment tanks 
or immobilized filers will allow the recovery and 
disposal of metal pollutants. The new biocatalytic 
activity can be achieved at inoculated site either 
through the growth and metabolism of introduced 
microorganisms or by the exchange of genetic 
material responsible for degradation21,79. The only 
possible remediation methods of heavy metals 

table 1. Microorganisms species that have successfully used to remove heavy metals from contaminated 
environments

Microorganism Species Heavy metal  Environment 
type  removed type

 Bacillus cereus strain  Cr (VI) Soil
 XMCr-6
 Kocuriaflave Cu Water
 Bacillus cereus Cr (VI) Water
Bacteria Sporosarcinaginsengisoli As (III) Water 
   and soil
 Pseudomonas veronii Cd, Zn, Cu Water
 Pseudomonas putida Cr (VI) Soil
 Enterobacter cloacae  Cr (VI) Soil
 B2-DHA
 Bacillus subtilis Cr (VI) Soil
   
 Aspergillusversicolor Ni, Cu Water
Filamentous  Aspergillus fumigates Pb water
Fungi Gloeophyllumsepiarium Cr (VI) Soil
 Rhizopusoryzae Cr (VI) soil
   
Yeast Saccharomyces cerevisiae Pb, Cd Water
   
Algae Spirogyra and Cladophora Pb (II), Cu (II) Water
 Spirulina and Spirogyra Cr, Cu, Fe, Mn, Zn Water
 Hydrodictylon As Water
 Oedogonium As Water

Table adapted with modification from (72)
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are based on concentration and subsequent 
degradation. Afterwards, the residual end products 
can be damped in a controlled manner or recycled 
for recovery of metal. Metals, which are ready 
available in industrial or municipal wastewater can 
be removed via biologically, precipitation, induced 
adsorption, and transformation or complexation 
processes78. At low concentration transition 
metals such as nickel, cobalt, zinc and copper 
are essential for various cellular and metabolic 
processes of microbial species. However, elevated 
levels of these transition metals can be cytotoxic. 
Low concentration of heavy metal contamination 
above threshold levels are most effectively can 
be removed through bisorption technology72. 
Microbes are known to significantly alter the metal 
distribution in the surrounding environments. 
Metal removal from aqueous and soil system using 
one or more combinations of microorganisms can 
be accomplished by involving in situ and ex situ 
techniques. Bacteria are more efficient in metal 
transformation, biosorption, bioaccumulation and 
biotransformation. This clearly holds s promise 
for effective economical and eco-friendly metal 
bioremediation72.

CONClUSION AND FUtURe DIReCtIONS
 Metal microbe interaction is complex 
and can be understood through its surface 
phenomenon, biosorption using dead biomass 
and uptake by living biomass. Presence of various 
resistance mechanisms in bacteria is an excellent 
survival strategy of bacteria to transform metal in 
the presence of even elevated concentration in 
aqueous and soil system. However for biosorption 
technology, innovative, economically feasible and 
biomass regeneration and conversion of recovered 
metal into usable form are the best option. Further, 
bioremediation of metal from contaminated soil 
required more integrated approach applying ex 
situ and in situ techniques. Advance innovation 
and developing most feasible technology is 
required to address this complex environmental 
problem where microbial technology seems to 
be the solution of the problem considering the 
physiological and genetic basis of metal-microbes 
interactions.
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