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mechanisms to tolerate the uptake of heavy metal ions. The fundamental
principles include the efflux of metal ions outside the cell, accumulation
and complexation of the metal ions inside the cell and reduction of the heavy
metal ions to aless toxic state. For getting insight about new isolates,
bacterial diversity under unfavorable conditions and new genetic information
on heavy metal resistance, it is pivotal to study the indigenous
microorganisms at polluted sites.

Introduction:-

Globally, environmental pollution is increasing ceaselessly on account of an unabated increment in population,
industrialization, urbanization, anthropogenic activities and natural sources [1]. Heavy metals such as iron,
manganese, mercury, lead, zinc, cadmium, uranium, cobalt, chromium and several others are cornerstones of human
progress; they are quite literally the pillars of all the major civilizations, past and present because they are used
widely as part of materials construction, agriculture, transportation and in processing of many industrial materials
and commercial products. The recent expansion of human industrial activity, including mining, smelting, and
synthetic compound creation has led to an exponential increase in the amounts of heavy metals released into the
atmosphere, water and soil [2].

The metal pollution is of great concern as these hazardous pollutants are accumulated in living organisms including
microorganisms, plants, animals and human (and are responsible for many metabolic and physiological disorders
[3,4]. Unlike many other pollutants, heavy metals are difficult to remove from the environment [5]. Heavy metals
are recognized to be powerful inhibitors of biodegradation activities. These metals cannot be degraded and are
ultimately indestructible. The toxic effects of heavy metals result mainly from the interaction of metals with proteins
(enzymes) and inhibition of metabolic processes. Each heavy metal has unique biofunctions or biotoxicities. For
example, copper can enhance microbial growth at low concentrations but represses growth at high concentrations
and cadmium has high toxicity even at low concentrations [6]. Uncontrolled discharges of large quantities of heavy
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metals create not only a huge environmental and human health burden due to their high occurrence as contaminants
and toxicity to all living beings [7,8], but they also increase the cost of wastewater treatment [9,10].

In recent years, different methods are being utilized for the removal of heavy metal ions from the aqueous disposed
such as ion exchange, precipitation (Chemistry), membrane technologies, electrochemical treatments, activated
carbon adsorption, etc. But, each of these procedures has some demerits that outweigh merits. Efforts are being
made by applying biotechnological tools like bioremediation in managing and removal of metal ions to reduce
contamination in the soil. Bioremediation is the “use of living organisms such as bacteria, fungi, yeast, and algae for
removal of a pollutant from the biosphere”. It relies on biological processes to minimize an unwanted environment
impact of the pollutants. The microorganisms in particular have abilities to degrade, detoxify and even accumulate
the harmful organic as well as inorganic compounds. Microorganism destroy organic contaminate in the course of
using their chemical for their own growth and reproduction for new cell. Besides them, higher plants also been
reported to remove such pollutants, primarily through their tissues.

Contamination through anthropogenic sources affect natural resources resulting in contamination in agricultural and
other food products especially in a greater extent in underdeveloped countries. Many countries have regulatory
guidelines for heavy-metal presence and exposure as well as remediation and treatment options. Screening of soil
and water sources is conducted frequently to prevent overconsumption, but many of these programs and
technologies are not readily available in developing nations, where the burden is the greatest [11,12,13]. The result
is that people around the globe are exposed, and new approaches are required to reduce the adverse consequences of
accumulation of these compounds.

Heavy Metal and Biosystem:-

Heavy Metals are defined as elements in the periodic table having atomic number more than 20 or densities more
than 5g/cm®. It generally excludes alkali metals and alkaline earth metals. Based on biological functions and effects,
metals have been divided into three classes: (i) the essential metals with known biological functions e.g. calcium,
cobalt, copper, iron, potassium, magnesium, manganese, molybdenum, sodium, zinc etc.; (ii) the toxic metals and
metalloids e.g. arsenic, mercury, lead, cadmium, chromium, silver etc.; (iii) The non-essential metals with no known
biological effects e.g. rubidium, strontium, titanium etc [14].

A number of metals in a concentrations range is essential for biological system as they constitute cofactors for
metalloproteins and enzymes. Most plants and animals are capable to regulate their metal content to a certain point,
but metals that cannot be excreted build up in an organism over its lifetime. Heavy metals find their entry into food
from natural sources like soil, air and water through wastewater irrigation, solid waste disposal, mining, smelting,
sludge applications, vehicular exhaust, fertilizers, fungicides and industrial activities [15,16]. Consumption of food
crops contaminated with heavy metals is a major food chain route for human exposure [17].

The environmental problems with heavy metals are undestroyable and the most of them have toxic effects on living
organisms when exceeds certain concentration. Furthermore, some heavy metals are being subjected to
bioaccumulation and may pose a risk to human health when transferred to the food chain [18]. For instance,
Minamata disease with neurological damage and fatal deformity was developed in Minamata, Japan due to the effect
of mercury toxicity when people consumed continuously mercury contaminated fish from Minamata bay. Metal
toxicity is also associated to fatal diseases like birth defects, cancer, liver and kidney damage and may be a host of
other maladies also [19].

Microbial Remediation of Heavy Metals:-

Microbial cells have a significant effect on the distribution of heavy metals in the environment. Microbial
bioremediation of heavy metals is effective, economical and eco-friendly technology for industrial exploitation and
pollution free environment. Microorganisms exert their heavy metal detoxification process by valence
transformation, extracellular chemical precipitation, or volatilization. The extent of remediation varies noticeably
with the metal as well as with the microorganisms. A list of metal resistant microorganisms, their source and metal
tolerance is listed in Table 1.
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Microbial Metal Resistance Mechanisms:

When the bacterial cells are exposed to the high concentrations of heavy metals, the metals react within cells with
various metabolites and form toxic compounds. Mechanisms for uptake of these metal species are present in the
bacterial cell through which heavy metals enter the cell. Microorganisms pose their interaction with different heavy
metals following different processes. Heavy metals are utilized by bacterial cells in small quantities in biosynthesis
of various metabolic enzymes like cytochrome ¢ oxidase, Kinases etc. However, bacteria in different ecosystems
including soil and water are exposed to very high concentration of heavy metals, which exist in soil ecosystem due
to its wide application in mining, industry processes and agricultural practices. Consequently, bacteria have evolved
several types of mechanisms to defend against the high metal concentration and metal induced biotoxicity.
Resistance to metal is the main mechanism of heavy metal remediation. From evolutionary point of view, it is
believed that microorganisms could have been evolved heavy metal resistant. The major ways of heavy metal
mobilisation and immobilisation by microorganism is shown in Fig.1.

Ex_tracellular Precipitation (Ac]t?ii‘(f)esosrz'pliosr;ive) Metal Uptake & Efflux
(Siderophores) (P Type ATPase & RND driven)
MICROORGANISM
Oxidation & Reduction
Intracellular Sequestration
(Methyl‘;(:il:rtllls}zzzll;;:;lation) Passive Diffusion (Mettaloprotemn)
Complexation
(Biosurfactant)

Fig.1: Metal processing mechanisms of microorganism.

In general, biotechnological processes with the help of microbes can be categorized into three types through which
remediation of heavy metal contaminations in soil can take place: The first one is biosorption (bioaccumulation)
process through which microbes concentrate and bind metal contaminants onto its cellular structure [14]; the second
is the process of extracellular precipitation and uptake by purified biopolymers [26]; and the third one may be
through the process aided by other specific molecules derived from microbial cells [27].

Biosorption is most important process, both ecologically and practically. Extracellular materials immobilizes the
metal through the binding of cell surface anionic functional groups with a large number of cationic metal including
Cd, Pb, Fe, Zn. The anionic functional group presents in the peptidoglycan, teichoic acids and teichuronic acids of
Gram-positive bacteria and the peptidoglycan, phospholipids, and lipopolysaccharides of gram-negative bacteria are
the components primarily responsible for anionic character and metal-binding capability of the cell wall [28].

Active functional groups of extracellular binding materials play the central role in biosorption process. Metal ions
become bound to the cell surfaces settled by the binding mechanisms those include electrostatic interactions, Van
der Waals forces, covalent bonding, redox interactions and extracellular precipitation or combination of these
processes [29]. Functional groups under activated state like acedamido groups in chitin, amine groups in
peptidoglycosides, sulfahydral and carboxyl groups in proteins, phosphate, phosphodiester and hydroxyl groups in
polysaccharides take part in the biosorption process. Bacteria are excellent biosorbents due to their high surface-to-
volume ratios and a good number of potentially active chemosorption sites e.g. teichoic acid in the bacterial cell wall
[30]. The advantage of biosorption is not only to be functioned under a broad spectrum of conditions like pH,
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temperature etc. but also to be found economically feasible due to the cheap raw supplies that can be utilized as
biosorbents. Table 2 summarizes basic information regarding the use of bacterial biomass for metal biosorption.

Another mechanism of microbial heavy metal remediation is mediated by the siderophore formation. Siderophores
are low-molecular-weight chelating agents (200-2000 Da) produced by bacteria, fungi and plants to facilitate the
uptake of iron [26]. Along with their capacity to feed microorganisms with iron, siderophores can also chelate
numerous other metals with variable affinities. Metals other than iron can activate the production of siderophores by
bacteria, thereby implicating siderophores in the homeostasis of metals other than iron and especially heavy metal
tolerance [41]. Siderophores can bind heavy metals and reduce bioavailability and metal toxicity. For instance,
siderophores forms complex with copper and reduces copper toxicity in cyanobacteria.

Mechanisms of metal resistance in microbes include precipitation of metals as phosphates, carbonates and/or
sulfides; volatilization via methylation or ethylation; physical exclusion of electronegative components in
membranes and extra cellular polymeric substances (EPS); energy dependent metal efflux systems; and intra cellular
sequestration with low molecular weight, cysteine-rich proteins [42,43].

Production and excretion of biosurfactants from microbial cells may render the bioremediation of heavy metals in
heavy metal polluted area. Biosurfactant molecules are able to complex metals such as Cd, Pb and Zn [27].
Biosurfactant of anionic nature can capture the metal ions through electrostatic interactions or complexations [44].
In turn, Complexations formed by biosurfactants increase the apparent solubility of metals. Thus metal
bioavailability can be influenced by common metabolic by-products that results in metal reduction resulting in the
formation of less soluble metal salts including sulfide and phosphate precipitates [14].

Cadmium (Cd):-

Cd, amongst all non-essential heavy metals, is perhaps the most attentively attracted due to potential toxicity to
humans and relative mobility in soil-plant system [45]. The largest source of anthropogenic atmospheric Cd
emissions is metal production followed by waste incineration and other sources including production of nickel-
cadmium batteries, fossil fuel combustion and industrial dust generation. Cd pollution of arable soils is primarily
caused by wastewater from mines being used to irrigate fields and by emissions from nonferrous metal refineries
[46]. Because the risk of human exposure to heavy metals arises mainly from consuming crops grown in polluted
soil and from drinking contaminated water, regulations for controlling heavy metal pollution are essential [47].
Exerting toxicity primarily to the kidney Cd can also cause bone demineralization and may impair lung function and
increase the risk of lung cancer due to excessive exposure. For instance, Cd uptake is known to have caused itai-itai
disease in Japan in 1950s.

Resistance to Cd in bacteria is based on Cd flux. Cyanobacteria have metallothionein like proteins and
overexpression of this metallaothionein smt locus increases the cadmium resistance and its deletion decreases
resistance [48]. Cadmium seems to be detoxified by gram negative bacteria with the help of RND (Resistance
Nodulation Cell Division) systems like czc, which is mainly a zinc exporter [49]. Cd?* enters the cell of gram
negative bacterial cell by CorA and NRAMP (Natural Resistance Associated Macrophage Protein) like uptake
systems, binds to thiol compounds, exerting toxicity and is exported again by P-type ATPases, CBA (Cytometric
Bead Array) and CDF (Cation Diffusion Facilitation) proteins [50]. In gram positive bacteria this takes place by
RND driven trans-envelope and possibly also by CDF transporters [51]. Zymomonas mobilis showed resistance to
Cadmium concentrations upto 5mM [52].

Mercury (Hg):-

Hg exists in nature in small amount as it is the sixteenth rarest element on the earth. But, the level of Hg is rising due
to industrialization and other anthropogenic activities such as the burning of coal and petroleum, the use of
mercurial fungicides in agriculture, the papermaking industry, and mercury catalysts in industries [53]. The
prevalence of Hg toxicity could be visualized by the Minamata disease stated above in this study. The toxicity of
both organic and inorganic Hg compounds is due to their strong affinity for sulfur containing organic compounds,
such as enzymes or proteins.

Microorganisms like bacteria, yeast and protozoa play a vital role in the cycling of Hg in the global natural

environment. Microorganisms are able to reduce Hg to the metal, which does not remain inside the cell with the
potential of becoming oxidized again, but leaves the cell by passive diffusion [43]. Once outside, however, metallic
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Hg may be oxidized again by other bacteria. Hg transports and transformations are regulated by a tightly regulated
genetic system named mer operon is consisted of four to five structural genes and of regulatory genes. The mer
system and its regulation followed by a more extensive consideration of the utility of mer operon functions in
environmental Hg remediation and in monitoring of Hg contamination [54].

Arsenic (As):-

Arsenic is one of the naturally occurring elements in the earth’s crust and a notable element that is present in trace
amounts in a healthy human body. The element is widely distributed in nature resulting from weathering, fire,
dissolution, volcanic activity and anthropogenic input [55]. High levels of arsenic, however, can cause very grave
health problems. Arsenic is used in pesticides, herbicides, wood preservatives and dyestuffs as well as production of
arsenic-containing wastes during smelting and mining operations [56]. A major concern for arsenic-enriched
environments is the potential for mobilization and transport of this toxic element to ground water and drinking water
supplies. Human population can be exposed to arsenic in a number of ways which include ingestion of arsenic in
drinking water or food. Major health hazard of As toxicity is hyperpigmentation or keratosis with an increased risk
of skin, internal organ and lung cancer [57].

The +3 form Arsenite enters via aqua-glycerolporins (a major intrinsic protein under membrane channel family) and
targets a broader range of cellular processes, binding to the thiol groups in important cellular proteins such as
pyruvate dehydrogenase and 2-oxo-glutarate dehydrogenase [58].

Microorganisms can use methylation as a detoxification strategy for arsenic remediation from the local environment.
For example, prokaryotes can produce volatile methylated arsines. “ArsC” arsenate reductase protein can also act in
arsenic remediation by bacteria and yeasts. The genes for ArsC and other proteins required for arsenic detoxification
are often encoded on plasmids. More than 100 Ars operons had been sequenced [59] and this number will be
significantly higher now. ArsC protein is found in the cytoplasm of the microbial cell and mediates the reduction of
arsenate to arsenite, with glutaredoxin, glutathione or thioredoxin. Pseudomonas aeruginosa (PAR3) showed
resistance even at 200 ppm arsenic [60]. An arsenic-chelating metallothionein (fMT) from the arsenic-tolerant
marine alga Fucus vesiculosus was expressed in Escherichia coli, resulting in 30-and 26-fold-higher As(l1l) and
As(V) binding, respectively. E. coli cells coexpressing fMT and GlpF completely removed trace amounts (35 ppb)
of As(I11) within 20 min [61].

Chromium (Cr):-

Chromium is one of the most widely used metals in industry, such as steel production, alloy preparation, wood
preservation, leather tanning, metal corrosion inhibition, paints pigments, metal plating, tanning, electroplating, steel
manufacture and other industrial applications [62]. Chromium (Cr) is an essential trace element for all living
organisms. Its valence state ranged from -2 to +6. The trivalent form of chromium (Cr*") is an essential trace
element which acts as cofactor for many enzymes in biological system e.g. activation of insulin receptor tyrosine
kinase. Hexavalent chromium is easily soluble and 100-fold more toxic than trivalent one. High doses of Cr®* have
been associated with birth defects and cancer. Even, chronic exposure of Cr®* in the form of lead chromate is also
found to induce persistent or increasing chromosome damage [23].

Several bacteria have been reported to reduce Cr®*that is toxic and mutagenic, to its trivalent form that is less toxic
[63]. Bacterial resistance to chromate has been found in several Pseudomonas strains. Remediation of chromate
(Cr®") is mainly mediated by chromate reduction to non-toxic Cr®* and chromate efflux. Efflux of chromate is
regulated by sulphate uptake system and accumulation interferes with sulphate metabolism. Soils and marine
sediments contain many facultative and strictly anaerobic bacteria are capable of reducing Cr®* to Cr** [64]. Levels
of Cr® resistance by other microbes are Arthrobacter crystallopoites (500 mg/L), Pseudomonas spp. CRB 5 (520
mg/L), Bacillus maroccanus Chr A21 (1040 mg/L), Corynebacterium hoagie Chr B20 (1144 mg/L), Bacillus cereus
ES04 (1500 mg/L) [65], E.coli ASU7 showed relatively high minimal inhibitory concentrations (MIC) with 65 and
27 Kb and tolerated chromium ranged from 0.48 to 7.69 mM for Cr® and Cr**, respectively [62].

Lead (Pb):-

Pb has a diversified use in petrol fuel, food cans, cosmetics, paints, ceramics, batteries etc. So it is present in air,
dust, soil and water to varying degrees which become exposed to humans through ingestion, inhalation and dermal
absorption. Pb is cumulative toxicant that affects neurological, hematological, gastrointestinal, cardiovascular and
renal systems of the human body. Microorganisms accumulate Pb?* under general terms of biosorption. Import of
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Pb?* into the cells of microorganisms by uptake system is common for other divalent metal cations and exported by
ATP-hydrolyzing efflux systems. In that respect, the operon, pbr is the key system for lead resistance by
microorganisms [66].

Copper (Cu):-

Cu is an essential metal for biological system. Except exposure to higher doses Cu does not create toxicity. Cu
toxicity is based on its radical character leading to the production of hyperoxide radicals which interact with cell
membrane through the binding with thiol compounds [50]. In gram positive bacteria, P type ATPases seem to
detoxify Cu via efflux. In some microorganisms Cu resistance system encodes proteins which bind Cu in periplasm
or close to the outer membrane [51]. In other study, Cooksey [14] reported that resistance against copper in the plant
pathogen Pseudomonas syringe was because of the copper accumulation and compartmentalization in the cell’s
periplasm and the outer membrane and concluded that the protective mechanism against copper in P. syringae was
due to four types of proteins (CopA, CopB, CopC and CopD). These proteins are encoded by the cop operon present
on bacterial plasmid and proteins are found in the periplasm (CopA and CopC), the outer membrane (CopB), and the
inner membrane and work together to compartmentalize copper away from bacterial cells. In contrast, copper
resistance in E. coli is dependent upon efflux mechanism to overcome copper stress. The efflux proteins are
expressed by plasmid-borne pco genes, which are in turn rely upon the expression of chromosomal cut genes.
Moreover, two cut genes (cutC and cutF) encode a copper binding protein and an outer membrane lipoprotein. Most
bacterial species in the metal stressed environment have acquired at least one of the above mentioned protective
mechanisms. In addition, the evolution of the bacterial copper resistance occurred through the modification of
copper uptake genes found on chromosomes [67].

Manganese (Mn):-

Manganese is an element essential to the proper functioning of both humans and animals, as it is required for the
functioning of many cellular enzymes (e.g. manganese superoxide dismutase, pyruvate carboxylase) and can serve
to activate many others (e.g. kinases, decarboxylases, transferases, hydrolases). Manganese can exist in 11 oxidative
statgs; the r;wst environmentally and biologically important manganese compounds are those that contain Mn%",
Mn*" or Mn"*.

This element is used principally in the manufacture of iron and steel alloys and in various products such as batteries,
glass and fireworks. Potassium permanganate is used as an oxidant for cleaning, bleaching and disinfection
purposes. Other manganese compounds are used in fertilizers, varnish and fungicides and as livestock feeding
supplements. The neurological effects of inhaled manganese have been well documented in humans chronically
exposed to elevated levels in the workplace [68]. The syndrome known as “manganism” is caused by exposure to
very high levels of manganese dusts or fumes and is characterized by a “Parkinson-like syndrome”, including
weakness, anorexia, muscle pain, apathy, slow speech, monotonous tone of voice, emotionless “masklike” facial
expression and slow, clumsy movement of the limbs. In general, these effects are irreversible.

The marine Bacillus sp. strain SG-1 produces dormant spores which enzymatically oxidize soluble Mn(ll) to
insoluble Mn(1V) oxides from coastal marine sediments in which Mn(ll) oxidation is catalyzed by a multicopper
oxidase, MnxG [69].

Zinc (Zn), Cobalt (Co) and Nickel (Ni):-

Zn can be found in large quantities in both soil and water and it’s production in the world is still rising year-on-year
basis. Zn is able to bio-magnify up the food chain through the water-bodies or soil. It is also to be noted that only a
limited number of plants has a chance of survival on Zn rich soil. Zinc, an essential trace element is not biologically
redox reactive. Hence, it is not used in cellular metabolisms like respiration. However, it is structurally, a vital
constituent of several cellular enzymes. Furthermore, it also forms complexes in cells.

In addition, zinc actually, displays comparatively less toxicity to bacterial cells than other heavy metals and it is
generally occurs in higher concentrations within bacterial cells. It is due to this reason, bacteria in heavy metal
polluted environment accumulate zinc in a fast but unspecific uptake mechanism. Generally, uptake of zinc ions by
bacterial cells is coupled with magnesium, and both ions may be transported by similar mechanism [14]. The zinc
resistance in bacteria is achieved through two general efflux mechanisms: (I) mediated by a P-type ATPase efflux
system and (I1) mediated by an RND-driven transporter system. The P-type ATPase efflux system transports zinc
ions across the cytoplasmic membrane by the energy released from ATP hydrolysis. In this regard, Garbisu [70]
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isolate a chromosomal gene, zntA, from E. coli K-12 and inferred that the gene zntA might be accountable for the
zinc and other cations transporting ATPase across cell membranes. In contrast to P-type ATPase efflux system, the
RND-driven transporter system does not derive energy through ATP hydrolysis to transport zinc within the bacterial
cells. As an alternative, it is powered by the proton gradient across the cell wall specifically, in gram-negative
bacteria [51].

Cobalt toxicity is quite low compared to many other metals in soil. But, Co can cause health effects on the lungs,
including asthma, pneumonia, and wheezing when exposed or breathed in very high levels.

Though Nickel (Ni) and Ni-compounds belong to the classic noxious agents encountered in industry, the general
population may be exposed to nickel in the air, water and food. The toxicity and carcinogenicity of some Ni-
compounds in experimental animals and in the occupationally exposed population are well documented [71].

The major determinant of Zn, Co and Ni resistance is the czc structural gene. This structural gene region contains the
genes for the OMF CzcC, the MFP CzcB and the CzcA protein of the RND family. The three genes form an operon
czcCBA that is transcribed tri cistronically and is flanked by a multitude of genes involved in metal-dependent
regulation of czc CBA expression [72]. The structural gene region cnr which is based on cation efflux is the
resistance determinant, composed of a cnr CBA structural region [73] that is preceded by a regulatory gene region.
Another Co and Ni resistance determinant, ncc, was also characterized [49]. Similar to cnr, ncc is composed of a
regulatory gene region followed by the structural region ncc CBA.

Table 1: Bacterial Metal Tolerance/MIC.

Metal Bacterial Species Source Metal References
Tolerance/MIC

Cd (I Pseudomonas aeruginosa Sludge of food factory 7mM [20]
E. coli Human faeces 200 pg/ ml [21]

Co (I Pseudomonas aeruginosa Garden soil tolerating pesticides 3000 ppm [22]
PAL106 DQ464061

Ni (I1) Pseudomonas aeruginosa Garden soil tolerating pesticides 5000 ppm [22]
PAL106 DQ464061

Cr (V) Pseudomonas aeruginosa Garden soil tolerating pesticides 10000 ppm [22]
PAL106 DQ464061 [23]
Brevebacterium casei. Chromite contaminated sites 500 mg/I

Mn (11) Pseudomonas psychrophila (T); | Garden soil tolerating pesticides 6000 ppm [22]
E-3 AB041885 [22]
Planococcus rifietoensis (T); M8 | Garden soil tolerating pesticides 6000 ppm
AJ493659

Cu Pseudomonas spp. Industrial waste/Rolling Mill 10mM [24]
E. coli Human faeces 1750 pg/ ml [21]
Bacillus subtilis Agricultural soil 3 mM [25]

Zn Pseudomonas spp. Industrial waste/Rolling Mill 20mM [24]
Bacillus subtilis Agricultural soil 5mM [25]

Pb E. coli Human faeces 3200 pg/ ml [21]
Bacillus subtilis Agricultural soil 5mM [25]

Hg E. coli Human faeces 54.3 pg/ ml [21]
Bacillus subtilis Agricultural soil 1mM [25]
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Table 2: Biosorption by bacterial biomass (mg g ')

Metal | Bacterial Species pH of Solution | Biosorption Capacity (mg g™) | References

Cr (1) | Pseudomonas aeruginosa AT18 7.72 200 [31]
Staphylococcus saprophyticus BMSZ71 5 22.06 [32]

Cr (VI) | Arthrobacter sp. 5 175.87 [33]
Escherichia coli 4.6-5.1 4.6 [34]
Pseudomonas fluorescence TEMO8 2 40.8 [36]

Cu (1) | Arthrobacter sp. 5 175.87 [33]
Geobacillus toebii 4 48.5 [35]
Pseudomonas aeruginosa AT18 6.25 86.95 [31]

Bacillus anthracis PS2010 7-8 2.03 [37]

Cd (1) | Geobacillus thermoleovorans 4 38.8 [35]
E. coli 5.6-6 10.3 [34]
Pseudomonas sp. 9 0.078 [38]

S. saprophyticus BMSZ71 7 54.91 [32]

Bacillus anthracis PS2010 8 3.41 [37]

Fe (I1) | E. coli 2.7-35 16.5 [34]
Hg (I1) | Staphylococcus saprophyticus BMSZ71 6 78.17 [32]
Ni (I1) | Geobacillus thermoleovorans 4 42 [35]
Pseudomonas aeruginosa AT18 2 40.8 [36]

R. opacus 5 7.63 [39]

Zn Geobacillus toebii 5 21.1 [35]
Pseudomonas aeruginosa AT18 7.72 56.4 [31]

Bacillus anthracis PS2010 5 5.22 [37]

Pb Aeromonas hydrophila 5 163.3 [40]
S. saprophyticus BMSZ71 5 184.89 [32]

Bacillus anthracis PS2010 5 6.44 [37]

Co Bacillus anthracis PS2010 8 4.75 [37]

Conclusion:-

Bioremediation of heavy metal contaminated sites is essential for ensuring safe and secure environment that will
promote healthy lifestyle around the globe. Bioremediation is considered as eco-friendly and cost-effective
technique having high public acceptance. As compared to other techniques, this method is easy to carry out at any
site. However, there are certain flip sides associated with it as well. For instance, it is effective on limited range of
contaminations, the time scale involved for complete restoration of the environment is relatively long and the
achieved level of residual contamination level may not always be appropriate.

It is noted that, though heavy metal resistant strains have to be isolated from environmental or clinical sources,
microbial chromosomal mutation can be produced in the laboratory [74]. Thus, our hope for the large scale
bioremediation of toxic metals resides on the further genetic manipulation of the metal resistant strains in hand for
the development of hyper-absorber, hyper-accumulator or hyper-biosurfactant producing strains etc., which in turn
can contribute to a green and eco-friendly environment. Attempts have been made to use GEM to increase heavy-
metal remediation in contaminated sites. However, strict regulatory guidelines by the Environmental Protection
Agency make the use of GEM difficult, and a better understanding of how these microbes work and their safety and
environmental containment is needed before they will be used for bioremediation [75,76,77].

A number of microbial metal bioremediation approaches to combat heavy metal pollution are established, but no
wide spread and large scale use is on sight. With heavy metals accumulating alarmingly high in heavily populated
areas of many parts of the world, upgradation of the existing microbial bioremediation processes to commercial
level by making the processes faster, recyclable and taking control over them is the major challenge ahead. Polluted
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environments often contain more than one metal. Therefore, complex approaches such as combination of more than
one metal resistant mechanism in one bacterium through genetic manipulation or symbiotic approaches will be
necessary for large scale remediation of toxic metals and to regenerate healthy, thriving life in our soils and water. It
is prudent to carry out future research and development for using inexpensive, eco-friendly and easily available
nutrients for cleaning up heavy metals from contaminated soil and for planning and executing a successful
bioremediation program.

Acknowledgement:-
This work was financially supported by the Council of Scientific and Industrial Research (CSIR), New Delhi, under
Grant CSIR JRF, Ref. no. 18-12/2011 received by Richa Gupta. Amita Mittal supervised the work.

References:-

1. Khan, M.S., Zaidi, A., Wani, P.A. and Oves, M. (2009): Role of plant growth promoting rhizobacteria in the
remediation of metal contaminated soils. Environ. Chem. Lett., 7: 1-19.

2. National Water Act: Act No 36 of 1998, ( Department of Water Affairs and Forestry, South Africa).

3. Rani, A., Souche, Y.S. and Goel, R. (2009): Comparative assessment of in situ bioremediation potential of
cadmium resistant acidophilic Pseudomonas putida 62BN and alkalophilic Pseudomonas monteilii 97AN strains
on soybean. Int. Biodeterior. Biodegrad., 63: 62-66.

4. Matyar, F., Akkan, T., Ucak, Y. and Eraslan, B. (2010): Aeromonas and Pseudomonas: Antibiotic and heavy
metal resistance species from Iskenderun Bay, turkey (Northeast Mediterranean Sea). Environ. Monit. Assess.,
167: 309-320.

5. Ren, W.X,, Li, P.J,, Geng, Y. and Li, X.J. (2009): Biological leaching of heavy metals from a contaminated soil
by Aspergillus niger. J. Hazardous materials, 167(1-3): 164-169.

6. Wei, G, Fan, L., Zhu, W., Fu, Y., Yu, J. and Tang, M. (2009): Isolation and characterization of the heavy metal
resistant bacteria CCNWRS33-2 isolated from root nodule of Lespedeza cuneata in gold mine tailings in China.
J. Hazardous materials, 162(1): 50-56.

7. Diels, L., Vander, L.N. and Bastiaens, L. (2002): New development in treatment of heavy metal contaminated
soils. Rev Environ Sci Biotechnol., 1: 75-82.

8. Gikas, P. (2008): Single and combined effects of nickel (Ni(Il)) and cobalt (Co(ll)) ions on activated sludge and
on other aerobic microorganisms. J Hazard Mater., 159(2-3): 187-203.

9. Fatta, K.D., Kalavrouziotis, I.K., Koukoulakis, P.H. and Vasquez, M.Il. (2011): The risks associated with
wastewater reuse and xenobiotics in the agroecological environment,. Sci Total Environ., 408(19): 3555-3563.

10. Madoni, P., Davoli, D., Gorbi, G. and Vescovi, L. (1996): Toxic effect of heavy metals on the activated sludge
protozoan community. Water Res., 30(1): 135-141.

11. Ahsan, H. (2000): Associations between drinking water and urinary arsenic levels and skin lesions in
Bangladesh. J. Occup. Environ. Med., 42: 1195-1201.

12. Li, J., Xie, Z.M., Xu, J.M. and Sun, Y.F. (2006): Risk assessment for safety of soils and vegetables around a
lead/zinc mine. Environ. Geochem. Health, 28: 37-44.

13. Li, Y., Wang, Y.B., Gou, X., Su, Y.B. and Wang, G. (2006): Risk assessment of heavy metals in soils and
vegetables around non-ferrous metals mining and smelting sites, Baiyin, China. J. Environ. Sci. (China), 18:
1124 -1134.

14. Maier ,R.M., Pepper, I.L. and Gerba, C.P. (2009): Environmental Microbiology, 2nd ed., Academic Press, San
Diego.

15. Muhammad, F., Faroog, A. and Umer, R. (2008): Appraisal of heavy metal contents in different vegetables
grown in the vicinity of an industrial area. Pakistan Journal of Botany, 40(5): 2099-2106.

16. Radwan, A. and Salama, A. (2006): Market basket survey for some heavy metals in Egyptian fruits and
vegetables. Food and Chemical Toxicology, 44: 1273-1278.

17. Khan, S., Cao, Q., Zheng, Y., Huang, Y. and Zhu, Y. (2008): Health risks of heavy metals in contaminated
soils and food crops irrigated with wastewater in Beijing, China. J of Science of Food and Agriculture, 73: 446-
454,

18. Nriagu, J.O. (1988): A silent epidemic of environmental metal poisoning. Environ. Pollut., 50: 139-145.

19. CERCLA Priority list of hazardous substances. (2001): ATSDR.

20. Kermani, J.N., Ghasemi, F., Khosravan, A., Farahmand, A. and Shakibaie, M.R. (2010): Cadmium
bioremediation by metal-resistant mutated bacteria isolated from active sludge of industrial effluent. Iran. J.
Environ. Health. Sci. Eng., 7(4): 279-286.

527



ISSN 2320-5407 International Journal of Advanced Research (2016), VVolume 4, Issue 4, 519-530

21.

22.

23.

24,

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.
44,

Karbasizaed, V., Badami, N. and Emtiazi, G. (2003): Antimicrobial, heavy metal resistance and plasmid profile
of coliforms isolated from nosocomial infections in a hospital in Isfahan, Iran. African J. of Biotech., 2(10):
379-383.

22.Naphade, S.R., Durve, A.A., Bhot, M., Varghese, J. and Chandra, N. (2012): Isolation, characterization and
identification of pesticide tolerating bacteria from garden soil. European J. of Exp. Biol., 2 (5): 1943-1951.

Das, A.P. and Mushra, S. (2008): Hexavalent chromium(lV): environment pollutant and health hazard.
JERAD, 2: 386-392.

Shakibaie, M.R., Khosravan, A., Frahmand, A. and Zare, S. (2008): Application of metal resistant bacteria by
mutational enhancement technique for bioremediation of copper and zin from industrial wastes. Iran. J. Environ.
Health. Sci. Eng., 5: 251-256.

Hookoom, M. and Puchooa, D. (2013): Isolation and identification of heavy metals tolerant bacteria from
industrial and agricultural areas in Mauritius. Current Res. in Micobiol. & Biotech., 1(3): 119-123.

Chu, B.C., Garcia-Herrero, A., Johanson, T.H., Krewulak, K.D., Lau, C.K. and Peacock, R.S. (2010):
Siderophore uptake in bacteria and the battle for iron with the host; a bird’s eye view. Biometals, 23: 601-611.
Maier, R.M. and Soberon-Chavez, G. (2000): Pseudomonas aeruginosa rhamnolipids: biosynthesis and
potential applications. Appl Microbiol Biotechnol,. 54: 625-633.

Moat, A.G., Foster, J. W. and Spector, M. P. (2002): Microbial physiology, (Wiley-Liss Prescott LM, Harley JP
& Klein D A, New York).

Blanco, A. (2000): Immobilization of nonviable cyanobacteria and their use for heavy metal adsorption from
water in Environmental biotechnology and cleaner bioprocesses. (Philadelphia Taylor & Amp, Francis), 135.
Beveridge, T.J. (1989): Role of cellular design in bacterial metal accumulation and mineralization. Annu Rev
Microbiol., 43: 147-171.

Silva, R.M.P., Rodriguez, A.A., Montes de Oca, J.M.G. and Moreno, D.C. (2009): Biosorption of chromium,
copper, manganese and zinc by Pseudomonas aeruginosa AT18 isolated from a site contaminated with
petroleum. Bioresour. Technol., 100: 1533-1538.

Zamil, S., Ahmad, S.S., Choi, M.H., Park, J.Y. and Yoon, S.C. (2009): Correlating metal ionic characteristics
with biosorption capacity of Staphylococcus saprophyticus BMSZ711 using QICAR model. Bioresour.
Technol., 100: 1895-1902.

Hasan, S.H. and Srivastava, P. (2009): Batch and continuous biosorption of Cu2+ by immobilized biomass of
Arthrobacter sp. J. Environ. Manage., 90: 3313-3321.

Quintelas, C., Zelia Rocha, Z., Silva, B., Fonseca, B., Figueiredo, H. and Tavares, T. (2009): Removal of
Cd(l1), Cr(VI1), Fe(l11) and Ni(Il) from aqueous solutions by an E. coli biofilm supported on kaolin. Chem. Eng.
J., 149: 319-324.

Ozdemir, S., Kilinc, E., Poli, A., Nicolaus, B. and Guvena, K. (2009): Biosorption of Cd, Cu, Ni, Mn and Zn
from aqueous solutions by thermophilic bacteria, Geobacillus toebii sub.sp. decanicus and Geobacillus
thermoleovorans sub.sp. stromboliensis: equilibrium, Kinetic and thermodynamic studies. Chem. Eng. J., 152:
195-206.

Uzel, A. and Ozdemir, G. (2009): Metal biosorption capacity of the organic solvent tolerant Pseudomonas
fluorescens TEMO08. Bioresour. Technol., 100: 542-548.

Elsilk, S.E., Raheem ,A.E. and Ateya, P.S. (2014): Accumulation of some heavy metals by metal resistant
avirulent Bacillus anthracis PS2010 isolated from Egypt. African J. of Microbiol. Research, 8(12): 1266-1276.
Choudhary, S. and Sar, P. (2009): Characterization of a metal resistant Pseudomonas sp. isolated from uranium
mine for its potential in heavy metal (Ni2+, Co2+, Cu2+, and Cd2+) sequestration. Bioresour. Technol., 100:
2482-2492.

Cayllahua, J.E.B., De Carvalho, R.J. and Torem, M.L. (2009): Evaluation of equilibrium, kinetic and
thermodynamic parameters for biosorption of nickel(Il) ions onto bacteria strain, Rhodococcus opacus. Miner.
Eng., 22: 1318-1325.

Hasan, S.H., Srivastava, P. and Talat, M. (2009): Biosorption of Pb(ll) from water using biomass of Aeromonas
hydrophila: Central composite design for optimization of process variables. J. Hazard. Mater., 1155-1162.
Schalk, 1.J., Hannauer, M. and Braud, A. (2011): New roles for bacterial siderophores in metal transport and
tolerance. Environ Microbiol., 13: 2844- 2854.

Gadd, G.M. and White, C. (1993): Microbial treatment of metal pollution-A working biotechnology. Trends
Bio- technol., 11: 353-359.

Silver, S. (1996): Bacterial resistances to toxic metals-A review. Gene, 179: 9-19.

Rufino, R., Luna, J., Campos-Takaki, G., Ferreira, S.R.M. and Sarubbo, L. (2012): Application of the
biosurfactant produced by Candida lipolyticain, the remediation of heavy metals. Chem Eng Trans., 27: 61-66.

528



ISSN 2320-5407 International Journal of Advanced Research (2016), VVolume 4, Issue 4, 519-530

45,

46.

47,

48.

49.

50.
51.
52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.
64.

65.

66.

67.

68.

69.

70.

71.

72.

Tran, T.A. and Popova, L.P. (2013): Functions and toxicity of cadmium in plants: recent advances and future
prospects. Turk J Bot., 37: 1-13.

Asami, T. (2001): Contamination in soil-plant system by cadmium, zinc, lead and copper. Asami, T. (Ed.).
Poisonous Metals of Japanese Soil, 17-21.

Makino, T., Luo, Y., Wu, L., Sakurai, Y., Maejima, Y., Akahane, I. and Arao, T. (2010): Heavy Metal Pollution
of Soil and Risk Alleviation Methods Based on Soil Chemistry. Pedologist, 38-49.

Gupta, A., Morby, A.P., Turner, J.S., Whitton, B.A. and Robinson, N.J. (1993): Deletion within the
metallothionein locus of cadmium-tolerant Synechococcus PCC 6301 involving a highly iterated palindrome
(HIP1). Mol Microbiol., 7: 189-195.

Schmidt, T. and Schlegel, H.G. (1994): Combined nickel-cobalt-cadmium resistance encoded by the ncc locus
of Alcaligenes xylosoxidans 31A. J Bacteriol., 176: 7045-7054.

Nies, D.H. (2003): Efflux-mediated heavy metal resistance in prokaryotes. FEMS Microbiol Rev., 27: 313-339.
Nies, D.H. (1999): Microbial heavy-metal resistance. Appl. Microbiol. Biotechnol., 51: 730-750.

Vijayalakshmi, S., Usha, V. and Riyaz, A.R. (2011): Invitro responses of various bacteria to cadmium chloride:
growth and biochemical analysis. Asian. J. Exp. Biol. Sci., 2(1): 12-17.

Dash, H.R. and Das, S. (2012): Bioremediation of mercury and the importance of mer genes. IBBS, 75: 207-
213.

Barkay, T. and Wagner-Dobler, 1. (2005): Microbial transformations of mercury:potentials, challenges, and
achievements in controlling mercury toxicity in the environment. Adv Appl Microbiol., 57: 1-52.

Cullen, W.R. and Reimer, K.J. (1989): Arsenic speciation in the environment. Chem. Rev., 89: 713-764.

Salam, M.A., Hossain, M.F., Ali, M.E., Asad, M.A. and Ali, M.H. (2009): Isolation and characterization of
arsenic resistant bacteria from different environments in South West region of Bangladesh. Res. Journ. Environ.
Sciences, 3(1): 110-115.

Kapaj, S., Peterson, H., Liber, K. and Bhattacharya, P. (2006): Human health effects from chronic arsenic
poisoning--a review. J Environ Sci Health A Tox Hazard Subst Environ Eng., 41: 2399-2428.

Lloyd, J.R. and Oremland, R.S. (2006): Microbial transformations of arsenic in the environment: from soda
lakes to aquifers. Elements, 2: 85-90.

Mukhopadhyay, R., Rosen, B.P., Phung, L.T. and Silver, S. (2002): Microbial arsenic:from geocycles to genes
and enzymes. FEMS Microbiol Rev., 26: 311-325.

Anyanwu, C.U. and Ugwu, C.E. (2010): Incidence of arsenic resistant bacteria isolated from a sewage
treatment plant. Int. J. Basic. App. Sci., 10: 60-64.

Singh, S., Mulchandani, A. and Chen, W. (2008): Highly selective and rapid arsenic removal by metabolically
engineered Escherichia coli cells expressing Fucus vesiculosus metallothionein. Applied and Env. Microbiol.,
74(9): 2924-2927.

Abskharon, S.M.F., Rab, S.H.A. and Hassan, A.A.M. (2011): Reduction of Toxic Hexavalent Chromium by E.
coli. Global J. of Biotechnol & Biochem., 4 (2): 98-103.

Garbisu, C. and Alkorta, 1. (1990): Basic concepts on heavy metal soil bioremediation. EJMPEP, 3; 58-66.
Francis, A.J. (1990): Microbial dissolution and stabilization of toxic metals and radionuclides in mixed wastes.
Experimentia, 46: 840-851.

Carlo, V. and Luciana, G. (2006): Bioremediation of soils polluted with hexavalent chromium using bacteria:a
challenge. Environ Bioremed. Technol Springer, 57 —76.

Tsai, K.J., Lin, Y.F., Wong, M.D., Yang, H.H., Fu, H.L. and Rosen, B.P. (2002): Membrane topology of the
p1258 CadA Cd(11)/Pb(11)/zn(11)-translocating P-type ATPase. J. Bioenerg. Biomembr., 34: 147-156.

Wei, C.Y. and Chen, T.B. (2001): Hyperaccumulators and phytoremediation of heavy metal contaminated soil:
a review of studies in China and abroad. ActaEcologicaSinica, 21: 1196-1203.

Roels, H.A. (1999): Prospective study on the reversibility of neurobehavioral effects in workers exposed to
manganese dioxide. NeuroToxicology, 20: 255-271.

Francis, C.A. and Tebo, B.M. (2002): Enzymatic Manganese(ll) Oxidation by Metabolically Dormant Spores of
Diverse Bacillus Species. Applied & Env. Microbiol., 68(2): 874-880.

Garbisu, C., Alkorta, I., Llama, M.J. and Serra, J.L. (1998): Aerobic chromate reduction by Bacillus subtilis.
Biodegradation, 9: 133-141.

Cempel, M. and Nikel, G. (2006): Nickel: A review of its sources and environmental toxicology. Polish J. of
Environ. Stud., 15(3): 375-382.

Grosse, C., Grass, G., Anton, A., Franke, S., Santos, A.N. and Lawley, B. (1999): Transcriptional organization
of the czc heavy-metal homeostasis determinant from Alcaligenes eutrophus. J Bacteriol., 181: 2385-2393.

529



73.

74,

75.

76.

77.

ISSN 2320-5407 International Journal of Advanced Research (2016), VVolume 4, Issue 4, 519-530

Nies, D.H. and Silver, S. (1989): Plasmid-determined inducible efflux is responsible for resistance to cadmium,
zinc, and cobalt in Alcaligenes eutrophus. J. Bacteriol., 171: 896-900.

Shukla, O.P., Rai, U.N., Dubey, S. and Mishra, K. (2006): Bacterial resistance:a tool for remediation of toxic
metal pollutants. Environews,12.

Bogdanova, E.S., Mindlin, S.Z., Pakrova, E., Kocur, M. and Rouch, D.A. (1992): Mercuric reductase in
environmental Gram-positive bacteria sensitive to mercury. FEMS Microbiology Letters, 97: 95-100.

Silver, S. and Misra, T.K. (1988): Plasmid mediated metal resistance. Annual Review of Microbiol.,42: 717-
743.77.

Xuezheng, L., Aiguo, G. and Haowen, C. (2008): Isolation and phylogenetic analysis of cultivable manganese
bacteria in sediments from the Arctic Ocean. Acta Ecologica Sinica, China, 28(12): 6364-6370.

530



