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Microbial Transformation of Heavy
Metals
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Abstract In natural environments, the average abundance of heavy metals is
generally low and much of that sequestered in sediments, soil and mineral deposits
may be biologically unavailable. Microorganisms have ability to adapt and live in
all ecological condition. In natural habitat, the cause for microbes on heavy metal
depends on the physico-chemical properties of the environmental condition.
Microbes can metabolize the metal ion and yield energy through oxidation and
reduction process by dissolving them. Many trace metals are necessary for growth
and metabolism at low concentrations, (e.g. Co, Cu, Ni, Mo, Fe, Zn), and
microorganism acquires mechanisms of varying specificity for the intracellular
increase from the external environment. The molecular mechanism of microor-
ganism and plants in the removal of toxic heavy metals into nontoxic form using
plants and microorganisms is well studied, and this has many biotechnology
implications in the bioremediation of heavy metal contaminated sites.

Keywords Heavy metal � Biotransformation � Biodegradation
Bioremediation

1 Introduction

There are nearly sixty-five elements, which may be termed as heavy metal as they
exhibit metallic properties. In the ecosystem, organic toxic contaminants cause
harmful effect because of releasing hazardous waste such as lead, cadmium and
chromium by the increasing technological advancement. A wide variety of activi-
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ties by industries have generated the mobilization of large heave metal in the
elevated point to the natural geochemical system (Gaur 2014; Dixit 2015; Tak
2013).

The non-degradable nature of toxic heavy metal pollution is the important
environmental trouble caused by metal ions that continue to present in the envi-
ronment that is controlled biological system. Based on the dose of adsorption and
course of exposure, toxic heavy metal causes a serious lethal effect at very high
concentration and the toxic effect depends on the amount present to organisms
(Sand et al. 1992). Bioremediation techniques are used to reduce or completely
remove the toxic heavy metals from the environment (Dixit 2015; Akcil et al.
2015).

Microbes and plants are used to remediate the polluted environment through
sustained technology and bring back natural environment condition (Doelman
1994). The change in the microbial make up is due to the degradation of function
group in the heavy metal or alteration in the conformation of the molecules (Wood
1983; Li 1994).

The reaction of microbes to heavy metals is because of the concentration, and
accessibility of toxic metal is a completed process which is managed by many
factors like metal chemical property, medium type and the microbes (Goblenz et al.
1994). A perceptive of microbial responses towards heavy metals is also significant
for the preservation and protection of natural and synthetic materials, since inor-
ganic and organometallic compounds are still widely used as microbicidal agent in
domestic and agricultural pest and pathogen control operations.

2 Toxic Heavy Metals in the Environment

Industrial actions have increased the mobilization of many heavy metals above rates
of natural geochemical cycling, and there is improved deposition in aquatic and
terrestrial ecosystem, as well as release into the atmosphere. The heavy metal
contamination of the soil and water is mainly due to manmade activity and by
natural. Table 1 shows the sources of certain heavy metals in the environment and
its impact.

3 Bioremediation

Bioremediation is process of using microorganisms to remove polluted environ-
ment or to prevent pollution. The basis of bioremediation is the inherent natural
capacity of microorganism to degrade organic compound present in the
environment.
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Table 1 Shows certain heavy metals in the environment with their significance (Donald 2003)

Elements Source Effects and significance

Arsenic Pesticides, chemical Toxic and carcinogenic

Beryllium Nuclear power and space
Industries and coal

Acute, chronic toxicity and
Carcinogenic

Boron Industrial wastes and coal Plant toxic

Cadmium Waste from mining, metal plating,
water pipes and industrial discharge

Replaces zinc biochemically, lead to
high blood pressure and damage to
kidney

Chromium Cooling-tower water additive
(chromate), normally found as Cr
(VI) in polluted water and metal
plating

Important trace element, (glucose
tolerance factor), and carcinogenic
as Cr(VI)

Copper Metal plating, industrial and
domestic wastes, mining, mineral
leaching

Necessary trace element, not very
toxic to animals, cause plant toxicity
and algae

Fluorine
(Fluoride)

Industrial wastes, water additive and
natural geological sources

Avoid decaying of tooth at above
1 mg/L, lead to mottled teeth and
bone harm at around 5 mg/L in
water

Iodine
(Iodide)

Seawater intrusion, industrial wastes
and natural brines

Prevents goitre

Iron Industrial wastes, acid mine
drainage, low pE water in contact
with iron minerals and corroded
metal

Essential nutrient (component of
haemoglobin), not very toxic,
damages material (bathroom fixtures
and clothing)

Lead Plumbing, coal, gasoline, industry,
mining

Toxicity (anaemia, kidney disease,
nervous system), wildlife destruction

Manganese Acid mine drainage, microbial
action on manganese minerals at low
pE, mining, industrial waste

For animal nontoxic, but harmful to
plants at elevated point and cause
material to strain

Mercury Mining, pesticides, coal, industrial
waste

Acute and chronic toxicity

Molybdenum Natural sources, cooling-tower water
additive, industrial waste

Possible toxic to animals, essential
for plants

Selenium Coal, natural geological sources,
sulphur

Low levels are necessary, at higher
levels toxic, causes “alkali disease”
and “blind staggers” to cattle

Silver Disinfection of water, from natural
sources and also mining

Causes blue-grey discolouration of
skin, mucous membranes, eyes

Zinc Metal plating, plumbing, industrial
wastes

Important metalloenzymes, aids
wound healing, harmful to plants at
elevated levels
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4 Bioremediation Methods

The toxic metal may remain in the form of solid or liquid phase; bioremediation
technology will vary accordingly the waste material remains in its natural form or is
taken to the fermentor. Bioremediation of toxic waste material treatment has two
methods: in situ bioremediation and ex situ bioremediation.

5 Microbes in Metal-Containing Habitats

A wide variety of organism from all the major groups may be found in the
metal-polluted habitats such as bacteria, fungi, yeast and algae (White et al. 1997;
Vieira and Volesky 2000). Microorganisms can be isolated from almost any
environmental conditions. In contaminated environments, there are some dominant
microbes, which can tolerate the metal stress and grow more or less normally or
even better, due to easy availability of resources.

Microorganisms can be subdivided into the following groups:

a. Aerobic

Pseudomonas, Alcaligenes, Sphingomonas, Rhodococcus and Mycobacterium.
These microbes have ability to degrade pesticides and hydrocarbons, both alkanes
and polyaromatic compounds. Microorganisms use the contaminant as the prime
source of carbon and energy.

b. Anaerobic

Anaerobic bacteria are used for bioremediation of dechlorination of the solvent
trichloroethylene (TCE) and chloroform, polychlorinated biphenyls (PCBs) in river
sediments.

c. Lignilolytic fungi

Phanerochaete chrysosporium has the capability to remove an extremely diverse
range of persistent or toxic pollutants from environment.

d. Methylotrophs

Aerobic bacteria take methane for carbon and energy. The primary enzyme in
the metabolic pathway for aerobic degradation is the methane monooxygenase, has
a wide range of substrate and is active against a large amount of compounds,
together with the chlorinated aliphatic trichloroethylene and 1,2-dichloroethane.
Table 2 shows some microbes utilizing heavy metals.
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6 Metal and Microbe Interaction

The capability of microbes to survive and grow in a contaminated metal habitat may
depend on genetical and physiological adaptation. The mechanisms of metal ions
binding to the cell surface include electrostatic interactions, van der Waals forces,
covalent bonding, redox interactions and extracellular precipitation or combination
of these processes (Blanco 2000). The negatively charged groups (carboxyl,
hydroxyl and phosphoryl) of bacterial cell wall adsorb metal cations, which are then
retained by mineral nucleation. Biosorption of metal such as U, Zn, Pb, Cd, Ni, Cu,
Hg, Th, Cs, Au, Ag, Sn and Mn shows the extent of sorption which varies clearly
with the metal and microorganisms.

7 Microbes with Metal Tolerance

Some microorganisms are supposed to have developed metal resistance because of
their contact with toxic metals in an already metal-polluted world (Gupta et al.
1993). In response to metal resistance in the environment, microorganisms have
evolved ingenious mechanisms of metal resistance and detoxification. Some
resistance mechanisms are plasmid encoded and tend to be specific for a particular

Table 2 Microbes utilizing toxic heavy metals

Microorganism Elements References

Bacillus spp.
Pseudomonas
aeruginosa

Cu, Zn Philip et al. (2000), Gunasekaran et al.
(2003)

Zooglea spp.
Citrobacter spp.

U, Cu, Ni
Co, Ni, Cd

Sar and D’Souza (2001)

Citrobacter spp.
Chlorella vulgaris

Cd, U, Pb
Au, Cu, Ni, U, Pb, Hg,
Zn

Gunasekaran et al. (2003)

Aspergillus niger Cd, Zn, Ag, Th, U Gunasekaran et al. (2003)

Pleurotus ostreatus Cd, Cu, Zn Gunasekaran et al. (2003)

Rhizopus arrhizus Ag, Hg, P, Cd, Pb, Ca Favero et al. (1991), Gunasekaran et al.
(2003)

Stereum hirsutum Cd, Co, Cu, Ni Gabriel et al. (1994, 1996)

Phormidium
valderium

Cd, Pb Gabriel et al. (1994, 1996)

Ganoderma
applanatum

Cu, Hg, Pb Gabriel et al. (1994, 1996)
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metal. Others are general resistance to a variety of toxic heavy metals. There are
two mechanisms of metal resistance:

• General mechanism of metal resistance,
• Metal-dependent mechanism of metal resistance.

7.1 General Mechanism of Metal Resistance

Metal binding on to extracellular materials immobilizes the metals and prevents the
entry into the cell. Metal binding to anionic cell surfaces occurs with a large number
of cationic metals, including cadmium, lead, zinc and iron. For example, algal cell
surfaces contain carboxylic, amino, thio, hydroxo and hydroxyl carboxylic groups
that strongly bind metals. Phosphoryl groups and phospholipids in bacterial
lipopolysaccharides in the outer membrane also strongly interact with cationic
metals.

7.1.1 Exopolymer Binding

The major molecules which constitute the exopolymeric substances include nucleic
acids, carbohydrates, fatty acids and polysaccharides. These extracellular polymeric
substances (EPSs) are very general in natural environments, and they provide
protection against desiccation, phagocytosis and parasitism in addition to their role
in heavy metal binding. They bind metal such as lead, cadmium and uranium.

7.1.2 Siderophore Complexation

It is an iron-chelating organic molecule. Their biological function is to concentrate
iron in the environment where their concentration is very low and to transport iron
into the cell. The interactions of siderophore with other metals are chemically
similar to iron, viz., aluminium, gallium and chromium; for example, siderophores
in cyanobacteria reduce copper toxicity.

7.1.3 Biosurfactants Complexation

They have ability to complex metals such as lead, cadmium and zinc. This
apparently enhances the solubility of metals.
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7.1.4 Precipitation by Metal Reduction

In this, soluble metals are reduced to less soluble metal salts, as well as sulfidic and
phosphatidic metal salts. For example, Citrobacter spp. under aerobic condition can
enzymatically produce phosphates which results in the precipitation of lead and
copper. In anaerobic condition, Desulfovibrio spp., can have ability to precipitate
sulphate metal.

7.2 Metal-Dependent Mechanism of Metal Resistance

Metallothioneins are proteins that play pivotal role in heavy metal metabolism and
in the management of various forms of stress. Metallothioneins are similar to
phytochelatins of plants and have high number of cysteine residues in the protein
and also in the fact that both are responsible for the detoxification of heavy metals.
Metallothioneins have three characteristics, low molecular weight proteins, and
have high cysteine content and high metal with organization of metal ions in
clusters.

The metallothioneins have two categories. The class-I MTs are found in all the
animal metallothioneins, and the class-II is present in microorganisms and plants.

Table 3 Microbial metal resistance mechanisms

Metals Mechanism of
resistance

Microorganisms References

As Reduction, efflux,
intracellular
sequestration

Lactobacillus sp. As-1 Nair and Pradeep (2002)

Cd Intracellular and
extracellular
sequestration,
efflux, reduction

Gloeothece magna,
Staphylococcus aureus,
Fusarium oxysporum,
Pseudomonas azotoformans,
Pseudomonas sp. H1

Mohamed (2001), Nies and
Silver (1989), Ahmad et al.
(2002), Nair et al. (2007),
Roane et al. (2001)

Cr Extracellular
sequestration and
reduction

Streptomyces spp. Amoroso et al. (2001),
Lioyd (2003)

Cu Intracellular and
extracellular
sequestration

Enterobacter sp.,
Saccharomyces cerevisiae

Culotta et al. (1994)

Hg Volatilization Clostridium
glycolicumAS1-1

Meyer et al. (2007)

Pb Biosurfactant,
extracellular
sequestration

Pseudomonas aeruginosa
BS2, Enterobacter sp. J1

Nair et al. (2007)

Zn Efflux Ralstonia metallidurans
CH34

Nies (2003)
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In mammalian archetype, the class-I MTs have been very well characterized and
represent. The invariant arrangement of Cys within the protein provides the thiol for
mercaptide bonds in arrangements typical of metal-thiolate clusters. These proteins
are isolated from the cyanobacterium Synechococcus spp., Escherichia coli and
Pseudomonas putida (Gupta et al. 1993). Table 3 shows microbial metal resistance
mechanisms.

8 Microbial Immobilization and Transformation
of Metals

Bioremediation strategy involves mechanisms like precipitation and solubilization
which shows the microbial transformations of metal as a result of metal resistance
mechanisms.

8.1 Extracellular Complexation

Extracellular polysaccharides have anionic properties which show the purpose of
efficient biosorbents for metal cations. Metal ions interaction is generally consid-
ered a direct effect of the presence of negatively charged functional groups on these
exopolymers; they are pyruvate, phosphate, hydroxyl succinyl and uronic acids.
A pH reliant binding of positively charged cations can quickly occur, with stability
constants in excess of those generally measured for humic substances and other
naturally occurring ligands.

Many organic metabolites can be significant on detoxification of metals because
of the chelating properties or complexation properties. Organic or inorganic acids
produced by microorganism, including Thiobacillus, Serratia, Pseudomonas,
Bacillus, Penicillium and Aspergillus, are competent to extract metals from solid
substrates. The oxalic acid can precipitate metals as insoluble oxalates around cell
wall efficiently done by metal chelator citric acid.

8.2 Extracellular Precipitation and Crystallization

Microbes like sulphate-reducing bacteria, e.g. Desulfovibrio, are concerned in the
formation of sulphide deposits which contain large amounts of metals.
Metal-resistant strains of Klebsiella aerogenes precipitate Pb, HG or Cd as insol-
uble sulphide granules on outer surfaces of cells, and particles of AgS are deposited
on thiobacilli when growth in silver-containing sulphide leaching systems. Strains
of the green algae Cyanidium caldarium can grow in acidic waters at 45 °C

256 E. Raja Sathendra et al.



containing high concentrations of metal ions. Iron, copper, nickel, aluminium and
chromium can be removed from solution by precipitation, at cell surfaces, as metal
sulphides. Cells can contain up to 20% metal on a dry weight basis. Yeasts can also
precipitate metals as sulphides in and around cells walls, and colonies may appear
dark brown in the presence of copper (Gadd 1990).

Algae and fungi can promote Mn2+ oxidation in a variety of habitats and can
become coated with manganic oxides. Other bacteria can become coated with
oxidized iron compounds by metabolism-dependent and -independent processes. In
Thiobacillus ferrooxidans and certain algae, Au3+ can be adsorbed to cell walls and
the plasma membrane and reduced to particles of elemental Au. Reducing com-
pounds produced by silver-resistant bacteria can reduce Agy2+ to metallic AgO,
which results in silver deposition on glass surfaces of culture vessels or in growing
colonies.

8.3 Transport-Related Metal Resistance

Metabolism-dependent intracellular transport may be a slower process than binding
and is inhibited or halted by metabolic inhibitors, low temperatures, the absence of
an energy source (e.g. glucose in heterotrophs, light in phototrophs) and uncou-
plers. In several algae, bacteria and yeasts, amounts accumulated by transport may
greatly exceed amounts taken up by general biosorption. Rates of transport are also
affected by the metabolic state of the cell and nature and composition of the growth
medium. Integral to heavy metal transport systems are ionic gradients across the
cell membrane, e.g. H+ and/or K+ together, generating the electrochemical gradient
across the cell membrane, and the membrane potential.

A relationship between heavy metal transport into microbial cells and toxicity is
often observed, with sensitive strains taking up more metal ions than resistant
strains. When transport rates do not vary, the sensitive organisms have more
intracellular toxic metal species than the resistant ones. It is therefore not surprising
that decreased transport, impermeability or the occurrence of metal efflux systems
constitute resistance mechanisms in many organisms. In several bacteria, including
Staphylococcus aureus and Bacillus subtilis, active transport of Cd2+ depends on
the cross-membrane electrical potential and this uptake system is highly specific for
Mn2+, as well as Cd2+. Resistance may arise from reduced Cd2+ transport in
gram-negative bacteria. The efflux of cadmium from the cells of actively growing S.
aureus has been found to be an energy-consuming process, involving cell mem-
brane ATPase. This Cd2+/2H+ antiport is presented in resistant strains which results
in a net reduction of Cd2+ uptake. Cadmium-resistant P. putida also exhibits
reduced uptake, and this may also be a result of defective transport and/or the
presence of a Cd2+ efflux system. In an Alcaligenes sp., adaptation to Cd2+ resis-
tance was associated with the synthesis of a new membrane protein, which may be
involved in the prevention of Cd2+ influx or the cause of Cd2+ efflux. Membrane
proteins that reduce bacterial uptake of Hg2+ have also been described. Some Cu2+
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resistance strains of E. coli exhibit reduced uptake and/or exclude Cu2+, due to the
disappearance of outer membrane proteins which may be involved in Cu2+

transport.

8.4 Intracellular Compartmentation and Detoxification

Certain bacteria, yeasts, fungi and algae can actively accumulate intracellular metal
ions against a gradient. Once inside cells, metal ions may be compartmentalized
and/or converted to more innocuous forms. Such processed can be effective
detoxification mechanism, and microbes expressing them may be able to accu-
mulate metals to high intracellular concentrations. It has been suggested that such
mechanisms may be temporary and precede other means of expulsion of accu-
mulated metals from the cells, possibly by means of vacuoles in eukaryotic
microbes. A variety of electron-dense deposits, many of unknown compositions,
have been recorded in cyanobacteria, bacteria, algae, protozoa and fungi after
exposure to heavy metals. Polyphosphate has been implicated as a metal seques-
tering agent in P. putida, Anabaena cylindrica and Plectonema boryanum, a variety
of eukaryotic algae and certain fungi and yeasts. In eukaryotic microbes, e.g. algae,
yeasts and fungi, there may be compartmentation of accumulated Co2+, Mn2+, Zn2+

and K+ that is located in the vacuoles, where it may be in ionic form or bound to
low molecular weight polyphosphates.

A common metal-induced response in many microorganisms is the synthesis of
intracellular metal-binding proteins which function in detoxification and also the
storage and regulation of intracellular metal ion concentrations. Metallothioneins
are the most widely studied, and these are low molecular weight, cysteine-rich
proteins that can bind metal like Cd, Zn and/or Cu. A Cd-binding prokaryotic
metallothionein (molecular weight approx. 8100) was first described in the
cyanobacterium Synechococcus sp. and others have since been reported in several
bacteria including P. putida inducible Cd-binding proteins also occur in E. coli, but
these are larger than metallothioneins and may be more related to recovery from
cadmium toxicity.

8.5 Enzymatic Transformation of Metals

Microbes transform heavy metals, such as oxidation, reduction, methylation and
demethylation, and these are significant not only to biogeochemical cycling, but
may also constitute mechanisms of resistance. Metal transformation has concen-
trated on bacterial involvement in the mercury cycle, which can be simply repre-
sented as:
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CH3Hgþ �
Demethylation

methylation
Hg2þ �

reduction

oxidation
Hg0 ð1Þ

Mercury resistance to gram-positive and gram-negative bacteria is a common
property, the determinants usually being plasmid encoded, particularly in
gram-negative bacteria. The most ubiquitous mechanism of mercury resistance in
bacteria is the enzymatic reduction of Hg2+, by cytoplasmic mercuric reductase, to
metallic HgO, which is less toxic than Hg2+, volatile and rapidly lost from the
environment. This has also been recorded in certain fungi and yeasts.
Organomercurial compounds are enzymatically detoxified by organomercurial
lyase which cleaves the Hg–C bond of, e.g. methyl-, ethyl- and phenyl-mercury, to
form Hg2+ and methane, ethane and benzene, respectively. The Hg2+ can then be
volatile by mercuric reductase. More than one kind of organomercurial lyase may
be present in a given bacterium. In organomercurial resistance E. coli, two enzymes
are active against methyl- and ethylmercury chloride. In a Pseudomonas strain, also
there are two enzymes of similar specifies, as well as being able to cleave
q-hydroxy-mercury benzoate.

In FAD-containing mercuric reductase is a flavoprotein has been studies for
metal detoxification enzyme this, and organomercurial lyase, require an excess of
thiols for activity. NADPH is the preferred reducing cofactor for mercuric reductase
as well as organomercurial lyase, but in some bacterial strains, NADH is effective.
The thiols prevent the formation of NADPH-Hg2+ complex and ensure that the
Hg2+ is present as a dimercaptide. The reaction catalysed by mercuric reductase
in vivo can be represented as:

RS� Hg SRþNADPHþHþ �! HgO + NADP + 2RSH ð2Þ

Structurally and mechanically mercuric reductase is related to glutathione
reductase and lipoamide dehydrogenase. The mechanism of mercuric reductase
probably involves electrons being transferred from NADPH via FAD to reduce the
active site cystine, converting it to two cysteine residues with titratable SH groups.
One Cys residue forms a charge transfer complex with FAD. The active site cys-
teines then reduce Hg2+, bound to the C-terminal cysteines, forming HgO. Mercuric
reductase has been reported to exist as a monomer, dimer and trimer with a subunit
molecular weight between 54,000 and 69,000, depending on the source, though it
seems probable that the dimeric structure is active in vivo.

9 Genetic Aspects of Heavy Metal Resistance

The metal microbe genetic relations have been inadequate for mutant strains, pri-
marily because understanding of the physiology and biochemistry of resistance is
fragmentary in many cases. The areas, for which significant genetic advances have

13 Microbial Transformation of Heavy Metals 259



been made to date, are in heavy metal resistance in bacteria, cyanobacteria and the
metallothionein of Saccharomyces cerevisiae.

9.1 Genetic Aspects of Heavy Metal Resistance in Bacteria

Many bacteria isolated from metal-contaminated environment shown mercury
resistance. The mercury resistance determinants in bacteria (gram-positive and
gram-negative) are usually plasmid encoded, predominantly in gram-negative
bacteria. A common feature of the Hg2+ resistance determinants of bacteria from the
environment is the absence of association to drug resistance markers in contrast to
clinical bacterial isolates, where Hg2+ resistance is usually linked to genes for
antibiotic resistance. Several mercury resistance transposons could be responsible
for the widespread occurrence of Hg2+ resistance in gram-negative bacteria. To
date, the most recent advances have stemmed from DNA sequencing studies of the
mer genes located on transposons Tn501 and Tn21 from gram-negative bacteria,
and such studies have been carried out with broad spectrum determinants, in both
gram-negative and gram-positive bacteria (Gadd 1990).

9.2 Genetic Aspects of Heavy Metal Resistance in Fungi
and Other Eukaryotes

In fungi, the copper-induced metallothionein of S. cerevisiae (molecular weight
approx, 6573) has received most attention although a copper inducible metalloth-
ionein has also been described from Neurospora crassa. The yeast protein is
inducible only by copper not cadmium or zinc and is therefore often referred to as
Cu-MT or yeast MT.

Inducible Cd-binding proteins that are structurally different to Cu-MT have been
isolated from Schizosaccharomyces pombe. A common name for these sulphur-rich
metal-binding polypeptides is phytochelatin. The metal-binding peptides are com-
posed of only three amino acids, L-cysteine, L-Glutamic and glycine and are analo-
gous to similar peptides found in plant cell exposed to have metals like Cd, Cu, Hg,
Pb and Zn. The general structure of two peptides found in Cd-exposed S. pombe is
(g-Glu-Cys) Gly (n = 2 and 3). The unit peptides are called cadystin, and the phy-
tochelatins n = 2 and n = 3 are called cadystin A and B, respectively. In addition to
these, five homologous peptides with chain lengths from n = 4 and n = 8 are also
observed in S. pombe, indicating that these are synthesized by elongation of the
peptide with one (g-Glu-Cys) unit at the expense of and possibly, starting from
glutathione. The cysteine-rich peptides of S. pombe can confiscate several transition
metals and therefore share some basic features with metallothioneins. Multiple
enzymes may be involved in phytochelatin synthesis, and therefore, mechanisms
must exist for metal-dependent induction or activation of such enzymes.
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10 Conclusion

The main strategy is to reduce the bioavailability, mobility and toxicity of the
metal. Toxic heavy metals have adverse effects on aquatic and terrestrial
ecosystems. All though various microorganisms are commonly found in polluted
habitats and possess a range of morphological and physiological attributes that
enable survival. Certain kinds of resistances may be genetically determined and
transferrable, whereas, in other cases, tolerance may depend on intrinsic proper-
ties of the organism and/or detoxification due to environmental components.
Many organisms can express a variety of survival strategies, and besides pro-
viding excellent model systems for scientific endeavour in fields ranging from
ecology to molecular biology and genetics, they are also of biotechnological
relevance to the detoxification of metals and for containing environmental metal
recovery and reclamation for preservation of natural, synthetic materials and
treatment of infection.

In relation to industrial application of microbial metal removal/recovery, most
attention has so far been focused on high value elements of commercial importance.
With non-precious metals and radionuclides, the economics are frequently
unattractive and there is the problem of contaminated biomass. However, the
containment of low-volume waste or elute is preferable to its entry into the envi-
ronment. At the moment, environmental protection receives only limited political
and industrial attention. However, with increasing pollution and public awareness
of this, and the dangers of heavy metals and radionuclides to all living components
of the biosphere, action may be taken and the fuller involvement of microbe-based
technologies may be part of this.
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