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Abstract: Commercialization and Indiscriminate growth of industrial sector has led down
great impact not only on our living standard but also on environment. Indiscriminate release
of heavy metals as industrial pollutant has been tremendously increased. The bio-availability
of toxic heavy metals ions directs biomagnification that resulted in severe health hazards.
Microorganism can offers attractive, eco-friendly and possible solution to this concern.
Bacteria combat metal toxicity through adapted resistance mechanisms that can be exploited
to minimize the alarming effects of heavy metals. Bioremediation through resistant bacteria
serve as great temptation in modern research due to its promising results. This technology
still needs more exploration in order to yield maximal results. Further research on different
parameters of research design for bioremediation of heavy metals can led to innovation and
even more sustainable model of pollution control. This review comprehensively highlights
the sources, importance, consequences of heavy metals pollution. This review also described
the underlying mechanisms of metal resistance by bacterial species to combat their
devastating effects in terms of environmental pollution.

Key words: Heavy metals, Pollution, Resistance mechanism, health hazards, Bioremediation,
Regulatory standards

Introduction
Environmental pollution has been

emerged as global concern due to rapid
industrialization, massive population
growth, enhanced metropolitan living
standards, addiction to electronics and
establishment of modern agricultural
practices and plenty of other modern
regimes. All these aforementioned
advancements have not only created

million of benefits and luxuries to
mankind on one side but also created
potent challenges on other hand. The
biggest challenge that needs to be
addressed seriously is deterioration of
environment which serves as basic
medium of living to all forms of flora and
fauna.

The rapid discharge of industrial
wastes comprising of effluents, emissions,
sewage sludge results in accumulation of
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toxic pollutants including heavy metals
into soil, air and water (Martinez et al.
2014). The contamination of 1.8 million
cubic meter (m3) of water resources and
about 75 million m3 of soil have been
reported in USA, because of enhanced use
of nuclear weapons and maximal
anthropogenic activities (DOE, 1997).
About one third of water resources have
been polluted in India due to inappropriate
waste disposal, sewage and release of
effluents (Deepali, 2012). Industries
dealing with manufacture of paper
products, paints, dyes, rubbers, plastics,
detergents, herbicides, pesticides,
insecticides, detergents, organic solvents
and chemicals, rubber, fuels additives and
pharmaceuticals serves as major heavy
metals utilization units (Garbisu and
Alkorta 1997; Iwamoto and Nasu 2001).
Approximately 1 million metric tons of
metals incorporated wastes is generated
and inadvertently released by these
industries, every year all across the world
(Morris et al., 2003).

Heavy metals are regarded as
potential contaminants due to their mobile,
stable, persistent, recalcitrant and toxic
chemical nature (Dhankhar and Guriyan,
2011). Metals having specific gravity >
5g/cm3 are termed as heavy metals (Ali
and Khan, 2018). Heavy metals represent
three main subgroups; toxic metals,
radionuclides and precious metals
(Appenroth, 2010). Toxic metals group
comprise of Lead (Pb), Cadmium (Cd),
Mercury (Hg), Arsenic (As), Chromium
(Cr), Cobalt (Co) and Zinc (Zn).
Radionuclides constitute Uranium (U),
Tellerium (Te) and Radium (Ra). Precious
metals group includes Gold (Au), Silver
(Ag), Plantinum (Pt) and Palladium (Pd)
etc. (Bishop, 2002; Nies, 1999).

Heavy metals occur in two distinct
chemical forms in the environment,
bioavailable and non bioavailable. The
bioavailable state is characterized to be
readily soluble, more toxic, mobile and
unprecipitated. However the non
bioavailable form of existence is tends to

be in compound form, precipitated,
immobile and less chemically interfering
(Roane et al., 2001). Heavy metals have
been emerged as potential toxicological
agents due their bio availability and toxic
effects on health and thus included in
United States environmental protection
agency USEPA list of priority pollutants.
Arsenic, Lead, Mercury, Cadmium,
Chromium (VI), Cobalt are ranked as
“Top- 20” in list priority substances
(Ahmad et al., 2009; Cameron, 1992).

Heavy metals pollution is one of
serious environmental concern based upon
its potential risks and health hazards to
different forms of life (Siddiquee et
al., 2015; Igiri et al., 2018). Bacteria
inhabiting the contaminated environment
have potential role in biogeochemical
cycling of metals ions from toxic into less
toxic state. Based upon its unique
properties of metals tolerance, resistance
and transformation along with its cultural
and physiochemical requirements makes
bacteria as suitable candidate and efficient
vehicle for remediation of heavy metal
contaminated sites in comparison to any
other approach.

This review briefly evaluates the
mode of production of toxic heavy metals,
importance and toxicity to the biotic
(mainly plants & humans) elements of
ecosystem, the underlying mechanisms of
metal resistance by bacterial species;
adapted against to combat their devastating
effects in terms of environmental pollution.

Sources of Heavy metals
Heavy metals are released into

environment through three major
reservoirs broadly classified as natural,
industrial and agricultural practices.
Volcanic explosions, burning of fossils,
weathering of rocks and minerals followed
by soil erosions together constitutes the
natural sources of heavy metals
contamination into environment
(Modaihsh et al., 2004). Industries
involving the production of electronics,
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ceramics, leather, dyes, paints, batteries,
building materials are known to be major
heavy metals generating waste units
(Wang and Chen, 2006). Besides the
manufacturing units some the important
industrial processes such as electrolysis,
electroplating, smelting and mining also
serve as main contributors of heavy metals
discharge into environment (Kotrba et al.,
2009). Modern agricultural practices
employing the use of pesticides, fungicides,
insecticides, metals incorporated
agrochemical along with extensive use of
animal manures, sewage sludge and
wastewater treatment composes the non
point sources of heavy metals
contamination (Khan et al., 2008; Zhang et
al., 2010). Traffic exhaust, petrochemicals,
atomic energy power plants, massive use
of weapons in military operations and
nuclear testing also contributes to heavy
metals pollution (Wang and Chen, 2006;
Zhang et al., 2010) (Table 1).

Importance of heavy metals
The pros and cons of heavy metals

highly depend upon its available
concentration. Heavy metals are required
in trace amount for normal biological
functioning of microbes, plants and
humans (Adriano, 2001). The minute
quantities of heavy metal ions perform
vital functions in different metabolic
activities of cell. Heavy metals serve as
cofactors for enzymes and important
constituent of protein structure such as
Iron is central element of ferrodoxin,
cytochromes, catalase and other haem
proteins (Cefalu and Hu, 2004). Lead,
mercury, arsenic and cadmium has no
biological role in normal functioning of
plants and humans. Besides chromium,
manganese, copper, zinc and nickel has
got important functions in the normal
physiological, biochemical and metabolic
profiles of both plants and humans but in
specific concentration. The concentrations
of biologically important heavy metals are
controlled within narrow limits by setting
up specific threshold limit for each

individual metal. When their concentration
exceeds the threshold limits it can pose
toxicity to all forms of life (Table 2).

The toxicity is inferred by
disturbance in normal functioning,
disruption in protein and nucleic acid
structure and inhibition of enzymatic
activities (Bruins et al., 2000). Growth rate
is reduced due to interference in important
cellular processes such as photosynthesis
and respiration (Vangronsveld and
Clijsters, 1994). Free radicals are produced
due to induction of oxidative stress (Seth
et al., 2008; Liu et al., 2008). In case of
plants; Germination rate is decreased,
chlorosis, senescence, stunted growth
ultimately leads to death of plants and
lessen crop yield (Vangronsveld and
Clijsters, 1994; Mohanty et al., 2012).
Skin allergies, kidneys malfunctioning,
liver disorders, hormonal imbalance, are
mainly reported due to heavy metals
exposure. Heavy metals such as arsenic,
mercury, cadmium, lead, chromium are
extremely toxic and pose mutagenic and
carcinogenic effects even in minute
concentration (Salem et al., 2000) (Table
2).

Soil, Water and Air pollution
Soil, air and water act as main

medium for all kind of anthropogenic
activities along with co-occurring natural
phenomenon. Rapid onset of industries
resulted in inappropriate discharge of
wastes, effluents and emissions resulting
in deterioration of soil, air and water.
Inadequate management of waste, frequent
spills, improper enforcement of
environmental protection laws and lack of
industrial waste monitoring has
contributed to pollution of these three
basic mediums of life (Cefalu and Hu,
2004; Kim and Vipulanandan, 2006)
which eventually consumed by human
being (Figure 1).
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Table 1. Different sources of heavy metals contamination.

S.
No

Heavy
Metals

Sources References

1 Lead (Pb) Batteries, Paints, Plastics, Cables, Varnishes, Dyes,, Plumbing, Pigments,
Traffic Exhaust

(Manahan,
2003)

2 Chromium
(Cr) Leather Industry, Dyes, Paints, Pigments, Steel And Metal Plating Industry,

Woods Preservatives, Petroleum Refining, Making Of Paper Pulp, Industrial
Water Cooling Operations and Nuclear Power Plants.

(Baladi et al.
1990;
McGrath and
Smith 1990)

3 Copper
(Cu)

Building Material, Alloys, Electrical Conductors and Additive in Fertilizers

(Noyce et al.
2006; Singh
et al., 2010).

4 Cadmium
(Cd)

Batteries, Pvc Plastics, Pigments, Alloys, Electronic Equipments , Minute
Amount in Detergents, Fertilizers and Petroleum Products

(Campbell
2006)

5 Mercury
(Hg)

Combustion of Coal and Petrochemicals, Volcanic Eruptions, Manufacturing of
Lamps, Caustic Soda and Peat

(Lone et al.
2008)

6 Arsenic
(As)

Refining of Petroleum, Wood Preservatives, Herbicides and Coal Plants.
Smelting, Mining and Volcanic Eruptions

(Lone et al.
2008)

7 Zinc (Zn)

Mining, Electroplating and Metallurgy Alloys, Textiles, Paints, Fertilizers,
Batteries, Rubber and Wood Preservatives

(Abdelwaha
et al. 2013;
Arshad et al.
2008; Lee et
al. 2004;
Baig et al.
2009)

8 Nickel (Ni) Steel, Electroplating and Metal Plating Manufacturing Units, Power Stations
and Fossil Fuels Incineration

(Khodaddoust
et al. 2004)

9 Cobalt (Co)

Magnets, Ceramics, Paints and Cutting Tools and In Military as Aircraft
Engines Industries.

(ATSDR
2004)

10 Manganese
(Mn)

Steel, Glass, Battery Cells, Fireworks, Bleaching Agents, Matches and Leather
Tanning, Fuel Additives, Fungicides

(Pennington
et al. 1986;
ASTDR
2000)
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Table 2. Effect of heavy metals toxicity on plants, human and animals.

S.
No

Heavy
Metals

Effects on Plants References

1 Lead
(Pb)

Disturbs the normal metabolism, Nutrient uptake and growth , Induces
oxidative stress

(Stohs and
Bagchi, 1995;
Bouton et al .,
2001)

2 Chromiu
m (Cr)

Inhibits seed germination and seedling growth, Oxidative stress, Disturbs
metabolic processes, Lower biomass, Ionic imbalances, Stunting, Chlorosis

(Dixit et al.,
2002)

3 Copper
(Cu)

Interacts with free radicals in cell such as molecular oxygen yielding
hydroperoxide radical which is toxic in nature, Stunted roots growth,
Chlorosis of leaf veins

(Montelongo et
al., 1993;
Martinez and
Motto, 2000)

4 Cadmium
(Cd)

Affects minerals uptake, Photosynthesis, Stomatal clos, Leaf rolling and
openings, Stunted growth and chlorosis

(Moreno et al.,
1999; Sanita et
al., 1999)

5 Mercury
(Hg)

Effects antixoidant system, Reduced photsosynthetic rate, Biosynthesis of
chlorophyll , Uptake of water by plants and rate of transpiration

(Boening,
2004)

6 Arsenic
(As)

Stimulate sequence of events that results in reduced plant growth, Triggers
the production of secondary metabolites, and Effects the plants respiratory and
photosynthetic machinery

(Garg and
Singla, 2011)

7 Zinc (Zn) Wilting, necrosis, Phtobiomass reduction, Inhibition of cell division and
elongation

(Soares et al.,
2001)

8 Nickel
(Ni)

infers with processes linked to its growth and development and results in
wilting, chlorosis and necrosis.

(Rao and
Sresty, 2000)

9 Cobalt
(Co)

Inhibits active transports, Tetrapyrrole biosynthesis, Alter plastids
morphology and chlorophyll content, Inhibits the development of strach grain

(Palit et al.,
1994)

10 Mangane
se (Mn)

Browning and crack in leaves, Stems and roots and chlorosis of young leaves (Wu, 1994)

Effects on Humans

1 Lead
(Pb)

Carcinogenic and mutagenic, Accumulates in brain resulting in poisoning
(plumbism) , Effects CNS central nervous system, Gastrointestinal tract and
kidneys, Developmental defects and miscarriage of fetus

(NSC, 2009;
Bellinger,
2005)

2 Chromiu
m (Cr)

Allergies and irritations in skins and respiratory tract infections, Damages
lungs, Carcinogenic

(Gibb et al.,
2000)

3 Copper
(Cu)

Affects kidneys, stomach and liver. Vomiting, Nausea dizziness, Headaches (Flemming and
Trevors, 1989)
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4 Cadmium
(Cd)

Acute and chronic toxicity levels in human , kidneys damage, Reproductive
organs and bones, Can leads to cancer , Effects nutrients reabsorption in
kidneys

(Barbier et al.,
2005; Frery et
al., 1993)

5 Mercury
(Hg)

Effects nervous system by interfering with production of neurotransmitters,
Lowers the production of hormones such as testosterone and thyroid
hormones, Leads to autoimmune diseases such as hypertension, insomnia,
memory loss, drowsiness, Tremors and brain, Lungs and kidney damages

(Neustadt and
Pieczenik,
2007; Gulati et
al., 2010)

6 Arsenic
(As)

Decreased production of blood cells, “needles & pins” sensation in fingers and
toes , Hyperkeratosis, Leuko-melanosis, Melanosis, Neuropathy, Black foot
disease and cancer

(Abernathy,
2003; Caussy,
2005)

7 Zinc (Zn) Disturbance in nervous, renal and circulatory systems. The common responses
to elevated zinc concentration are cholestatic jaundices, Lethargy, Pancreatitis,
thrombocytopenia in human

(Klein, 2000;
Marin et al.,
2009)

8 Nickel
(Ni)

Contact dermatitis, Lungs cancer, Heart diseases, Kidney malfunction,
Nervous system disorders, Induces genotoxic effects such as infertility, Hair
loss and chromosomal aberrations, Digestive system disorders such as peptic
ulcer and gastritis

(Salem et al.,
2000; Khan et
al., 2007;
Dudachodak
and Baszczyk,
2008)

9 Cobalt
(Co)

Infection in lungs , Pneumonia, Asthma and wheezing (ATSDR,
2004; Schmidt
and Schlegel,
1994)

10 Mangane
se (Mn)

Nervous system malfunctioning, Potential neurotoxin, collection of ailments
‘manganese crusher disease’ (manganism), cauative agent for Parkinson’s
disease

(Mergler et al.,
1999; Inoue
and Makita,
1996)

Effects on Animals

1 Lead
(Pb)

Acute effects are damage to kidneys, liver necrosis, Decline in erythocytes
aminolaevulinic acid results in anemia, Osteoporosis, Hydronephrosis,
osteodystrophy, Inappetance and appearance of lead lines in teeth associated
gingiva are reported in Lambs

(Butler et al.,
1957;
Quarterman et
al., 1977)

2 Chromiu
m (Cr)

Affects respiratory system, mutagenic in nature, Chromosomal aberrations in
mammalian cells, Adverse effects in developmental stages such as increased
embroyonic mortality rate, Reduced osteogenesis, Lower fetal body weight

(Henderson,
Rebar et al.,
1979; Kargacin
et al., 1993;
Meditext,
2005)

3 Copper
(Cu)

Liver damage in sheep, Hepatotoxicity, effects gastrointestinal tract, kidneys,
Hyperlpasia in stomach in rats

(King and
Bremner, 1979;
NTP, 1993)

4 Cadmium
(Cd)

Cadmium toxicity in avian species causes damage to kidneys and to male
reproductive organs resulting in late maturation. Egg production is decreased

(Scheuhammer
, 1987; Sell,
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Figure 1. Sources of heavy metal contamination and how heavy metal enters human body through air, soil and
water.

in hens, chronic exposure results in nephrotoxicity, anemia and bones
mineralization

1975)

5 Mercury
(Hg)

Farm animals exposure to mercury results in ataxia, Anorexia, blindness,
hypersensitivity to people, Abrupt movements, Difficulty in drinking.
Weakness in muscles and wings, Inappetance are reported in chickens.

(Scheuhammer
, 1987)

6 Arsenic
(As)

Acute arsenic toxicity in sheeps results in gastoentritis, Blood pressure fall,
convulsions along with muscular twitching, Haemorrhage, Chronic toxicity
leds to neurological ailments, Loss of coordination , Ataxia and swaying

(McCaughey,
2007; Kennedy
et al., 1986)

7 Zinc (Zn) Loss of appetite, subcutaneous oedema, Lesions formation in kidneys,
abomasum along with pathological changes in liver, Adrenal glands, Rumen
and pancreas

(Allen et al.,
1983)

8 Nickel
(Ni)

Nickel inhalation leads to lungs tumors, Reproductive organs can be affected
causing abnormalities in sperm production, Defects in developments, Fetal
mortality.

(USA EPA,
1999; ATSDR,
1997)

9 Cobalt
(Co)

Elevated cobalt concentration in pigs results in muscular stiffness that leads to
tremors,loss of balance and anorexia, Highest intake in chicks can cause
hepatic necrosis, Pancreatic fibrosis and lesions in muscles

(Huck and
Clawson, 1976;
Diaz et al.,
1994)

10 Mangane
se (Mn)

Severe corony effects in pigs, Inflammatory response in lungs due to MnO2,
MnO4

(Camner et al.,
1985)
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Heavy metals emerged as major
environmental concern due to its reluctant
chemical nature and severe toxic effects.
Their high content in soil can lead to
contamination of groundwater along with
agricultural land. Food quality can be reduced
due to phytotoxicity and as result agricultural
productivity can be decreased leading to food
insecurity and lower capital generation
(McLaughlin et al., 2000; Ling, 2007).
Wastewater samples collected from chromate
mines Sukindia, India exhibited high heavy
metals content within trend of
Cr>Fe>Zn>Ni> Co>Mn and lesser microbial
count. However, the isolated bacteria were
observed to have antibiotic and heavy metal
resistance (Das et al., 2013). Bangash et al.,
(2006) assessed the heavy metal content and
physiochemical prosperities of wastewater
samples from different industries of
Hayatabad industrial estate, Peshawar in
accordance to NEQS, Pakistan. Heavy metals
(Pb, Cu, Zn, Ni, Co) analysis of soil, roots and
shoots of 16 different plant species from
industrial locality of Islamabad demonstrated
high Cu accumulation in both roots and
shoots and high Zn content in grasses. The
study suggested high potential for
phytoextraction and phytostabilization of
different heavy metals by the selected plant
spp. (Malik et al., 2010). Oti Wilberforce et
al., (2012) investigated heavy metals
concentration in top and sub soil of Abakaliki
and Enyigba areas of Nigeria through Pixe
spectroscopy and results suggested high
concentration of Pb, Cd and Ni in comparison
to regulatory standards of USEPA, indicating
higher degree of contamination. The pollution
load index for soil and food crops irrigated
with industrial wastewater in Beijing, China
indicated moderate enrichment with Cr, Cu,
Pb, Ni and Zn and highly enriched with Cd,
consequently surpassed the regulatory limits
for vegetables established by SEPA (State
environmental protection agency), China
(Khan et al., 2008). Similarly, the

examination of heavy metals content in soil
and wastewater irrigated food crops of Sialkot
and Wazirabad, Pakistan showed Cd, Pb, Cr,
Mn contents above the standard limits. The
Health Risk Index was recorded to be >1 for
lead and cadmium in all the food crops and
vegetables under investigation (Khan et al.,
2013). he use of wastewater for irrigation
purpose is one major source of heavy metal
contamination of agricultural land. The
evaluation of heavy metals in contaminated
soil samples in Rawalpindi, Pakistan showed
higher metal content with Cd and Cr
exceeding the critical limits set by regulatory
authorities (Mushtaq and Khan, 2010).
Nasrullah et al., (2006) reported that heavy
metals (Ni, Pb, Zn, Cr, Mn, Fe, Cu) in
effluents samples of 8 different manufacturing
units of Gadoon industrial estate, Sawabi
were in accordance to regulatory standards set
by EPA (environmental protection agency),
Pakistan. The water samples collected from
downstream of municipal plant in Tanzania
exhibited high Cd, Pb, Cr concentration in
reference to permissible limits of regulatory
authorities. Similarly the heavy metals
analysis of sediments indicated elevated level
Zn, Cr, Pb (Kihampa, 2013). Findings of
Amin et al., (2014) suggested that soil
contaminated with industrial effluents of
Gadoon industrial estate, Sawabi has higher
heavy metals (Zn, Cu, Co, Ni, Pb, Cr, Mn)
content in comparison to reference soil
sample but concentration for all metals except
manganese lies within regulatory limits.
Heavy metals profile of agricultural land of
Amritsar, India indicated concentration trends
as Fe>Zn>Mn>Pb>Cu>Cd. The soil samples
significantly induce genotoxicity in Allium
cepa under experimental condition indicating
probable alert for consumer’s health (Vanita
et al., 2014).

The atmosphere of metropolitan and
industrial cities is densely polluted with high
concentration of particulate matter (PM) all
over the world. PM (size less than 10 µm)
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exhibits large surface and has tendency to
collect variety of chemical compounds
(including heavy metals) that can penetrate
into deep inside the respiratory system
(Siddiqui et al., 2006). United States
environmental protection agency (US-EPA,
1979) and World Health Organization (WHO,
2006) has promulgated the quality standards
for the concentration of fine particles in
ambient air. Pal et al., (2014) reported the PM
concentration (63-223 µg/m3) and heavy
metal concentration (Zn > Fe > Cu > Pb > C
r > Cd > Ni) in ambient air samples collected
from industrial zone in Moradabad India. The
PM concentration in Moradabad, India was
found higher than regulatory limits set by
National Ambient Air Quality standards.
Contamination of heavy metals in ambient air
of Nagpur, India was evaluated in 2001 and
2006. Results indicated that concentration of
Pb, Zn and Ni were increased subsequently
(Chaudhri et al., 2012). The concentration of
heavy metals (Cr, Ni, Pb, Cd and Zn) in
particulate air matter of Isfahan, Iran was
determined through atomic absorption
spectroscopy and data indicated increase in
their trends in comparison to other cities, to
rapid industrial discharge of effluents
containing metals into environment (Taleb
and Ghinani, 2008).

Remediation strategies
Heavy metals contamination into

environment can be countered through
different remediation approaches including
both physiochemical methods and biological
procedures. Each remediation strategy has its
own distinct requirements, installation cost,
specific procedure, limitations and some
drawbacks. The basic objective of each
method is to reduce the toxicity level of
contaminants. The physiochemical method for
heavy metals remediation is based on
principle of extraction, desorption,
immobilization and leaching (Salt et al., 1998).
Both the in situ and ex situ treatment
strategies have been practiced for

decontamination of heavy metals. Soil
dilution, washing through organic acids,
electrokinetics and immobilization are also
some reported processes for control of heavy
metals pollution (Fawzy, 2008; Kord et al.,
2010). All physiochemical remediation
methods are designed in way to diminish the
solubility, bioavailability and mobility of
metal ions by employing certain chemical
chelators such as EDTA (Ethylene diamine
tetraacetic acid) (Wenzel, 2003). The
application of physical and chemical
procedures such as Chelate extraction,
reduction, leaching, absorbent fixation are
limited due to their operational cost, high
maintenance, lower efficiency, generation of
toxic by product and contamination of ground
and drinking water resources (Nouri et al.
2008). Fu and Wang, (2011) analyze eight
different reported techniques such as
floatation, electrochemical treatment, and
coagulation for remediation of heavy metals
in wastewater. Membrane filtration, ion
exchange resins and adsorption matrices are
most extensively methods for heavy metals
pollution control.

Bioremediation
The limitations, concerns and

drawbacks of physiochemical methods for
heavy metals remediation can be resolved
through alternative strategy having minor
complications, lesser cost and more reliable
results. This strategy is known to be
biological treatment technology termed as
bioremediation (Kratochvil and Volesky,
1998). Bioremediation exploits the natural
tendency of biological agents such as
microbes, enzymes, plants and nutrients to
decontaminate the polluted sites by reducing
either the concentration of pollutant or
counteract its toxic nature (Dillewijn et al.,
2007; Kratochvil and Volesky, 1998).
Bioremediation deals with pollutants in order
to lessen its harmful effects and to manage its
level to the permissible limits established by
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regulatory authorities of environmental
protection (Mueller, 1996). The enzymatic
machinery of microbes especially bacteria is
utilized either to degrade the pollutant or
convert it into less toxic state through series
of redox reactions (Vidali, 2001).

Role of bacteria in bioremediation
Bacteria have been emerged as strong
contender for environmental pollutants more
specifically heavy metals due to their dynamic
structural features, growth pattern,
biochemical profiles and genetics (Murugesan
and Maheshwari, 2007). Bacteria serve as
important agents in bioremediation research
due to adaptation of different resistance
mechanisms to combat the toxic effects of
pollutants such as heavy metals (Ahirwar et
al., 2016). The main listed heavy metals
resistance mechanisms are known to be efflux
(outflow of ions through transporters),
bioaccumulation (accumulation at cell
surface), aggregation (complexation of metal
ions with cellular proteins) and
biotransformation (conversion into less toxic
form) (Lloyd and Lovely, 2001) (Figure 2).
All these underlying resistance mechanisms
utilize the enzymatic system for
oxidation/reduction, cell surface
compounds/proteins for entrapment, and
protein pumps for ion efflux (Nies, 1999)
(Figure 2).
Bioleaching is one of reported strategy for
heavy metals remediation through bacteria.
The mobility of heavy metals ions is targeted
through different metabolic compounds
produced by bacterial cells. The interaction
between toxic ions and bacterial metabolic
intermediates results in increased
solubilization of metals. Sulfobacillus,
Ferromicrobium, Acidiphilum and
Acidithiobacillus are well known bacterial
genera having role in bioleaching of heavy
metals ions (Rohwerder et al., 2003). The
treatment of wastewater with bacterial spp. is
a new and reliable biological treatment

method to reduce the metal content and
minimize its toxicity. Biosorption is one of
bioremediation technique through which
metal ions concentration in wastewater is
decreased due to stimulation of certain
chemical and physical processes by bacterial
cells such as diffusion, adsorption,
complexation and chelation (Blancho, 2000;
Xiong and Lu, 2002). Naz et al., (2015)
demonstrated that Pseudomonas spp. obtained
from sugar industry waste significantly
reduced Pb (37 %), Ni (32 %), Cu (29 %) and
Cr (32 %) contents in industrial wastewater
samples. Salmonella typhi, Escherichia Coli,
Pseudomonas fluorescene and Bacillus
licheniformis isolated from effluents of textile
industry of Tamilnadu, India decreased Cd
(98.34 %), Pb (94.83 %) and Zn (96.14 %)
upon subsequent treatment of textile dye
effluents (Baha and Rajaganesh, 2014).
Nanda et al., (2011) reported significant
decrease in heavy metal (Hg, Cu, Cd, As, Co)
contents in industrial effluent upon
inoculation of heavy metal resistant bacteria
such as Bacillus, Pseudomonas and
Staphylococcus. Biotreatment with Bacillus
demonstrated reduction in Hg (45%), Cu
(62%), Pseudomonas exhibited decrease in
Cd (56 %), As (34 %), Co (53 %) and
Staphylococcus reduced Cd (44 %) and Cu
(34 %) contents.
Valence transformation of metal ions through
enzyme catalysed reaction is also effective
strategy to reduce the toxicity of heavy metals.
Heavy metals resistant bacteria play vital role
in biotransformation of metal ions through
series of oxidation reduction reaction.
Oxidation of organic compounds is closely
linked to reduction of Fe and Mn in certain
bacterial spp. (Lovley, 1993). The reduction
of hexavalent Cr+6 to trivalent Cr+3, Mercuric
Hg+2 into volatile Hg0, Arsenate As+5 to
Arsenite As+3 , Selinate Se+6 to Selinite Se+4
are most exploited chemical transformation
reaction in bioremediation of metal ions
(Garbisu et al., 1995a; Batool et al., 2014;

https://www.tandfonline.com/doi/full/10.1080/23311932.2020.1783174
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Misra, 1992; Huyusmans and Frankenberger,
1991). Biomethylation of metals ions such
lead to trimethyl and tetramethyl lead,
selenium to dimethylselenide and
trimethylselenide, arsenic to dimethyl arsenic

acid and dimethylarsinous acid is effective
strategy to yield volatile metal compound and
reduce the contaminant concentration (Walton
et al 1988; White et al., 1997).

Figure 2. Heavy metal microbe interaction for heavy metal remediation.

Bacterial system employs different
types of resistance mechanism to remediate
heavy metals from the environment (Figure 3).
The importance of some of toxic heavy metals
and their possible bioremediation mechanisms
are discussed below.

Lead (Pb)
Lead occurs naturally in trace

amount in soil, water and earth crust (Raviraja
et al., 2008). Lead (II) is reported to be the
most reactive and frequently occurring form
of lead. Lead is regarded as one of major
environmental pollutant; falls on second in
US-EPA and ATSDR “list of priority
substance” (Sparks, 2005). Lead is fifth major

metal produced from anthropogenic sources.
The principal lead producing industries
includes batteries, pigments, dyes, paints,
varnishes, plumbing, cables, alloys,
ammunition, fuels additives, plastics, crystals
glass, X-rays and pesticides (Manahan, 2003).
Lead has no biological role in both plants and
human. However its toxicity can induce
serious effects on normal functioning by
altering proteins and nucleic acids
conformation, osmotic imbalance, persuades
oxidative stress, and disrupts membranes
(Stohs and Bagchi, 1995; Bouton et al., 2001).
Pb(II) can displace calcium and zinc ions in
proteins and bears higher affinity to oxygen
and thiol group (Bruins et al., 2000). Central
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nervous system (CNS), Brain, kidneys, blood
cells and gastrointestinal tract are the major
target of lead in human. Lead has mutagenic
and carcinogenic nature and its accumulation
can results in lead poisoning such as
plumbism in brain (NSC, 2009). Lead is also
listed as potential teratogens; minute
concentration can lead to congenital defects
and even miscarriage at fetal stage (Bellinger,
2005).

Bacteria overcome lead toxicity
through several resistance mechanisms such
as efflux due to p type ATpases pump and
CadA- p type ATPase (Rensing et al., 1998).
Precipitation of lead in form extracellular salts,
such as PbHPO4 in Citrobacter freundi,
Pb(PO4)2 in Staphylococus aureus, Pb9(PO4)2
in Vibrio harveyi is also reported mechanism
(Levinson et al., 1996; Levinso and Mahler,
1998; Mire et al., 2004). Bio methylation of
lead yields volatile compounds, trimethyl lead
(Me3Pb) and tetramethyl lead (Me3Pb); these
reactions are reported to be catalyzed by
Pseudomonas spp., Aeromonas spp. and
Bacillus spp. (Walton et al., 1988 Silverberg
et al., 1976). Lead (II) also induced smt and
bmtA genes encoding metallothionein in B.
cereus and Pseudomonas spp. The produced
metallothioneins thus binds lead ions and
reduce its toxicity (Naik et al., 2012).

Staphylococcus aureus isolates from
heavy metals contaminated soil of Baghdad
displayed multi metal resistance against (Pb+2,
Zn+2, Al+2, Fe+2, Hg+2) with MIC ranging 300-
1000 µg/ml and subsequent metal reduction
capacity of 7 % and 43 % of Pb and Zn at
varying temperature and pH (Radhi, 2012).
Bacillus spp. isolates from sewage sludge of
petrol pumps, garages and industrial effluent
of Assam, India indicated 1200 µg/ml
resistance level against Pb+2 and 1800 µg/ml
against Cd+2 ions in media (Nath et al., 2012).
The Pb remediation ability of Bacillus
pumilus and Pseudomonas spp. was evaluated
in cabbage grown soil under green house
conditions. The bacterial inoculation

improved soil urease, invertase and catalase
content and decreased the lead concentration
within range of 15-42 mg/kg with maximal
remediation activity of Pseudomonas spp.
(Chen et al. 2011). Ilhan et al., (2004)
reported that Staphylococcus saprophyticus
isolated from the polluted soil has 100%
biosorption activity against Pb+2 ions (initial
conc. 100 mg/l) at optimum pH of 4.5. Dry
biomass of Delftia tsuruhatensis isolated from
mine tailing exhibited 0.216 mmol.g-1
absorption of Pb from metallic solution
(Hernandez et al., 2012).

Cadmium (Cd)
Cadmium serves as one of key

element involved in industrial preparation of
batteries, paints and pigments, PVC plastics,
alloys and surface coating of aerospace
vehicles. Cadmium is also added in minute
quantity in commercial synthesis of fertilizers,
insecticides, fungicides, detergents and
petrochemicals (Campbell, 2006). Cadmium
appears as by-product in refining of lead and
zinc. Cadmium is listed as priority pollutant
by USEPA and also ranked on 7th in ATSDR
“list of priority substances” (Campbell, 2006;
Cameron, 1992). Cadmium has no reported
role in normal biological functions of humans.
Cadmium is closely linked to acute and
chronic ailments in humans and its target
organs are kidneys, bone skeleton, lungs, liver
and reproductive system (Barbier et al., 2005;
Frery et al., 1993). The major property that
contributes to toxicity of Cadmium is its
persistency over long duration. Cadmium
alters the activity of enzymes such as �-
aminolevunilic acid synthetase, lipoamide
dehydrogenase, pyruvate decarboxylase,
arylsulfatase, pyruvate dehydrogenase
(Manahan, 2003). The consumption of rice
irrigated with polluted water of mines in
Jinstu River valley of Japan, resulted in
cadmium poisoning termed as itai itai disease
in local language. Itai itai is characterized by
kidneys dysfunction along with severe
osteomalcia (Manahan, 2003). Cadmium
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toxicity is linked with disruption of membrane,
protein denaturation due to attachment to thoil
(~ SH) group and interference in metabolism
of Zn+2 and Ca+2(Rensing et al., 1997a).
Bacteria combat cadmium toxicity through
underlying resistance in form of efflux
transporters such as RND mediated system
like Ncc (Schmidt and Schlegel., 1994), CBA
transporter czc (Nies, 1995) and p12- type
ATpases (Arguello 2003) such as CadA
protein (Liu et al. 1997; Silver et al., 1989).
Cd induces the expression of Smt gene that is
involved in production of cysteine loaded
proteins known as metallothioneins. These
metallothoneins can thus binds the
cytoplasmic free Cd+2 ions and leading to
decrease in free metal concentration (Olafson
et al., 1988). The first reported bacterial
metallothionein, SmtA functions in
detoxification of both zinc and cadmium ions
(Turner et al., 1993).

Pseudomonas aeruginosa, Proteus
vulgaris, Actinobacter radioresistens strains
isolated from the wastewater sample of
Madurai, India exhibited resistance level of 4-
7 mM against cadmium ions in media (Raja et
al. 2009). Pseudomonas aeruginosa strain
JN102340 obtained from Electronic waste
recycling unit can withstand 600 mg/L Cd ion
concentration with spectacular biosorption
rate of 92 % at optimum pH of 6.0 (Kumar,
2014). Jain and Bhatt, (2014) evaluated the
cadmium resistance and remediation pattern
in Pseudomonas montelli SB35 and
Pseudomonas putida SB32 by amplifying the
czc gene on plasmid DNA; czc gene functions
as efflux transporter for Cd. Furthermore the
inoculation of both the strains improves the
agronomic traits of soyabean plants grown
under Cd stress (Jain and Bhatt, 2014).
Actinomycetes, Bacillus and Streptomycetes
isolated from agricultural soil amended with
sewage sludge in Iran, showed resistance
against cadmium with MIC ranging in
between 300-400 µg/mL and nickel ions with
MIC of 350-500 µg/mL (Karakagh et al.,

2012). Mutation study of Pseudomonas
aeruginosa obtained from sewage sludge of
food factory in Iran improved the resistance
pattern uptill 7 mM against Cd and
subsequently bioremoval ability upto 94.7 %
within 1hour of incubation from Cd solution
(30 mg/L) (Kermani et al., 2010). Samanta et
al., (2012) reported that Bacillus isolated from
municipal waste site in India showed co-
resistance to both antibiotics and heavy metals
(Cd, Ni, Co, Cr) with maximum resistance of
1 mg/mL against Cd+2.

Copper (Cu)
Copper is ranked on 3rd as most

frequently used metal all around the globe
(Noyce et al., 2006). Copper is commonly
utilized in firework industry, alloys,
underground water pipes, building materials
and synthesis of electrical conductors (Noyce
et al., 2006). Copper has extensive application
in agriculture as additive in fertilizers and in
mining (Singh et al., 2010). In minute
concentration Copper serves as cofactor for
important bacterial enzymes; superoxide
dismutase and cytochrome C oxidase. Copper
acts as micronutrient for plants and function
in regulation of osmotic balance, resistance
against diseases and seed production. In
human copper is essential for regulation of
blood hemoglobin (Martinez and Motto,
2000). Copper pose toxicity to biological
system when its concentration increased
beyond threshold limits and becomes attached
to organic compounds. This binding can result
in denaturation of protein structure and
inhibition of enzymatic activities (Hoekman
et al., 1995). Toxic nature of copper is further
characterized by hydroperoxide radical which
is produced by reaction of copper with free
cell radicals such as molecular oxygen
(Montelongo et al., 1993). Chlorosis of leaves
and reduced root growth are common signs of
Cu toxicity in plants. Stomach, kidneys, liver
and intestines are major target for copper in
human (Martinez and Motto, 2000).
Accidental exposure and intake can result in
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severe headaches, nausea, dizziness, stomach
cramps, diarrhea and vomiting (Flemming and
Trevors, 1989).

Copper toxicity is countered by
bacteria through efflux by proteins encoded
by pco gene located on plasmid DNA and
chromosomal DNA cut genes (Gupta et al.,
1995) and P- type ATpases efflux transporters
(Kamanu et al., 1995; Phung et al., 1994).
Two cut genes; CutC and cutF gene has been
characterized and encode proteins that can
interact with Cu as well as outermembrane
lipoprotein(Gupta et al., 1995). Aggregation
of Cu is also one of resistance strategy
reported in Pseudomonas syringae.
Complexation of Cu is regulated through four
protein encoded by cop operon located on
plasmid DNA. Cop A, Cop B, Cop C and Cop
D proteins work together in coordinated
fashion at their distinct sites such as outer
membrane, inner membrane and periplasm
and bound Cu+2 from interference in cellular
functions (Cooksey, 1994).Gupta and Kumar,
(2012) reported Pseudomonas isolates from

sewage sludge of lock industry in India can
tolerate Cu+2 toxicity in media up till 2000
µg/ml. Bacillus spp. from Firework industrial
waste exhibited tolerance to copper with
resistant level of 300 mg/L and also served as
efficient biosorbent by removing 88 % of
Cu+2 from 100 mg/L aqueous solution (Kumar
and Kartic, 2011). The immobilized cells of
Bacillus, Micrococcus and Pseudomonas
obtained from electroplating wastes has
63.9 % Cu+2 biosorption activity in
comparison to 44.73 % by dried biomass of
isolates (Rani et al., 2010). Ahemad and
Malik, (2011) reported that multi metal
resistant Pseudomonas isolates from farming
soil irrigated with wastewater demonstrated
bioaccumulation of Cu+2 at range of 20-25
mg/g .dry wt from 2.92 mM copper solution.
Pseudomonas isolated from municipal
treatment plant exhibited MIC of 300 µg/ml
of copper resistance along with co resistance
up to 150 µg/ml and 120µg/ml against Co and
Cd respectively (Rajbanshi, 2008).

Figure 3. Different types of resistance mechanism employed by bacteria to remediate Lead (Pb), Cadmium (Cd) and
Copper (Cu) from the environment.
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Manganese (Mn)
Manganese is twelfth most abundant

element in earth crust and also one of vital
element that appears in water, soil and rocks
in small amount. It is utilized as trace nutrient
by all forms of life; plants, animals and
microbes for normal physiological functions
(Emsley, 2003). Manganese is 4th most
extensively utilized metals in industrial
preparation of glass, battery cells, leather,
matches, firework materials, steel, iron,
welding rods, fungicides, and medical
equipment such as magnetic resonance
imaging (MRI) (Pennington et al., 1986).
Organic compounds of manganese like
methlycyclopentadienyl manganese
tricarbonyl (MMT) serves as additive
compound in fuels (Pennington et al., 1986).
Bacteria utilize manganese as primary
electron acceptor during anaerobic respiration.
Mn is the main component of photosystem II
and associated with lysis of H2O during
photosynthesis (ASTDR, 2000). Chlorosis,
browning and cracks in different parts of
plants are the symbolic indication of
excessive Mn (Wu, 1994). Manganese is
involved in blood clotting mechanisms,
skeletal development, metabolic, hormonal
and enzymatic activities (Yachandra et al.,
1993). Mn acts as cofactor for superoxide
dismutase and neurotransmitters biosynthesis
enzymes (Erikson and Aschner, 2003). Over
dose of Mn acts as neurotoxin can lead to
nervous malfunction (Aschner et al., 2007).
Manganese crusher disease ‘manganism’ is
set of ailments reported in France, caused due
to accidental Mn exposure at workplace
(Mergler et al., 1999). The major target of
manganese poisoning is brain and its adverse
effects include hallucinations, memory loss,
collapse of nervous system, and even worse
such as Parkinson’s disease (Inoue and
Makita, 1996). The accumulation of
manganese ions inside the bacteria like
Ralstonia sp. and Salmonella typhimurium is

reported through magnesium uptake system.
ABC (ATP binding cassette) transporters also
plays vital role in Mn+2 uptakes under stress
conditions (Nies, 1999).

The concentration of manganese was
noted to be higher than regulatory limits in
wastewater samples collected from mining
region (Kamika and Momba, 2013). The live
biomass and dead cells biomass of three
bacterial strains; Bacillus licheniformis,
Pseudomonas putida and Peranema sp. were
analyzed for metals reduction in wastewater
samples. The live cellular biomass of
Pseudomonas exhibited 45 % reduction of
Mn+2 content in comparison to dead biomass
<25 % activity (Kamika and Momba, 2013).

Chromium (Cr)
Chromium has widespread application

in industrial processing of leathers, steels,
paints, pigments, dyes, paper pulp, wood
preservatives, alloys, petroleum refining and
electroplating (Baladi et al., 1990; McGrath
and Smith, 1990). Chromium normally exists
in two oxidation states, Cr+3 and Cr+6. The
hexavalent Cr (VI) form is highly soluble
(Thacker et al., 2006) and about 5 times more
toxic in comparison to trivalent Cr (III)
(Barceloux, 1999). Chromium (VI) has been
listed as priority pollutant by US-EPA and
included in list of top 20 toxic substances,
placed under the category of “Class A human
Carcinogens” (Costa and Klein, 2006).

Chromium plays important role in
homeostasis; serves as micronutrient in
cellular metabolism of cholesterol, glucose
and fats. Cr plays essential role in action of
liver hormones such as insulin (Mohanty et al.,
2012). The lack of Cr can leads to interruption
in insulin action followed by fluctuations in
blood glucose resulting in diabetic condition
along with deposition of cholesterol. Overload
of chromium can cause oxidative stress;
production free cells radicals (ROS) that are
can cause lipids peroxidation, nucleic acid
disruption (Katz and Salem, 1994).
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Accidental intake or exposure to Cr (VI) can
cause skin allergies, ulcers, respiratory
infections such as bronchial asthma followed
by serious lungs damage and ultimately
cancer (Gibb et al., 2000).

Chromium toxicity is coped in
bacteria primarily through two main
mechanisms, efflux and reduction (Diaz et al.,
2007). Chromium gains entry into bacterial
system through sulfate (~SO4) uptake system
(Nies and Silver, 1989a). Efflux of chromium
is mediated through CHRA transporters
proteins by utilizing membrane potential as
energy source (Diaz et al., 2007) (Fig. 4).
Ralstonia spp. is classic example of utilizing
both strategies; efflux and reduction for
chromium detoxification (Peitzsch et., al.
1998). The detoxification of Cr (VI) into Cr
(III) through chromate reductase enzyme is
foremost reported mechanism for combating
Cr toxicity. This process was first time
evaluated in Pseudomonas Fluorescens
LB300 (Bopp and Ehrlich, 1988). Chromate
reductase can catalyze reaction under both
aerobic and anaerobic conditions, it is
dependent on NAD(P)H and belongs to flavor
protein reductase family (Diaz et al., 2007).
The Chromium reductase activity for
transformation of hexavalent Cr+6 into less
toxic oxidation state trivalent Cr+3 is also
reported in number of bacterial spp. including
Shewanella (Myers et al., 2000), Bacillus (Liu
et al., 2006), E. Coli (Shen and Wang, 1993),
Pseudomonas spp. (Ishibashi et al., 1990) and
Microbacterium spp (Liu et al., 2012),
Streptomyces MC1 (Polti et al., 2010) and
Arthrobacter (Asatiani et al., 2010).

Batool et al., (2012) studied the
reduction of Cr+6 in Ochrabactrum
intermedium in industrial effluents, results
were interpreted through reductase cell assays
and Cr distribution was visualized on cell
surface and membrane through scanning
electron microscopy and transmission electron
microscopy. Bacillus spp. obtained from

tanneries waste in India demonstrated 85.9 %
reduction in Cr (VI) within 96 hours of
treatment (Smrithi and Usha, 2012). Jin et al.,
(2001) reported an alternative strategy for
remediation of Cr contaminated soil through
transformation of chromate reductase gene
from Pseudomonas aeruginosa HP014 into
tobacco plants by means of Agrobacterium
tumefaciens as vector. Bacterial isolates
(73.9 %) belonging to Bacillus and
Pseudomonas from industrial zone in Turkey
exhibited chromium resistance with maximal
level of 2 mM (Sevgi et al., 2010). Selvi et al.,
(2012) reported that 30-70 % bacterial isolates
from tanneries of Chennai, India showed
resistance against both chromium and
antibiotics.

Zinc (Zn)
Zinc is naturally occurring element

present in soil and crustal rocks at
concentration of 70 mg/Kg (Davies and Jones,
1988) and its concentration is rapidly
increasing due to various types of industrial
operations such as mining, electroplating and
metallurgy. Besides these different types of
manufacturing units such as alloys, textiles,
paints, fertilizers, batteries, rubber and wood
preservatives utilizes zinc as important
constituent .(Abdelwaha et al., 2013; Arshad
et al., 2008; Lee et al., 2004; Baig et al., 2009).
Zinc is included in list US-EPA priority
pollutants and kept with 13 other most toxic
metals. Zinc is listed on 74th as potential water
contaminants (Mishra et al., 2011a). Zinc is
termed as important element required for the
normal growth of plants, animals and humans
(Sengil and Ozacar, 2009). Zinc serves as
cofactors for variety of cellular enzymes such
as nucleic acid binding zinc fingers proteins
(Chou et al., 1998) alkaline phosphatase and
superoxide dismutase (Mukhopadhyay et al.,
1998). Zinc is important structural element of
transcriptional factors and thus has role in
gene expressions and it sustains the structural
stability of biological macromolecules. About
more than 300 enzymes constitutes zinc as co
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factor (McCall, 2000). Zinc concentration is
regulated at narrow range its shortage can
leads to stiffness of muscles, gastrointestinal
disturbances and birth defects in humans
(Greany, 2005). However its elevated
concentration can cause extreme toxicity to
biological system by inhibiting the aerobic
respiratory chain and high exposure to
humans can cause disturbance in nervous,
renal and circulatory systems. The common
responses to elevated zinc concentration are
cholestatic jaundices, lethargy, pancreatitis,
thrombocytopenia in human (Klein, 2000;
Marin et al., 2009). Soil fertility is extremely
affected due to increased zinc concentration
beyond its threshold limits and ultimately
lowering the growth and productivity of
plants (Agorboude and Navia, 2009).

Bacteria combat zinc toxicity through
different types of inbuilt resistance
mechanisms such as efflux transporters,
metallothioneines and metallochaperones.
Efflux of zinc ions across the cell membrane
takes place through p types ATpases efflux
transporters in bacteria and RND (Resistance
nodulation division) driven CBA transporters
moves the zinc ions across the cell wall and
outer membrane of gram negative bacteria by
process known as Trans envelope transport
(Nikaido, 1996; Paulsen et al., 1996; Saier,
1994). Cysteine rich proteins termed as
metallothioneine have the ability to binds and
sequester free metal ions such as Cd+2 and
Zn+2 and lower the free metals concentration
in the cytoplasm (Olafson et al., 1979) (Fig.
4). Metallochaperones are periplasmic
proteins that plays role in zinc sequestration
and protection of transmembrane protein are
reported in number of bacteria (Noll et al.,
1998). ZraP is periplasmic protein discovered
in E. coli that is produced under high
concentration of zinc and has ability to
undergo metal induced cleavage process to
produce 12 KDa protein fragment capable of
binding Zn2+ in the periplasm (Noll et al.,

1998). Biosurfactants of Pseudomonas putida
T1 (8) isolated from oil contaminated soil has
reported to have 6.5 % of Zn and 2.01 % of
Cu removing capacity from paper industry
sludge waste (Hidayati et al., 2014). The
elimination of Zn (II) through ion exchange
process is reported in Saccharomyces
cerevisiae cells as biosorbents (Chen and
Wang, 2007; Talos et al., 2009). Umrania,
(2006) reported 35 % maximum absorption
for Zn in chalcopyrite by acidothermophilic
multi metal resistant bacterial isolate (ATH-
14).

Nickel (Ni)
Nickel is among one of widely

distributed element present in soil, air and
water. Nickel is commonly employed in steel,
electroplating and metal plating
manufacturing units and is also released as
result of mining, power stations and fossil
fuels incineration into environment
(Khodaddoust et al., 2004). Nickel occurs as
trace element in bacteria and is essential
components of enzymes involved in
metabolism of anaerobic bacteria (Thauer et
al., 1980). It plays key role in reactions
catalyzed by enzymes such as ureases, NiFe
hydrogenases and Co dehydrogenases. Nickel
is bound to cysteine/histidine residues in
active site of these enzymes, added through
complex GTPase activity (Maier et al., 1993).
Superoxide dismutase is also important
protein containing nickel (Kim et al., 1998).
Besides its essentiality the contamination of
nickel also has adverse effects both on plants
and humans and it was termed as “allergen of
the year 2008”. The most common effects of
nickel are allergy in form of contact
dermatitis which is caused due nickel
containing jewellery (Savolainen, 1996).
Nickel toxicity can leads to lungs cancer,
heart diseases, kidney malfunction, nervous
system disorders (Salem et al., 2000; Khan et
al., 2007; Dudachodak and Baszczyk, 2008).
Nickel can induce genotoxic effects such as
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infertility, hair loss and chromosomal
aberrations in population residing near
refineries (McDonagh et al., 1992). At high
concentration nickel toxicity in plants infers
with processes linked to its growth and
development and results in wilting, chlorosis
and necrosis (Rao and Sresty, 2000). Nickel
plays key role in pathogenicity of gram
negative bacteria Helicobacter pylori that is
causative agent for digestive system disorders
such as peptic ulcer and gastritis in humans
(Mobley et al., 1995b).

Two types of resistance mechanisms
are observed in bacteria to overcome nickel
toxicity; these include sequestration and
efflux transport. Efflux of nickel ions through
RND (Resistance Nodulation Division)
transporters was reported in Ralstonia spp.
CH34 (Macombera and Hausinger, 2011).
Nickel is bound to histidine residues in
Saccharomyces cerevisiae and disposed off

into vacuoles through proton pumping
ATPase and also mediated through
chemiosmotic gradient (Nishimura et al.,
1998) (Fig. 4). Nickel resistant bacteria
isolated from sewage treatment plant in
Guheswori identified as Staphylococcus spp.
and Bacillus spp. showing resistance to nickel
ions upto 150 µg/ml (Rajbanshi, 2008).
Pseudomonas fragi isolated from industrial
effluents showing growth up to 2.5 mmol/L of
nickel ions in the medium (Spate et al., 2006).
Cupriavidus spp. exhibited resistance to
nickel ions in tris minimal media with
concentration ranges from 1.0-10 mM
(Arundhati amd Paul, 2010). Alboghobeish et
al., (2010) isolated eight nickel resistant
bacteria from industrial effluents and reported
maximum resistance (8-24 mM) for three
isolates identified as Klebsiella oxytoca
ATHA6, Methylobacterium sp ATHA7 and
Cupriavidus sp ATHA3. K. Oxytoca reduced
83 mg/ml of nickel in medium with
incubation of 3 days.

Figure 4. Different types of resistance mechanism employed by bacteria to remediate Chromium (Cr), Zinc (Zn)
and Nickel (Ni) from the environment.

https://www.ncbi.nlm.nih.gov/pubmed/?term=Macomber L[Author]&cauthor=true&cauthor_uid=21799955
https://www.ncbi.nlm.nih.gov/pubmed/?term=Hausinger RP[Author]&cauthor=true&cauthor_uid=21799955
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Mercury (Hg)
Mercury is the most toxic metal

released as result of both natural and
anthropogenic activities. Burning of coal and
petrochemicals, volcanic eruptions led to
release of mercury along with industrial
emissions from manufacturing of lamps,
caustic soda and peat (Lone et al., 2008).
Mercury is also employed in manometers for
pressure determination at oil/gas pipelines
(Smith et al., 1995). It has been used in
amalgam for tooth in ancient days
(Lorscheider et al., 1995). Mercury is only
metal that occurs in liquid state at stp
(standard temperature and pressure) (Smith et
al., 1995). Mercury is termed as the most
“persistent bioaccumulative toxin” (Weiss and
Wright, 2001). Contamination of water with
mercury can result in formation of most toxic
compound of mercury known as methyl
mercury which magnify into food chain
(Fatoki and Wofolu, 2003). Methyl mercury is
known to be potent cellular toxin and severely
affects the nervous system by interfering with
production of neurotransmitter and also
lowers the production of hormones such as
testosterone and thyroid hormones (Fatoki
and Wofolu, 2003). Mercury toxicity can lead
to autoimmune diseases such as hypertension,
insomnia, memory loss, drowsiness, tremors
and brain, lungs and kidney damages
(Neustadt and Pieczenik, 2007; Gulati et al.,
2010).

Resistance mechanism has been
developed in bacteria to detoxify mercury
from toxic form (Hg+2) into less toxic state
(Hg0) through series of enzymes catalyzed
reduction reactions encoded by group of
genes present in form of operon known as mer
operon located on plasmid, chromosomal
DNA and in form of transposons (Misra,
1992). Two types of mer genes known as mer
R and mer A that codes for enzyme NADPH
dependent flavoenzyme mercuric reductase, is
involved in reduction of mercury (Hg+2) into

volatile, less toxic form (Hg0) (Misra, 1992;
Silver and Walderhaug, 1995). The more
toxic compound of mercury other than Hg+2
are Organomercurial. Bacteria combat
organomercurial toxic effects; if the mer
resistance also encodes merB organomercurial
lyase along with other mer gene encoded
proteins (Silver, 1996) (Fig. 5). Raja et al.,
(2009) reported that bacterial isolates from
sewage water of Madurai India were resistant
up to 0.75 mM mercury ions in media.
Mercury resistant bacteria isolates can be
identified through detection of 431bp
conservative mercuric reductase gene
fragment through polymerase chain reaction
(Martins et al., 2008). Ruiz et al. (2011)
evaluated mercury bioremediation through
metallothionein and polyphosphate kinase
transgenic mt-bacterial strain. The transgenic
bacteria showed resistance to mercury within
range of 80-120 µM and also have the
capacity to bioaccumulate 100 µM of Hg
from media having 120 µM of mercury.

Arsenic (As)
Arsenic is utilized as semiconductors

in industries and has application in refining of
petroleum, wood preservatives, herbicides and
coal plants. Smelting, mining and volcanic
eruptions also contributes to arsenic
contamination in soil and water (Lone et al.,
2008). Arsenic has no biological role in both
plants and humans however bacteria might
utilize it during anaerobic respiration as
electron acceptor (Laverman et al., 1995).
Increased concentration of arsenic in water
presents serious threat to all form of life
(Wang et al., 2012). World Health
Organization (WHO) has reported arsenic
contamination in about 70 different countries
of world, lying serious effects on the health of
about 150 million people. This scenario is
quite serious in Bangladesh and eastern India
and has been termed as “worst mass
poisoning” by WHO (Hassan, 2005).
Chlorophyll a, carotenoids synthesis has been
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inhibited in Microcystis aeruginosa by
application of 10 mg/L of arsenic stress for 48
hours. Arsenic toxicity can result in decreased
production of erythrocytes and leukocytes,
can interrupt heart rhythm, injure blood
vessels and can leads to “needles & pins”
sensation in fingers and toes (Abernathy,
2003). Prolong exposure to as can lead to
serious disorders such as hyperkeratosis,
leuko-melanosis, melanosis, neuropathy,
black foot disease and cancer (Caussy, 2005).
High prevalence of Arsenism (arsenic
poisoning disease) was reported in peoples
living in Xinjiang, China by consuming
drinking water containing arsenic (0.12 mg/L)
for 10 years (Wang et al., 1997).

Bacteria show resistance to arsenic
through efflux pumps and biotransformation.
Efflux of arsenic is mediated by set of
proteins (ArsA, ArsB, ArsC) encoded by ars
operon comprising of three genes arsA, arsB
and arsC present on plasmid DNA (Chen et
al., 1986). Methylation of arsenic to dimethyl
arsenic, trimethyl arsenic has been reported in
various bacterial species. First Arsenate is
reduced to arsenite form, than its methylation
is carried out (Husymans and Frankenberger,
1991; Tamaki and Frankenberger, 1992).
These methylated arsenic compounds are
volatile in nature but the methylated forms are
more toxic (Michalke et al., 2000) (Fig. 5).
Oxidation of As (III) to As (V) is alternate
strategy to methlyation. As (V) is known to be
less toxic and readily adsorbed (Ilialetdiov
and Abdrashitova, 1981). Kermanshahi et al.,
(2007) isolated heavy metals resistant bacteria
from soil of Isfahan, Iran and reported
bacterial isolates were resistant to 5 mM of
arsenic ions in the media. 19 % adsorption of
arsenic in chalcopyrite was reported by heavy
metal resistant isolate (ATH-14) (Umrania,
2006). Bacillus spp. and Aneurinibacillus
aneurinilyticus isolated from affected
groundwater of industrial area located in West
Bengal India are resistant to 550 ppm of

arsenate (AsO43-) and 450 ppm of arsenite
(AsO3-3). Bacillus spp has capacity to
eliminate 51.45 % of arsenite and 53.29 % of
arsenate, similarly Aneurinibacillus spp. has
potential to remove 50.39 % of arsenate and
51.99% of arsenite (Dey et al., 2016).
Lianthuamluaia et al., (2015) reported that
Pseudomonas spp. and Acinetobacter sp.
isolated from tubewell watersample of Bengal
has resistance to 7 mM and 1.75 mM of
arsenite with biosorption capacity.

Cobalt (Co)
Cobalt is listed among the naturally

existing elements with wide range of
similarity to iron and nickel in terms of its
physiochemical properties. It is widely used
in manufacturing of alloys, which have
extensive usage in industries such as magnets,
ceramics, paints and cutting tools and in
military as aircraft engines. Cobalt is also
employed in making of artificial body parts
such as knee joints. The radioactive isotope of
Co (60Co) is employed for irradiation of food
products mainly for the purpose of
sterilization and storage (ATSDR,
2004).Cobalt is essential constituent of
vitamin B12, which serves as cofactor in
catalytic reaction involving the
rearrangements of CAN, CAO, CAC bonds.
Nitrile hydratases are also termed as cobalt
containing enzyme (Kobayashi et al., 1996).
The only stable form of cobalt is Co3+.
Infection in lungs has also been reported due
to inhalation of cobalt (Nemery et al., 1994).
Incidence of cobalt exposure can leads to
severe effects on health such as pneumonia,
asthma and wheezing (ATSDR, 2004).

Bacteria employs resistance to cobalt
ions in the medium due the presence of trans
envelope transport along with RND
transporters for efflux of ions. Bacterial
resistance mechanism against nickel/ zinc
ions also serves as tolerance mechanism
against cobalt ions in the medium (Schmidt
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and Schlegel, 1994) (Fig. 5). Afandi, (2010)
reported that bacterial isolates from soil of
non ferrous industrial location at Pending,
Sarawa, Malaysia showed maximum
resistance (36 %) to cobalt and nickel. Fives
isolates exhibits multi resistance pattern to
wide range of heavy metals with toxicity
trends as Hg > Co > Cu > Ni > Fe > Zn.
These five isolates were characterized as
Ralstonia spp, Pseudomonas spp, Klebsiella
spp. Sevgi et al., (2010) reported that 9.2 % of

bacterial isolates from industrial area Kanzali
in Turkey were found resistant to cobalt
within range of 0.5-0.8 mM. Bacillus spp.
isolated from waste dumping site in Kolkata,
India showed MTC of 0.4 mg/mL to Co+2
(Samanta et al., 2012). Bacterial isolates
belonging to Curvibacter and Tardiphaga
genera isolated from the water sample
collected from storage site of nuclear fuel
show resistance to cobalt concentration in the
media up to 3 mM (Dekker et al., 2014).

Figure 5. Different types of resistance mechanism employed by bacteria to remediate Mercury (Hg), Arsenic (As)
and Cobalt (Co) from the environment.
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