Shree N. Singh

Environmental
Bioremediation
Technologies

£

@ Springer



S.N. Singh * R.D. Tripathi
Environmental Bioremediation Technologies



Shree N. Singh
Rudra D. Tripathi
(Eds.)

Environmental
Bioremediation
Technologies

With 58 Figures, 1 in colour

@ Springer



Editors

Dr. Shree N. Singh

Deputy Director and Head
Ecotoxicology & Bioremediation
National Botanical Research Institute
Lucknow 226001, (India)

Dr. Rudra D. Tripathi

Scientist E-II & Group Leader
Ecotoxicology & Bioremediation
National Botanical Research Institute
Lucknow 226001

India

ISBN 10  3-540-34790-9 Springer Berlin Heidelberg New York
ISBN 13 978-3-540-34790-3 Springer Berlin Heidelberg New York

Library of Congress Control Number: 2006927433

This work is subject to copyright. All rights are reserved, whether the whole or part of the material is concerned,
specifically the rights of transFation, reprinting, reuse of illustrations, recitation, broadcasting, reproduction on
microfilm or in any other way, and storage in data banks. Duplication of this publication or parts thereof is per-
mitted only under the provisions of the German Copyright Law of September 9, 1965, in its current version, and
permission for use must always be obtained from Springer-Verlag. Violations are liable to prosecution under the
German Copyright Law.

Springer is a part of Springer Science+Business Media
springeronline.com
© Springer-Verlag Berlin Heidelberg 2007

The use of general descr?ytive names, registered names, trademarks, etc. in this publication does not imply, even
in the absence of a specific statement, that such names are exempt from the relevant protective laws and regula-
tions and therefore free for general use.

Cover design: E. Kirchner, Heidelberg
Production: A. Oelschlager
Typesetting: Camera-ready by the Editors

Printed on acid-free paper 30/2132/A0 54321



Foreword

Environmental contamination from both natural and anthropogenic sources is,
today, a major environmental concern due to pervasiveness and persistence of
many toxicants. It is considered as an inevitable evil of our progress and
modernization. To decontaminate the soils, sediments and waters, polluted by
anthropogenic activities, the scientists and technologists have evolved different
technologies over the years. Although we have to pay high cost for physical and
chemical environmental technologies, but they are not eco-friendly and safe.
Hence, it was deeply realized to develop viable technologies employing
microbes and plants to remediate not only metallic residues and radionuclides,
but also the xenobiotic compounds like PCBs, PAHs, PCPs, petroleum sludge
and the military wastes. No doubt, the scientists have also got some success in
this endeavour and as the result, many companies are in place today to promote
the sale of plant or microbe-based technologies to deal with specific
environmental contamination challenges. Besides, these technologies are self-
driven and do not disturb the sites in cleaning process.

In order to give a boost to this technology, | would like to appreciate the
sincere efforts of my colleagues, Dr. S.N. Singh and Dr. R.D. Tripathi, both
senior scientists of Ecotoxicology and Bioremediation Group of our institute, to
publish this volume which contains latest information on the various aspects of
bioremediation to deal with specific environmental contaminants. | hope this
book will serve as a ready reckoner to the new researchers and also help the
scientists working in this area in identifying the gaps for research. | consider
this book a value addition to the scientific knowledge on bioremediation — an
emerging and promising technology of today.

Rakesh Tuli
Director

NBRI, Lucknow
India



Preface

Environmental bioremediation is an emerging technology because
conventional methods to clean up the environment are cost-intensive and eco-
unfriendly. In this technology, we employ from micro-organisms to higher
plants to treat hazardous organic and metallic residues or by-products which
enter into soils and sediments from various processes associated with
domestic, municipal, agricultural, industrial and military activities. Hazardous
materials may render harm to humans, livestock, wildlife, crops or native
plants through handling, ingestion, application to land or other distributions of
the contaminated materials into the environment.

No doubt, naturally occurring micro-organisms degrade the hazardous
organic wastes including xenobiotic compounds, such as pesticides,
polycyclic aromatic hydrocarbons (PAHs) and polychlorinated biphenyls
(PCBs) in due course of time. However, metallic residues can not be degraded
in composting, but may be converted into organic combinations that have less
bioavailability than mineral combinations of the heavy metals. In addition,
microbes can transform the oxidation states of several toxic metals and
increase their bioavailability in the rhizosphere to be taken up by metal
hyperaccumulating plants. This technology is termed as phytoremediation and
has received a lot of attention in recent years due to its cost effectiveness solar
driven and high efficiency. In addition, biotechnology provides us tools to
accelerate the phytoremediation process through either over expression of
genes responsible for the sequestration of metals in plants or gene transfer
from low biomass accumulating metal hyperaccumulator plants to high
biomass yielding non-accumulating plants.

To address this problem, we present before you an edited volume which
focuses on different aspects of environmental bioremediation, such as (i)
Accumulation, detoxification and bioremediation of heavy metals and
radionuclides by plants and microbes (ii) Biotechnological approaches to
enhance phytoremediation efficiency (iii) Bioremediation of petroleum sludge
and polycyclic aromatic hydrocarbons (PAHSs) (vi) Fungal-based treatment of
textile wastewater and PCP-contaminated soil (v) Use of aquatic macrophytes
in metal and nutrient removal (vi) Application of biofilms in porus media:
mathematical modeling and numerical simulation (vii) Phytomonitoring and
phytoremediation of air pollutants and (viii) Nanotechnology for
bioremediation of heavy metals. These aspects have been dealt with in 21
chapters contributed by the leading workers, drawn from world over, in their
own fields.

In this endeavour, we, the editors were not alone, but assisted by many
people. We thank Director, NBRI, Dr. Rakesh Tuli, for his kind support and
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encouragement to this task. Besides, we would like to acknowledge all the
contributors who responded to our request and contributed their chapters
enthusiastically, containing the latest information on the relevant aspects. We
also record our appreciation to all those, more particularly Dr. Todd R.
Sandrin, USA, who helped us in editing the some of the manuscripts for value
addition. The services rendered by our own research workers, Dr. Amitosh
Verma, Dr. Sanjay Dwivedi, Dr. Larisha Tyagi, Dr. Vinay Singh Baghel, Mrs.
Seema Mishra, Mr. Sudhakar Srivastava, Ms. Ragini Singh, Mrs. Babita
Kumari, Mrs. Sudha Dwivedi, Ms. Sadhana Tiwari, Mr. Rishabh Kr. Tripathi
and Mr. Deepak Pandey were remarkable and appreciable. Mr. Dilip Kumar
Chakraborty deserves special thanks for his relentless efforts for computer
work to prepare the manuscript on camera ready format.

Lastly, the editors acknowledge their family members for their inspiration,
endurance and moral support during this period.

S.N. Singh
R.D. Tripathi
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Bioremediation of Organic and Metal Co-
contaminated Environments: Effects of Metal
Toxicity, Speciation, and Bioavailability on
Biodegradation

Todd R. Sandrin and Douglas R. Hoffman

Department of Biology and Microbiology, University of Wisconsin Oshkosh, Oshkosh,
Wisconsin, USA, Email: sandrin@uwosh.edu

1. Introduction

Forty percent of the hazardous waste sites on the U. S. Environmental
Protection Agency’s National Priority List (NPL) are co-contaminated
with metal and organic pollutants (Sandrin et al. 2000). Metals most
frequently found at Superfund sites include arsenic, barium, cadmium,
chromium, lead, mercury, nickel and zinc. Common organic co-
contaminants include petroleum, chlorinated solvents, pesticides and
herbicides. Conventional approaches to removing the organic pollutants at
these sites, such as pump and treat, are costly and often ineffective (NRC
1994). Bioremediation is a viable alternative to conventional technologies,
but metal toxicity at co-contaminated sites may limit its utility. Many
studies report that metals inhibit general microbial activity (e.g., litter
decomposition, methanogenesis, acidogenesis, nitrogen transformation),
but a few have specifically investigated the impact of metals on organic
pollutant biodegradation. The fact, that metals affect a myriad of microbial
activities suggests that metals have the potential to affect the
biodegradation of organics in co-contaminated environments. In some
studies, metals have no impact or have a stimulatory effect on microbial
activity. Thus, the effect of metals on organic pollutant biodegradation
remains poorly characterized. This review discusses: 1) the toxicity of
metals to microorganisms, 2) the roles metal speciation and bioavailability
play in governing the extent to which metals affect organic pollutant
biodegradation, 3) reported effects of metals on aerobic and anaerobic
biodegradation, 4) patterns in which metals affect biodegradation, and 5)
approaches to increasing organic biodegradation in co-contaminated
systems.
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2. Metal Toxicity to Microorganisms

An understanding of mechanisms of metal toxicity is essential in anticipating to
what extent, metals will inhibit pollutant biodegradation by a particular
population of microorganisms. A lucid and comprehensive understanding of
modes of metal toxicity may lead to the development of novel technologies to
mitigate metal toxicity in metal and organic co-contaminated environments.
Mechanisms of metal toxicity to microorganisms have been studied extensively,
and several excellent reviews are now available (Nies 1992; Rouch et al. 1995g;
Ji and Silver 1995; Silver and Phung 1996; Rosen 1996; Silver 1996; Nies
1999). Despite this sizable body of work, the precise mechanisms of the toxicity
of many metals remain unclear. Hence Nies so astutely observed in his review
of microbial metal toxicity and resistance, “We are just beginning to understand
the metabolism of heavy metals” (Nies 1999).

2.1 Metal Chemistry

Incompletely filled d-orbitals allow metals to form complex compounds with
organic ligands, such as the proteins (Nies 1999), nucleic acids, and cell wall
materials of microorganisms (Toth and Tomasovicova 1989). This binding is
beneficial in the case of some metals such as calcium, magnesium, manganese,
copper, and zinc. These metals serve as enzyme co-factors in complex
biochemical processes; however, at high concentrations, the same essential
metals can form non-specific complexes with organic ligands. This leads to
toxicity. In addition, some metals, such as mercury, cadmium, and silver, form
such strong complexes with organic ligands that they are rarely used in
biochemical process (Nies and Silver 1995). For example, only one enzyme,
carbonic anhydrase utilized by a marine diatom, is known to use cadmium as a
cofactor (Lane and Morel 2000; Lane et al. 2005).

Metals bind to functional groups of biological molecules with varying
affinities and can be classified as either hard or soft. Hard metals (e.g., sodium,
potassium, magnesium, calcium, manganese and iron) are small cations that are
not readily polarizable, while soft metals (e.g., copper, lead, cadmium, mercury,
and silver) are larger cations that are very polarizable due to their large number
of electrons (Hughes and Poole 1991). Hard metals prefer to bind to ligands
containing oxygen, such as carboxylic acid, sulfate, and phosphate functional
groups. In contrast, soft metals preferentially bind to ligands containing sulfur,
such as the sulfhydryl (-SH,) groups found in proteins.

2.2 Heavy Metal Uptake

Of course, for a metal to bind to an essential protein, nucleic acid or membrane
component, the metal must first be taken up by the cell. Differentiating between



Bioremediation of Organic and Metal Contaminants 3

toxic and non-toxic metals is a complex cellular process. The structures of many
metals, toxic and non-toxic, are remarkably similar. For instance, manganese,
iron, cobalt, nickel, copper and zinc have ionic diameters which vary by less
than 14% (from 138-160 pm) (CRC 1991). In addition, each of these cations is
divalent. Serving as further disguise, some metals can coordinate with oxygen
in such a way as to resemble common innocuous molecules. Arsenate (AsO,*)
resembles phosphate (PO,*), while chromate (CrO,%) is remarkably similar to
sulfate (SO,*). Evolution has endowed microorganisms with effective
mechanisms to distinguish between toxic and non-toxic metals. Two general
types of uptake mechanisms have been described: 1) selective, substrate-
specific uptake systems that are slow and require considerable energy (ATP)
and 2) substrate-non-specific, fast systems that transport metals using a
chemiosmotic gradient rather than ATP (Nies and Silver 1995). Fast,
nonspecific uptake systems are constitutively expressed, while slower, specific,
energy-consuming uptake systems are inducible (Nies and Silver 1995).

An example of a fast, non-specific uptake system is the magnesium uptake
system, CorA, found in Gram negative bacteria, archaea and baker’s yeast. This
system is responsible for the uptake of a variety of cations in addition to
magnesium, including nickel, cobalt, zinc, and manganese. Two common fast
transport systems that heavy metals often exploit to enter cells are Pit
(phosphate inorganic transport) and the sulfate transport system. Arsenate is
able to enter via Pit, while chromate can infiltrate cells via the sulfate transport
system (Nies 1999). Slow, specific metal uptake systems include the P-type
ATPases that transport zinc, manganese, cadmium, magnesium, calcium,
potassium, copper, lead and silver (Fagan and Saier 1994).

2.3 Interaction of Heavy Metals with Cellular Components

Even highly evolved, substrate-specific uptake mechanisms may not prevent
entry of a toxic metal into a cell. Once inside, metal cations can interact with
various cellular components including cell membranes, proteins, and nucleic
acids. Interactions of metals with these cellular components have been linked to
toxicity (Toth and Tomasovicova 1989). Baath (1989) reported that copper and
zinc disrupt the cell membrane. Furthermore, an early step in metal uptake may
be binding of the metal to the cell surface. The outer membrane of Gram
negative bacteria effectively complexes metals including sodium, calcium,
magnesium, strontium, nickel, manganese, lead, and iron. In addition, the thin
layer of peptidoglycan of Gram negative bacteria can bind metals, albeit not
nearly as effectively as the thick layer of peptidoglycan of Gram positive
bacteria which contain teichoic acid, a potent metal chelator (Beveridge and
Doyle 1989).

The ability of cell surfaces to complex metals lies in their net negative
charge at normal growth pH. In Gram negative bacteria, the net negative charge
of the cell surface results from the phosphate and carboxyl groups of
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lipopolysaccharide molecules (Goldberg et al. 1983; Volesky 1990), while the
negative charge in Gram positive bacteria results largely from teichoic acid. A
more negative cell surface charge may more effectively attract and bind toxic
metal cations, thus rendering the cell more susceptible to the toxic effects of the
metal (Rai et al. 1996).

Interactions of metals with cellular proteins are more commonly implicated
in causing toxicity than interactions of metals with membranes. Toxic metals
readily bind to sulfhydryl groups of proteins. As mentioned above, soft cations,
such as cadmium and lead, preferentially bind sulfur-containing ligands over
oxygen-containing ones. This binding affects the structure and function of the
protein. Interestingly, the dissociation constants of soft metals complexed to
sulfhydryl groups correlate well with the minimum inhibitory concentration
(MIC) of the same metals. This illustrates the importance of the ability of a
metal to bind to proteins in determining its toxicity (Nies 1999).

2.4 Substitution for Essential Metabolites

If both hard and soft cations are present, soft cations will replace hard cations
on ligands. This can lead to substitution of an essential metabolite by a toxic
metal. The resemblance of some deleterious heavy metals to essential metals
not only allows them to enter the cell, but also to exert their toxic effects via
substitution. For example, chromate is often mistakenly used as sulfate, arsenate
is mistaken for phosphate, cadmium is used as an enzyme co-factor instead of
zinc or calcium, nickel and cobalt replace iron, and zinc is commonly mistaken
for magnesium. All of these mistaken identities result in the construction of an
unstable, inhibited, or non-functional enzyme or other biological molecule (Nies
and Silver 1995; Nies 1999).

2.5 Heavy Metal Induced Oxidative Stress

The toxicity of heavy metals to Gram negative bacteria is due, in part, to
oxidative stress (Kachur et al. 1998). Metal cations may bind two glutathione
molecules, forming a bis-glutathione molecule that reacts with diatomic oxygen
to yield oxidized bis-glutathione, the metal cation, and hydrogen peroxide. The
oxidized bis-glutathione must be reduced using NADPH; however, the metal
cation released in the process is once again free to re-initiate this process and
continue imposing considerable oxidative stress on the cell (Nies 1999).

3. Metal Speciation and Bioavailability

Despite the substantial information concerning mechanisms of metal toxicity,
meaningful  quantitative data on responses of pollutant-degrading
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microorganisms to metals is still lacking. This is largely due to the fact that
making comparisons between concentrations of metals that inhibit
biodegradation reported by different studies is exceedingly difficult. For
example, five orders of magnitude separate literature reports of concentrations
of zinc that inhibit biodegradation (Table 1). While it should be noted that not
all studies attempted to pinpoint the lowest concentration that inhibits
biodegradation, many disparities likely result from variations in metal
bioavailability between studies.

Most commonly, metal inhibition of biodegradation has been related to
the total metal concentration in a system. This may not be the most
appropriate predictor of metal toxicity, as suggested by the wide range of
total metal concentrations reported to inhibit biodegradation (Table 1). The
concentration of the most bioavailable form (i.e., species) of the metal
(commonly held to be the free, ionic, solution-phase metal species) is likely
a better indicator of the extent to which a metal will inhibit biodegradation.
In media commonly used to study metal toxicity, metals exist in a number of
different species in addition to the free, ionic species. Depending on medium
characteristics described below, metals can exist as free ions (possibly with
different oxidation states), hydroxo-complexes, or be complexed to organic
or inorganic ligands (Hughes and Poole 1991; Twiss et al. 2001). The
distribution of these different metal forms is referred to as metal
speciation.

3.1 Factors Affecting Metal Speciation and Toxicity

It is well-established that different metal species vary in their biological
reactivity (Hughes and Poole 1991; Traina and Laperche 1999; Twiss et al.
2001; Behra et al. 2002). Certain metal species are more likely than others to
associate with biochemically active sites (e.g., enzymes) and initiate biological
responses. In this review, we define bioavailability as the ability of a metal
species to access these sites. In the case of organic-degrading microbes,
interactions of metals with enzymes results in the inactivation of enzymes
necessary for biodegradation (e.g., monoxygenases, dioxygenases) or of
enzymes used in the general metabolism (Nies 1999; Baldrian et al. 2000;
Sandrin and Maier 2003). There is still some debate as to which metal species
are most bioavailable. Currently, though, there is a considerable amount of
evidence suggesting that free, ionic, solution-phase metal species are most
bioavailable (Angle and Chaney 1989; Traina and Laperche 1999; Behra, et al.
2002). Despite being highly bioavailable, the free ionic metal concentration
may represent only a small fraction of the total metal species distribution in a
solid or aqueous medium. For these reasons, it is of paramount importance to
understand what properties of metal toxicity test systems impact metal
speciation and metal bioavailability. Two of the most important of these
properties are medium chemical composition and pH.
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3.1.1 Chemical Composition

To accurately characterize metal speciation, the chemical composition of the
medium must be known. This requires use of a chemically defined medium to
ensure that all components capable of interacting with metals are taken into
consideration (Hughes and Poole 1991; Twiss et al. 2001). Many complex
microbiological media contain extracts (e.g., yeast extract and beef extract) that
vary in their precise chemical composition. Common to many studies
investigating organic pollutant biodegradation, a minimal medium is often used.
Minimal media typically consist of a solution of mineral salts amended with an
organic pollutant targeted for degradation as the sole source of carbon
(Springael et al. 1993; Benka-Coker and Ekundayo 1998; Amor et al. 2001,
Roane et al. 2001; Sandrin and Maier 2002). Some studies have also used
sediment or soil slurries taken directly from the environment to monitor the
biodegradation of an added organic, while others have used a combination of
these approaches by placing a defined amount of sediment or soil into a
minimal medium containing an organic pollutant (Said and Lewis 1991; Pardue
et al. 1996; Delaune et al. 1998; Kong 1998; Roberts et al. 1998; Maslin and
Maier 2000). Regardless of the type of medium, the buffering system has a
dramatic impact on metal speciation and bioavailability. Because buffers are
often present at higher concentrations than other medium components and may
contain agents that reduce metal bioavailability, their impact on metal
speciation and bioavailability must be considered (Hughes and Poole 1991;
Teresa et al. 2000; Vasconcelos and Leal 2002).

A variety of buffers have been used in studies examining effects of metals on
biodegradation. Phosphate buffers, probably among the most common buffers
used in microbiology, have been used in the majority of studies (Birch and
Brandl 1996; Benka-Coker and Ekundayo 1998; Amor et al. 2001; Nakamura
and Sawada 2000). Phosphate readily sequesters metals and reduces their
bioavailability via the formation of insoluble metal-phosphate species. In fact,
phosphate is so efficient at metal sequestration that it has been used as a metal-
complexing agent in a few studies to reduce free ionic metal concentrations
(Ruby et al. 1994; White and Knowles 2000). The remarkable ability of
phosphate to reduce bioavailable metal concentrations is illustrated in Figure
1A, which shows predicted concentrations of free ionic metals as a function of
phosphate concentration in a medium commonly used in biodegradation studies,
Bushnell Haas medium (Difco™, Sparks, MD). With a relatively low phosphate
concentration of 2.27 mM, 44% less free ionic cadmium exists in the medium
containing phosphate than in the same medium not containing phosphate. Some
metals are more sensitive to phosphate precipitation than others. As shown in
Figure 1A, cobalt bioavailability is predicted to remain high (95% remains in
the free, ionic form) as the phosphate concentration is raised to 15 mM, but the
concentration of free, ionic nickel is predicted to fall to 21% of its concentration
in the medium free of phosphate. Metal-phosphate species are quite insoluble,
even at neutral to mildly acidic pH values.
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The ability of phosphate buffers to precipitate metals has been taken for
granted in several metal toxicity studies. In their review of metal speciation,
Hughes and Poole (1991) describe the difficulty of detecting metal precipitates
in a turbid culture. Metal-phosphate precipitates can present many problems,
especially if culture turbidity is used as the measure of growth and
biodegradation. Precipitates can easily be misinterpreted as cell biomass,
making growth measurements misleading and inaccurate. In their study of
nitrilotriacetic acid (NTA) biodegradation, White and Knowles avoided this
problem by acidifying their samples prior to measuring culture turbidity (White
and Knowles 2000; 2003). Lowering the pH dissolved any metal-phosphate
precipitates present in the samples. Other techniques have been developed to
overcome problems with phosphate precipitation. For example, Malakul et al.
(1998) replaced phosphate with glycerophosphate. In this form, phosphate will
not readily bind metals and cause precipitation. Glycerophosphate, though, can
potentially serve as a carbon source for organic-degrading microbes, thus
decreasing the effectiveness of pollutant biodegradation and confounding
interpretation of biodegradation data based solely on biomass measurements.
Metal-phosphate precipitation can also be reduced by decreasing the phosphate
concentration. This allows higher metal levels to be tested while reducing
precipitation and increasing bioavailability. Though, caution should be
exercised as the buffering capacity of the medium will be compromised as the
phosphate concentration is reduced.

Metals tend to remain more bioavailable in the presence of zwitterionic buffers
(such as HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid), MES
(morpholinoethanesulfonic  acid), MOPS (3-(N-morpholino)propanesulfonic
acid), and PIPES (1,4-piperazinebis(ethanesulfonic acid)) than in the presence of
phosphate buffers. This is due to the fact that these buffers do not interact with
metals as strongly as phosphate buffers. At pH 7.2, Mash et al. (2003) reported
that MES and MOPS buffers (each at 50 mM) did not complex copper, while
HEPES (35 mM) showed some copper complexation. PIPES buffer (0.8 mM) did
not complex copper (Vasconcelos et al. 1998). Despite its frequent use in metal
toxicity studies, little metal complexation data is available for Tris-base (2-amino-
2-(hydroxymethyl)-1,3-propanediol). Available data, however, suggest that Tris-
base is capable of complexing many metals, though to what extent is not clear
(Twiss et al. 2001). Because of their limited interaction with metals, many have
recommended the use of MES, MOPS, and PIPES in metal toxicity studies,
presuming studies are conducted in the operational pH range of the buffers (6.1-
7.5) (Twiss et al. 2001; Mash et al. 2003).

While some buffers do not complex metals, many inorganic ligands, such as
CI, NOs, OH, SO5 and SO4%, have strong metal-complexing capabilities and
high affinities for many metals. Metals complexed with these ligands usually
remain soluble; however, their bioavailability is thought to be lower than free,
ionic metals (Reed and Nonavinakere 1992; Janos 1993; Bianchini and Bowles
2002).
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3.1.2 pH

Metal speciation and bioavailability are also dependent on pH. In general,
metals are more bioavailable at acidic pH values (Hughes and Poole 1991;
Twiss et al. 2001). Under acidic conditions, free ionic metal species are
thought to be more prevalent, likely from the saturation of metal binding
sites with protons (H"). This saturation limits interactions between metals
and potential metal-complexing ligands. Also, under basic conditions,
metals tend to form hydroxy-metal complexes. Figure 1B illustrates the
predicted pH-dependent loss of free ionic metal species in Bushnell Haas
medium amended with a total concentration of 100 uM of one of several
metals. Depending on the particular metal, hydroxo-metal complexes may be
soluble (e.g., CdOH", NiOH*, ZnOH") or insoluble (e.g., Cr(OH)s,
Fe(OH)3). The dependence of metal bioavailability on pH varies between
different metals. For example, at pH 7, 68 uM cobalt is predicted to exist in
the free, ionic form, whereas only 4.1 pM nickel remains in the same form.
Free, ionic concentrations of lead, copper, cadmium, and zinc are predicted
to be considerably lower.

Medium pH acts in conjunction with phosphate content to profoundly
impact free ionic metal levels. Figure 1C shows predicted free ionic
concentrations of cadmium in Bushnell-Haas medium initially amended with
100 pM total cadmium, adjusted to different pH values, and containing
variable amounts of phosphate. Small changes in pH or phosphate
concentration can have large effects on free ionic metal concentrations. For
example, Cd** levels decreased dramatically as pH and phosphate
concentration increased. At pH 7 in the presence of 0, 0.15, 1.5, 15, 30, and
50 mM phosphate, Cd** levels were predicted to be 66, 64, 17, 1.5, 0.93, and
0.65 uM, respectively. Of the studies summarized in Table 1, nine used a
medium containing a mean phosphate concentration of ~19 mM and were
adjusted to a mean pH of 6.8. Thus, bioavailable concentrations of metals in
studies cited in Table 1 are likely much lower than the reported total metal
concentrations.

Because pH strongly influences free ionic levels of metals and their
bioavailability, maintaining pH throughout the duration of an experiment is
necessary. This requires selection of an appropriate buffering system.
Biodegradation studies are typically conducted at neutral to mildly acidic pH
values. Use of buffers whose operational pH range lies in this region is
recommended to avoid dramatic changes in pH. The operational pH range of
a buffer is dependent on the pKa of the weak acid(s) used to buffer the
medium. A buffer’s pKa value represents the pH at which one-half of the
buffering agent is protonated. Using a buffer at a pH significantly higher or
lower than its pKa will result in a poorly buffered medium. Excretion of
acidic metabolic end products by microbes can reduce the pH of marginally
buffered media and can result in unanticipated metal speciation events
(Hughes and Poole 1991; Twiss et al. 2001).
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Fig. 1. Effect of phosphate concentration (A), pH (B), and interactions of phosphate and
pH (C) on solution-phase, ionic metal ([M?']) and cadmium ([Cd?*']) concentrations as
predicted by MINEQL+ geochemical modeling software (Environmental Research
Software, Hallowell, ME, USA) in Bushnell-Haas broth (Difco, Sparks, MD) amended
with 100 pM total lead, copper, cadmium, zinc, nickel, or cobalt. When prepared
according to the manufacturer’s specifications, Bushnell-Haas broth contains 15 mM
pH and has a pH of 7.0 £0.2. The pH of the medium in (A) was set at 6.5
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3.2 Metal Speciation and Bioavailability to affect Biodegradation in Soil

Metal bioavailability is often low in soil systems. This is due largely to the
composition and pH of many soils studied. For example, in soil systems used to
investigate effects of cadmium on phenanthrene biodegradation, 394 mg total
cadmium/kg were added, but only 3 mg cadmium/L were actually bioavailable
(Maslin and Maier 2000). Similarly, only 1% of the total zinc used in the work
of Majumdar et al. (1999) was in the aqueous phase. Kong (1998) found that
soluble metal concentrations in treatments initially amended with 20 mg total
metal/L were below detection limits of 0.03-0.04 mg/L. At 100 mg total
metal/L, only 1 mg cadmium/L and less than 0.12 mg copper and chromium/L
were found in the aqueous phase.

In the soil environment, organic matter and clay mineral content are
important factors that can reduce metal bioavailability. Thus, as increasing
amounts of metal are added, toxicity is observed only after binding sites on
organic matter become saturated with metal cations. For instance, Pardue et
al. (1996) found that only 0.01 mg solution phase cadmium/L was required to
inhibit trichloroaniline dechlorination in a mineral dominated soil, while 0.2
mg solution phase cadmium/L was required for inhibition in an organic
matter dominated soil. This increase in tolerance to cadmium was correlated
to saturation of metal binding sites on the organic matter. Similarly, only
bioavailable cadmium has been reported to inhibit dehalogenation in
microcosms containing cadmium-contaminated sediment (Jackson and
Pardue 1998). Furthermore, Said and Lewis (1991) reported that
biodegradation of a common herbicide, 2,4-dichlorophenoxy acetic acid
methyl ester (2,4-DME), was much more sensitive to metal inhibition in
aufwuchs (floating algal mats) than in sediments. The authors suggested that
this was due to higher metal binding by sediments than by aufwuchs. Roberts
et al. (1998) observed inhibition of 2,4-diamino-6-nitrotoluene
biodegradation at an undetectable concentration of soluble lead (below 1
mg/L) in treatments initially containing 10,000 mg total lead/kg. The
phosphate buffer in this study may have caused this large reduction in lead
bioavailability. Clay minerals have also been shown to reduce metal
bioavailability. Clays with high cation exchange -capacities, such as
montmorillonite, appear to reduce metal bioavailability and toxicity most
(Babich and Stotzky 1977). In fact, the profound impacts of clays on the
bioavailability of toxic metals have prompted investigations into the use of
clays to reduce metal toxicity as described later in this review.

3.3 Measurement of Bioavailable Metal

Reporting of bioavailable metal concentrations is a vital step towards
standardizing experiments to determine effects of metals on organic pollutant
biodegradation. Bioavailable metal concentrations can be estimated from
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solution phase metal concentrations using tools such as ion selective electrodes,
which measure only ionic solution phase metals. A number of promising tools
are in development that use biological systems to quantify solution phase and
bioavailable metal concentrations. One of the most attractive aspects of these
tools is that they can be used in complex systems, such as microbiological
media and soil. The first such tool is the immunoassay which can detect
solution phase metal concentrations in low pg/L range. Immunoassays have
been developed for cadmium, lead, cobalt, nickel, and zinc. An immunoassay
for mercury is commercially available (Blake et al. 1998; Khosraviani et al.
1998). A second tool is the use of bioreporters. These are whole cells that
produce a protein with measurable activity (e.g., LacZ) or light in response to
bioavailable metal. Bioreporters for detection of mercury have been created
using both the lacZ system (Rouch et al. 1995b) and the luminescent lux system
(Selifonova et al. 1993; Corbisier et al. 1999). While a bioreporter measures
bioavailable metal, it should be emphasized that depending on the metal
resistance mechanisms of the bioreporter system used, measurement of
bioavailable metal can vary. A review of applications, advantages and
limitations of immunoassays and bioreporters for metal detection is available
(Neilson and Maier 2001).

In addition to biological-based approaches, geochemical modeling software
(e.g., MINTEQA2, MINEQL+) can be used to predict metal speciation as a
function of pH and ionic strength (Pardue et al. 1996). At least three
computational models have been developed to predict the impact of metals on
organic biodegradation (Jin and Bhattacharya 1996; Nakamura and Sawada
2000; Amor et al. 2001). These models account for metal inhibition by adding
metal inhibition constants (e.g., K;) to conventional microbial growth and/or
degradation equations. For instance, Amor et al. (2001) used a form of the
Andrew’s equation (often used to describe microbial growth with inhibition) to
model effects of cadmium, zinc, and nickel on rates of alkylbenzene
biodegradation:

1= pmax S/(Ks + S + SYK)), (1.1)
Where p is the alkylbenzene biodegradation rate
Umax 1S the maximum alkylbenzene biodegradation rate
S is the alkylbenzene concentration
K is the alkylbenzene concentration that yields ¥2pimax
K is the metal inhibition constant.

None of these models incorporates metal speciation and bioavailability.
Thus, data generated by these models may only be meaningful for the medium
or soil that was used to develop the model. For example, the medium used by
Nakamura and Sawada (2000) was adjusted to a pH of 7.8 and contained 0.147
mM phosphate. Likewise, the medium used by Amor et al. (2001) was adjusted
to a pH of 5.9 and contained 36 mM phosphate. In both media, much of the
metal may precipitate. Thus, these models are likely to underpredict metal
toxicity in systems that have a lower pH and/or less phosphate.
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4. Metal Inhibition of Biodegradation

The impacts of metals on many general microbial activities including litter
decomposition, methanogenesis and acidogenesis, nitrogen transformation,
biomass generation, and enzymatic (e.g., dehydrogenase) activity have been
studied extensively (Mosey 1976; Doelman and Haanstra 1979a; Doelman and
Haanstra 1979b; Capone et al. 1983; Pankhania and Robinson 1984; Babich and
Stotzky 1985; Rogers and Li 1985; Kouzelikatsiri et al. 1988; Baath 1989;
Hickey et al. 1989; Nandan et al. 1990; Burkhardt et al. 1993; Lin 1993;
Bardgett and Saggar 1994; Masakazu and Itaya 1995; Knight et al. 1997).
Metals including copper, zinc, cadmium, chromium (I and VI), nickel,
mercury, and lead have been reported to inhibit each of these processes. In
contrast, some metals have been observed to stimulate activity. For example,
Baath (1989) noted that both inhibitory and stimulatory effects of lead on
carbon mineralization have been observed. Equally perplexing, the addition of
some metals including mercury, lead, nickel, cadmium, and copper, stimulated
methanogenesis in anoxic salt sediments (Capone et al. 1983) and nickel (< 300
mg total nickel/L) stimulated acidogenesis (Lin 1993). As illustrated below,
available data on the effect of metals on organic pollutant biodegradation is not
extensive, but demonstrates that metals have the potential to inhibit pollutant
biodegradation under both aerobic and anaerobic conditions.

4.1 Effects of Metals on Aerobic Biodegradation

Metals have been shown to inhibit the aerobic biodegradation of a variety of
organic pollutants (Table 1A). For example, copper, cadmium, mercury, zinc
and chromium (I11) were found to inhibit the aerobic biodegradation of 2,4-
DME in lakewater samples inoculated with either a sediment or an aufwuch
(floating algal mat) sample (Said and Lewis 1991). Zinc, with a minimum
inhibitory concentration (MIC) of 0.006 mg total Zn/L, was most toxic in
sediment samples; however, in aufwuch samples, mercury was most toxic with
an MIC of 0.002 mg total Hg/L. A pure culture study using a naphthalene-
degrading Burkholderia sp. reported an MIC of 1 mg bioavailable cadmium/L
(Sandrin et al. 2000). This MIC was in the same range as the MICs reported by
Said and Lewis (1991) for cadmium (0.1 mg total cadmium/L for sediment
samples and 0.629 mg/L for aufwuch samples). The fact, that different
microorganisms were used in each study likely accounts for differences
between the reported MICs.

Springael et al. (1993) also showed that metals inhibited biodegradation of a
variety of organic contaminants by several bacterial genera in pure culture.
Reported MICs were 2 to 4 orders of magnitude higher than those reported by
Said and Lewis (1991) (see Table 1A). The large discrepancies between MICs
reported by these two studies are likely due to differences in the test system
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used in each study. Springael et al. (1993) quantified metal toxicity on solid
agar media, while Said and Lewis quantified metal toxicity in liquid culture.
Colony growth, that occurs on solid media, may have aided in protection
against metal toxicity and resulted in higher MICs.

Metal inhibition has also been observed in soil systems. For example, 60 mg
total cadmium/kg, inhibited the biodegradation of the herbicide 2,4-
dichlorophenoxyacetic acid (2,4-D) in a soil system that was inoculated with the
2,4-D-degrader Alcaligenes eutrophus JMP134 (Roane et al. 2001). This study
was performed both in small-scale microcosms and larger 5-gallon mesocosms
showing similar metal sensitivity. Experiments have also been performed
investigating the impact of metals on biodegradation by the indigenous soil
community (Maslin and Maier 2000). In this case, the impact of cadmium on
phenanthrene degradation in two desert soils was measured over a nine-day
period. Results showed a 5-day increase in lag period for phenanthrene
degradation in the presence of 1 and 2 mg bioavailable cadmium/L and
complete inhibition at 3 mg bioavailable cadmium/L.

Effects of metal toxicity on biodegradation are not only limited to aromatic
contaminants. The impact of copper toxicity on biodegradation of a polymer
commonly wused for medical, agricultural, and industrial purposes,
polyhydroxybutyrate (PHB), has also been investigated (Birch and Brandl
1996). The polymer is used in agriculture both as a film mulch and as a long-
term delivery device for fertilizers. In both applications, the material is expected
to biodegrade after it has served its purpose; however, treatment of agricultural
fields with sewage sludge (which is often rich in copper) can increase the soil
metal content. To determine the impact of copper toxicity on PHB
biodegradation, a PHB-containing agar overlay was placed on media containing
a concentration gradient of copper. Plates were inoculated with a PHB-
degrading strain of Acidovorax delafieldii. The concentration of copper along
the gradient was determined by measuring copper in filter paper that was in
contact with the gradient. Using this novel approach, the authors found that 8 to
15 mg bioavailable copper/L were required to inhibit PHB biodegradation.

Not all studies have investigated the impact of single metals on
biodegradation of only a single, pure organic. Benka-Coker and Ekundayo
(1998) investigated the impact of zinc, lead, copper and manganese on crude oil
biodegradation by a Micrococcus sp. and a Pseudomonas sp. Biodegradation
was reduced most by zinc (concentrations as low as 0.43 mg total zinc/L) and
least by manganese (concentrations as low as 28.2 mg total manganese/L).
Interestingly, combinations of metals were reported to be less toxic than some
single metals. For instance, toxicity of 0.5 mg total zinc/L was mitigated by
addition of 0.5 mg total copper, lead, and manganese/L. Most recently, Riis et
al. (2002) reported inhibition of diesel fuel biodegradation in liquid cultures by
combinations of metals, including copper, nickel, and zinc.

Some readily biodegradable organic pollutants, such as ethylenediamine-
tetraacetic acid (EDTA) and NTA, interact strongly with metals. Despite the
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ubiquity of these compounds in wastewater, there is a paucity of information in
the literature regarding the biodegradability of metal-organic complexes.
Biodegradation of several EDTA-metal complexes, including complexes
containing cadmium, nickel, cobalt, and copper, has been reported to be much
slower than biodegradation of EDTA alone (Thomas et al. 1998). Similarly,
Chelatobacter heintzii ATCC 29600 readily degraded free NTA, but was unable
to degrade NTA complexed by copper, nickel, or cobalt (White and Knowles
2000). Complexation of NTA by the same metals reduced NTA biodegradation
by Mesorhizobium sp. NCIMB 13524 (White and Knowles 2003). Additional
organic pollutants capable of complexing and interacting with metals do exist.
For this reason and the fact that the bioavailability of metals complexed to
various organic ligands has not been well-characterized, more research in this
area is warranted.

4.2 Effects of Metals on Anaerobic Biodegradation

Anaerobic catabolic pathways often represent the sole process for
biodegradation of highly halogenated organics such as trichloroethene (TCE)
and perchloroethene (PCE) (Alexander 1999). Many of these solvents have
been discarded with metals. For this reason, several studies have addressed the
effects of metal toxicity on the biodegradation of organic pollutants by
anaerobic bacterial consortia (Table 1B).

Only 5 mg total cadmium/L has been reported to reduce TCE
biodegradation (Degraffenreid and Shreve 1998). Representative of additional
solution studies, Kuo and Genthner (1996) investigated the impact of
cadmium, copper, chromium, and mercury on dechlorination and
biodegradation by an anaerobic bacterial consortium isolated from an aquatic
sediment. The consortium was capable of completely degrading 2-
chlorophenol (2CP), 3-chlorobenzoate, phenol and benzoate. Results showed
that different activities (e.g., dehalogenation, biodegradation, and
methanogenesis) were affected differently by each metal. For example,
biodegradation of 3-chlorobenzoate was inhibited most by cadmium and
chromium, biodegradation of benzoate was most sensitive to copper, and
phenol biodegradation was most reduced by mercury. In general, the addition
of low levels of metals (0.1-2.0 mg total metal/L) lengthened acclimation
periods and decreased dechlorination and biodegradation rates. Concentrations
from 0.5-5 mg total metal/L completely inhibited either dechlorination or
biodegradation. Similar results have been reported elsewhere. Kamashwaran
and Crawford (2001) found that cadmium reduced pentachlorophenol
biodegradation rates. Kuo and Genthner (1996) point out that their results
suggest that, in addition to adversely affecting degraders in a consortium,
metals may affect non-degrading consortium members that play a vital but
indirect role in the degradation process. For instance, members of the
consortium that produce reducing equivalents for reductive dehalogenation or
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remove dechlorinated products from the system to allow further
dehalogenation may be deleteriously impacted, thus reducing the overall rate
and extent of biodegradation.

Such an indirect mode of toxicity has also been implicated in the mechanism
by which metals inhibited the anaerobic biodegradation of trinitrotoluene (TNT)
metabolites (Roberts et al. 1998). Copper, zinc, and lead did not affect
establishment of anaerobic conditions in a bioreactor, nor did these metals
impact loss of the parent TNT compound; however, subsequent removal of
TNT degradation intermediates was reduced by each of the metals. For instance,
lead (total concentrations > 1000 mg/kg) delayed degradation of a TNT
biodegradation intermediate (2,4-diamino-6-nitrotoluene) by as many as nine
days. Zinc (1500 mg total zinc/kg) delayed degradation of the same
intermediate by eight days. Copper (4000 and 8000 mg total copper/kg)
completely inhibited removal of this intermediate. Thus, it is important to
consider the effects of metals on populations of microorganisms other than
those biodegrading the parent compound.

Soil type affects the extent to which metals inhibit biodegradation. For
example, Pardue et al. (1996) examined the impact of cadmium on reductive
dehalogenation of trichloroaniline in different soils. As described above, in
microcosms containing two mineral-dominated soils, only 0.01 mg solution
phase cadmium/L was required to inhibit reductive dehalogenation. In
microcosms containing an organic matter-dominated soil, more than an order of
magnitude higher cadmium concentration (0.2 mg solution phase cadmium/L)
was required to inhibit dehalogenation. Furthermore, results showed that the
dehalogenation pathway expressed in soil exposed to cadmium was different
than the pathway expressed in cadmium-stressed soil. This suggests that
cadmium stress selected for a different, dominant dehalogenating population
than was found in the cadmium-free soil. Sediments have also been shown to
mediate metal toxicity. The impact of metals on reductive dehalogenation of
hexachlorobenzene in a waste lagoon sediment co-contaminated with cadmium
and lead has been investigated (Jackson and Pardue 1998). In this study,
cadmium and lead inhibited reductive dehalogenation, but only when not bound
to sediment material.

4.3 Relationships between Metal Concentration and Inhibition of
Biodegradation

It should be noted that the literature contains reports that metals do not inhibit
some biodegradative processes. For example, cadmium (<500 mg total
cadmium/L) and mercury (<100 mg total mercury/L) did not affect
biodegradation of a variety of polycyclic aromatic hydrocarbons (PAHSs) by the
fungus Pleurotus ostreatus in soil (Baldrian et al. 2000). Similarly, Delaune et
al. (1998) investigated the effects of chromium and lead on crude oil
biodegradation. Those metals did not affect overall total hydrocarbon
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biodegradation, chromium (5,000 pg total chromium/g) reduced biodegradation
of a constituent hydrocarbon of the oil, octadecane. This reduction occurred
only under reducing conditions. Similarly, a suite of metals (copper, nickel, and
zinc, at 31.8, 29.3, and 32.7 mg total metal/L, respectively) had no effect on
diesel fuel biodegradation in soil slurries by an indigenous community of
degraders (Riis et al. 2002); however, the same metals at 25-fold lower
concentrations inhibited diesel fuel degradation in liquid culture by a
community of degraders extracted from the soil. As with several other studies
described throughout this review (Said and Lewis 1991; Pardue et al. 1996), the
low bioavailability of metals in these studies may account for the fact that
inhibitory effects were not observed. Furthermore, metal toxicity in the study
conducted by Baldrian et al. (2000) may have been ameliorated by the acidity
of the soil in which the experiments were conducted, as has been described
previously (Franklin et al. 2000; Sandrin and Maier 2002).

When metals inhibit biodegradation, their effects are not always dose-
dependent. The data presented thus far suggest that there is a direct, dose-
dependent relationship between the amount of toxic metal in a co-contaminated
environment and the extent of metal inhibition of organic biodegradation (Fig.
2A); however, there is an evidence for two semi-dose dependent patterns of
metal effects on organic biodegradation.

4.3.1 Semi-Dose Dependent Pattern 1

The results of several studies suggest that metals stimulate activity until a
maximum level of stimulation is reached. Thereafter, metal toxicity increases
with increasing metal concentration (Fig. 2B). All of these studies used
consortia, not single isolates. For this reason, it is likely that this pattern
results from differential toxicity effects, wherein one population that is
sensitive to metal stress competes in some way with another, metal-tolerant
population expressing the activity of interest (e.g., biodegradation). Inhibition
of the more sensitive population reduces competition for resources needed by
the metal tolerant population expressing the activity of interest. Capone et al.
(1983) provide an evidence supporting this view point. Methanogenesis was
stimulated by the addition of some metals. As the authors suggested, this may
have resulted from differential inhibition of the methane and non-methane
producing microorganisms. Metals may have selected for a metal-resistant,
methanogenic population and reduced competition from a metal-sensitive,
non-methanogenic population. Similarly, Kuo and Genther (1996) reported
that low concentrations of metals stimulated biodegradation. Hexavalent
chromium (0.01 mg total chromium/L) increased the biodegradation rate of
phenol by 177% and that of benzoate by 169% over controls containing no
metals. Other metals exhibited similar effects. Copper and cadmium (both at
0.01 mg total metal/L) increased the benzoate biodegradation rate 185% and
the 2-chlorophenol biodegradation rate by 168%. Mercury (1-2 mg total
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mercury/L) increased the biodegradation rates of 2-chlorophenol and 3-
chlorophenol by 133-154%.

Other studies report similar results with various consortia (Sterritt and Lester
1980; Hughes and Poole 1989). These groups suggested the stimulatory effect
may be due to metals reducing competition for reducing equivalents or nutrients
between metal-resistant degraders and metal-sensitive non-degraders. As in the
work of Capone et al. (1983), Kuo and Genthner (1996), and Roberts et al.
(1998), the impact of metals on microbially mediated processes in these studies
may be mainly due to effects of metals on a population other than the one
carrying out the process of interest, the existence of this semi-dose dependent
pattern of metal effects underscores the importance of considering not only the
physiological impact of a toxic metal on a degrading population of interest, but
also the ecological impact of the toxic metal.

4.3.2 Semi-Dose Dependent Pattern 2

The second semi-dose dependent pattern is one in which low concentrations
of metals increasingly inhibit activity until a maximum level of inhibition is
reached and, thereafter, metal toxicity decreases with increasing metal
concentration (Fig. 2C). The data of Said and Lewis (1991) generally shows
that 2,4-DME biodegradation decreased in a dose-dependent fashion;
however, a closer examination of these data reveals that the maximal
degradation rate (Vmax) Of 2,4-DME was less in the presence of 10 uM
cadmium (0.61 £ 0.03 pg 2,4-DME/L/min) than in the presence of 100 uM
cadmium (0.74 = 0.00 ug 2,4-DME/L/min). In a subsequent study, a similar
pattern of inhibition was observed as populations of 2,4-D degraders in a
cadmium contaminated soil were more resistant to cadmium toxicity at a
higher concentration of cadmium (40 mg total cadmium/L) than at a lower
concentration of cadmium (20 mg total cadmium/L) (Roane and Pepper
1997). Pattern 2 responses to metals might be explained by microbial
community dynamics. High metal concentrations may create selective
pressure for metal-resistant, organic-degrading microorganisms that reduced
competition from metal-sensitive non-degrading microorganisms, thus
increasing biodegradation at higher metal concentrations. At the level of
single cells, though, it is possible that high metal concentrations may more
rapidly induce a metal resistance mechanism important in cadmium
detoxification (e.g., an efflux pump) than low metal concentrations.

In summary, the existence of semi-dose dependent patterns of metal effects on
biodegradation complicates understanding and predicting metal toxicity in the
environment. As demonstrated by the patterns described above, metals may
impact both the physiology and ecology of pollutant degrading microorganisms.
For this reason, models designed to predict the impact of metals on
biodegradation may fail to do so accurately unless they include both physiological
and ecological effects of metals on organic-degrading microorganisms.
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Fig. 2. Reported patterns in which metals affect organic pollutant biodegradation: the
most commonly reported, dose-dependent pattern (A), semi-dose-dependent pattern 1
(B), and semi-dose-dependent pattern 2 (C)

5. Strategies to Enhance Biodegradation in Co-contaminated
Environments

Several approaches have been described to reduce the extent to which metals
inhibit organic biodegradation. Specifically, each approach has involved
lowering metal bioavailability and/or increasing metal resistance to facilitate
biodegradation. Approaches include inoculation with metal resistant
microorganisms and the addition of materials that can reduce metal
bioavailability including calcium carbonate, phosphate, clay minerals, and
surfactants.

5.1 Metal Resistant Bacteria

Microorganisms employ a variety of mechanisms to cope with toxic metals.
These have been reviewed thoroughly elsewhere (Nies 1992; Ji and Silver 1995;
Nies and Silver 1995; Rosen 1996; Silver 1996; Silver and Phung 1996; Nies
1999). Resistance mechanisms include intracellular and extracellular metal
sequestration, metal reduction, metal efflux pumps, and production of metal
chelators such as metallothioneins and biosurfactants. Despite the ubiquity and
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efficacy of microbial metal resistance mechanisms, a few studies have
attempted to exploit them to increase pollutant biodegradation in co-
contaminated systems.

Introduction of metal-resistance mechanisms into pollutant-degrading
bacteria may represent a viable strategy to mitigate metal-inhibition of organic
pollution biodegradation. Springael et al. (1993) showed that metal inhibition of
biodegradation could be reduced by the introduction of metal resistance genes
into biodegrading microorganisms. For example, strains containing metal
resistance genes degraded both polychlorinated biphenyls (PCBs) and 2,4-D in
the presence of either 1 mM nickel or 2 mM zinc. Biodegradation of these
compounds by organisms without introduced resistance genes was inhibited at
the same metal concentrations.

A single study has investigated inoculation of metal-contaminated soil with
metal-resistant bacteria to enhance organic contaminant biodegradation (Roane
et al. 2001). In this study, soil microcosms were co-contaminated with 2,4-D
(500 mg/kg) and cadmium (60 mg total cadmium/kg). Inoculation with
Alcaligenes eutrophus JMP134, a 2,4-D degrader, was required because this soil
did not contain an active 2,4-D-degrading population. JMP134, though, was
sensitive to cadmium. To achieve rapid degradation of the 2,4-D, it was
necessary to inoculate the metal-contaminated soil with both JMP134 and a
cadmium resistant isolate, Pseudomonas H1, which accumulates cadmium
intracellularly. These results suggest that inoculation with metal-sequestering
microorganisms will foster increased biodegradation in the presence of a toxic
metal.

5.2 Treatment Additives

Treatment additives, such as calcium carbonate, phosphate, cement, manganese
oxide and magnesium hydroxide can reduce metal bioavailability and mobility
in metal-contaminated sites (Ruby, et al. 1994; Traina and Laperche 1999;
Hettiarachchi et al. 2000). In spite of this, only a single study has examined the
impact of such reductions on metal toxicity to soil microorganisms. Jonioh et al.
(1999) examined the effect of calcium carbonate on the toxicity of lead to
microorganisms isolated from a military rifle range soil contaminated with lead
and other heavy metals. Calcium carbonate was found to reduce lead toxicity
when added at 1, 2.5, 5, and 10% (w/w). Toxicity was determined using the
Microtox® assay (which uses a luminescence assay to determine viability). The
effective concentration of contaminated soil required for a 50% reduction in
loss of luminescence (EC50) increased from 14% in the absence of calcium
carbonate to 75% in the presence of 10% calcium carbonate. Calcium carbonate
decreased lead leachability and raised the soil pH. Because lead bioavailability
typically decreases as pH increases, the additive likely reduced lead toxicity by
reducing its bioavailability. Such promising results suggest that treatment
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additives may play key roles in future viable approaches to remediating metal
and organic co-contaminated sites.

5.3 Clay Minerals

Clay minerals can reduce metal bioavailability and toxicity. The addition of
kaolinite (1 to 20%) or montmorillonite (1 to 5%) to an agar medium containing
cadmium reduced the toxicity of cadmium to several fungi including
Aspergillus niger and Trichoderma viride, to bacteria including Bacillus
megaterium, Agrobacter tumefaciens, and to an actinomycete, Nocardia
corallina (Babich and Stotzky 1977). Similarly, in solution studies, bentonite
and vermiculite (at 3% each) reduced the toxicity of 150 mg total cadmium/L to
Streptomyces bottropensis (Kamel 1986). Kaolinite also reduced cadmium
toxicity, but more was required (6% vs. 3%) and less protection was afforded
than with the other clays. In general, protection increased with clay
concentration. The protective ability of each clay correlated well with its cation
exchange capacity (CEC). For example, the most effective clay, vermiculite,
had a CEC of 108.7 meqg/g, while the least effective clay, kaolinite, had a CEC
of only 4.8 meg/g.

The effect of clay addition on metal toxicity was less pronounced in soil than
in the plate and solution studies described above. Babich and Stotzky (1977)
found that 3 to 12% montmorillonite was required to reduce cadmium toxicity
to various fungi in soil; however, kaolinite failed to reduce toxicity. The low
CEC of kaolinite appeared to explain its failure to reduce metal bioavailability
and hence toxicity, as in the results of plate studies.

5.4 Chelating Agents

Chelating agents have been used to mitigate metal toxicity to organic-degrading
microorganisms. EDTA has been shown to reduce the toxicity of cadmium to
Chlorella sp. of nickel to algae (Spencer and Nichols 1983) and an
actinomycete (Babich et al. 1983), and of copper to bacteria and algae (Sunda
and Guillard 1976); however, the toxicity of EDTA to many microorganisms
and its limited biodegradability may reduce its suitability for application to the
bioremediation of co-contaminated environments (Braide 1984; lbim et al.
1992; Borgmann and Norwood 1995; Ogundele 1999). In addition,
biodegradation of metal-EDTA complexes may be slow (Thomas et al. 1998).
Thus, the use of other chelating agents to reduce metal toxicity is of interest.

A commercially available chelating resin (Chelex 100) and surfactant-
modified clays reduced cadmium toxicity during biodegradation of naphthalene
(Malakul et al. 1998). Clays were modified by adsorbing a cationic surfactant to
the clay surface to which various metal-binding ligands (e.g. palmitic acid) were
attached via hydrophobic interactions. Naphthalene biodegradation occurred at
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higher cadmium concentrations in the presence of the modified clays than in
controls containing either no clay or unmodified clay. The abilities of the resin
and the modified clays to reduce cadmium toxicity were quantitatively related
to the metal adsorption characteristics of the two chelating agents.

Biosurfactants (i.e., microbially produced surfactants) show promise for
enhancing organic biodegradation in metal and organic co-contaminated
environments. Sandrin et al. (2000) showed that a rhamnolipid biosurfactant
produced by Pseudomonas aeruginosa reduced cadmium toxicity during
naphthalene biodegradation by a Burkholderia sp. in solution studies. The
mechanism by which the biosurfactant reduced cadmium toxicity appeared to
involve a combination of rhamnolipid complexation of cadmium and
rhamnolipid-induced lipopolysaccharide release from the outer membrane of
the degrader (Leive 1965; Goldberg et al. 1983; Al-Tahhan et al. 2000). Later,
Maslin and Maier (2000) used the same biosurfactant to reduce cadmium
toxicity during biodegradation of phenanthrene by indigenous populations in
two soils co-contaminated with phenanthrene and cadmium. Serial additions of
rhamnolipid increased phenanthrene mineralization from 7.5 to 35% in one soil
and from 10 to 58% in the second soil. Serial applications were necessary due to
biodegradation of rhamnolipid which occurred in two to three weeks. The
possibility for in situ biosurfactant production is being investigated to make this
approach more cost-effective.

6. Conclusions and Future Directions

The current body of knowledge concerning metal effects on biodegradation is
still in its infancy, yet the timely and cost-effective remediation of metal and
organic co-contaminated sites will require a lucid understanding of factors
important in determining the extent to which toxic metals inhibit organic
biodegradation. Past attempts to measure impacts of metals on biodegradation
are difficult to interpret, because they have generally been based on total metal
rather than solution phase or bioavailable metal concentrations. This has
resulted in reported inhibitory concentrations of metals that vary by as many as
5 orders of magnitude. A critical first step will be to consistently report solution
phase or bioavailable metal concentrations so that legitimate comparisons of
biodegradation behaviors in co-contaminated sites can be made. Currently, a
useful approximation is to measure and use solution phase metal data; however,
new methods of defining and determining bioavailable metal are rapidly being
developed. Despite the enormous variance among reported inhibitory
concentrations of metals, it remains clear that metals have the potential to
inhibit organic biodegradation in both aerobic and anaerobic systems. The
mechanisms and patterns by which metals inhibit biodegradation vary with the
composition and complexity of each system and include both physiological and
ecological components. A more thorough understanding of these systems,
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taking into account various levels of complexity, is needed to develop new
approaches to bioremediate co-contaminated sites. Nevertheless, there already
exist several approaches including addition of metal resistant microorganisms
and additives that reduce metal bioavailability. Field trials are needed to
validate these approaches.
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1. Introduction

Microbial mineral formation and dissolution converged to produce a new field
of research on bacterial-metal interaction developed within the last decade,
called geomicrobiology. This new field tries to elucidate the role that microbes
play or have played in specific geological processes and gives information
about the earliest geochemical signals of life on earth. Furthermore, an
understanding of bacterial-metal interactions provides the basis of improved
models of metal cycling and the environmental impact of such
transformations.With the need for new and low-cost technologies to remove
heavy metals and radionuclides polluting the environment, the knowledge of the
mechanisms, by which microorganisms interact with metals, has been recently
developed (Lloyd et al. 2002; Barton et al. 2003; Lloyd 2003).

Iron and manganese are the two most abundant reactive metals in the
earth’s-crust, and the origin of life is initially connected to the ability of iron to
readily cycle between Fe(l11) and Fe(ll) states. Some of the earliest geochemical
signals of life on earth are the conversion of Fe(ll) dissolved in the archaeon
seas to Fe(l11) oxides deposits. This conversion is possibly a result of the Fe(ll)
oxidizing microorganisms.

Today, Fe(ll1) is very abundant at the earth’s surface, but is very insoluble at
neutral pH and so microorganisms, which require iron to support growth, have
developed siderophores which are the evolutionary response to the appearance
of O, in the atmosphere and responsible the concomitant oxidation of Fe(ll) to
Fe(lll).

A wide variety of microorganisms is capable of dissimilatory Fe(lll)
reduction which is the early form of microbial respiration. These bacteria use
molecular hydrogen, lactate, pyruvate or acetate as their electron donor and
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Fe(lll) as electron acceptor. Many of them are also able to use Mn(IV) as
electron acceptor, reducing it to Mn(Il).

In this first group of bacteria, the growth is coupled to the reduction of Fe(lll)
and Mn(1V). In the second group, some metals like selenium and arsenic, can be
used by some bacteria to support growth, but the other heavy metals are toxic and
lethal for the bacteria, hence they have developed detoxification strategies in
which the reduction of the metal gives a less toxic element (Most toxic heavy
metals are less soluble and toxic when reduced than oxidized).

The need to remediate extensive metal contamination of groundwater and
soils from heavy metals and radionuclides has stimulated an increased interest
to find new metalresistant microorganisms and new bioremediation processes.
Indeed, laboratory microorganisms, such as Escherichia coli, are not good
candidates to be used in bioremediation processes, as they are not adapted to
heavy metals contamined environments.

The aim of this article is to provide an overview of the development of
technologies, using the activity of Fe(lll)-, sulfate- and sulfur- anaerobic
bacteria to remove heavy metals and metalloids from ground waters and soils.

2. Microbial Reduction of Metals by Fe(lll)-reducing Bacteria

Fe(l11) reduction has been highly conserved during evolution (Lonergan et al.
1996). A wide diversity of microorganisms are able to reduce Fe(ll1) or Mn(I1V)
(Lloyd 2003). Nevertheless, the present chapter will focus on the Geobacter sp.
and Desulfuromonas sp., included in the Geobacteraceae group. Indeed, the
Geobacteraceae group is divided in two sub-groups: the Geobacter cluster and
the Desulforomonas cluster (Lonergan et al. 1996).

2.1 Geobacter

Geobacter species are microorganisms able to colonize habitats with elevated
metal concentrations. Dissimilatory Fe(lll) reduction is a well-known
environmental process in various environment, such as sediments, shallow
aquifers and in the deep surface. A recent study (Cummings et al. 2003) has
clearly shown that various phylotypes of Geobacter sp. could be isolated from
pristine and metal-contaminated sites. The persistence of Geobacter species is
highly important, since it provides a glimpse of its use in the bioremediation
processes of heavy metal-contaminated sites. Moreover, Childers et al. (2002)
demonstrated that some Geobacter sp. accesses Fe(lll) oxides by chemotaxis.
These findings pinpoint the reason why among the Fe(lll)-reducing bacteria,
Geobacter sp. are the most abundant community in sediment environments,
suggesting that they could be considered a kind of natural environmental clean-up
bacteria and new tools for bioremediation processes.
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Various species of Geobacter have been isolated and characterized. In the
early 1990’s, Lovley and co-workers (1993a) characterized Geobacter
metallireducens, a strict anaerobic bacterium, able to reduce various metals
such as Mn(1V) or U(VI). Desulfuromonas acetoxidans is the closest relative of
G. metallireducens. On the other side, Geobacter sulfurreducens, isolated from
an hydrocarbon contaminated ditch, by Caccavo et al. (1994), was the first
bacterium described that is able to couple the oxidation of hydrogen (or acetate)
to Fe(l11) reduction. Various heavy metals, such as Cr(VI) and more particularly
Tc(VI), are reduced by G. sulfurreducens and G. metallireducens (Lloyd et al.
2000; Liu et al. 2002). More recently, Geobacter hydrogenophilus, Geobacter
chapellei and Geobacter grbiciae (Coates et al. 2001) and Geobacter bremensis
sp. nov. and Geobacter pelophilus sp. nov. (Straub and Buchholz-Cleven 2001)
were also isolated.

Mechanisms of the reduction of Fe(lll) and Mn(IV) have been extensively
studied, using Geobacter species as a model (Lloyd 2003). Cytochromes are
heme enzymes involved in the electron transfer chain coupled to metal
reduction (Fe(lll) for example). Metals, such as gold, silver, mercury and
chromate, considered as electron acceptors, were reduced by G. metallireducens
c-type cytochromes (Lovley et al. 1993a; Coates et al. 1996). Moreover, Lloyd
(2003) has showed that c-type cytochromes of G. metallireducens transfer
electrons to soluble Au(lll) (Lovley et al. 1993a).

The first study, reporting the purification and characterization of a c-type
cytochrome from G. sulfurreducens, indicated that a small molecular weight
periplasmic protein (9.6 kDa) functions as an Fe(lll)-reductase (Seeliger et al.
1998). However, another Fe(lll)-reductase, described by Gaspard et al. (1998),
is a molecular weight c-type cytochrome associated with peripheral outer
membrane. Investigations by the Lovley’s group (Lloyd et al. 1999c)
demonstrated that the periplasmic 9.6 kDa cytochrome ¢ was not an electron
shuttle to Fe(lll). The 9.6 kDa cytochrome closest relative was the three-hemic
cytochrome c; from Desulforomonas acetoxidans (Seeliger et al. 1998) which is
a multihemic, low potential cytochrome ¢ homologous to the cytochrome c;
isolated from sulfate reducing bacteria. This cytochrome was cloned and
expressed in Escherichia coli and is able to reduce metals in vitro (Londer et al.
2002). Its structure was elucidated at 1.45A (Pokkuluri et al. 2004). Other c-
type cytochromes were also characterized (Magnuson et al. 2000 and 2001;
Leang et al. 2003). Up to date, more than 100 c-type cytochromes could be
found in the G. sulfurreducens genome (Methe et al. 2003). Lloyd et al. (2003)
have reported the biochemical and genetic analysis of one small periplasmic c-
type designated as PpcA.

Interestingly, a c; cytochrome of another species of Geobacter (G.
metallireducens) which is highly homologous to G. sulfurreducens, was also
purified and characterized, with an apparent molecular weight of 9.5 kDa and
triheme per molecule, homologous with D. acetoxidans cytochrome c; (Afkar
and Fukumori 1999).
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Other proteins, such as hydrogenases, may be involved in the reduction of
Tc(VI). A direct enzymatic reduction or a Fe(ll)-mediated reduction of Tc(VII)
by Fe(ll)-reducing bacteria has been highlighted (G. sulfurreducens) by Lloyd
et al. (2000).

While Geobacter is able to reduce metals and radionuclides, there have been
a few reports that pinpoint their potential contributions to a bioremediation
process (Lovley 1995; Lovley 1997). The scientific community is just
beginning to decipher the physiology and metabolism of Geobacter species, and
we are at the discovery stage of their potent use in the bioremediation process.
Several reports indicate that the adding of electron donors in situ stimulate the
microbial reduction by Geobacter community. Microbial reduction of U(VI) to
insoluble U(IV) of uranium-contaminated sub-surface sediments was assayed
by Finneran et al. (2002). It was found that the nitrate content of the sediments
had a negative impact on the reduction of Fe(ll1) to Fe(ll) and U(VI) to U(1V)
by G. metallireducens, since nitrate has to be reduced first (Finneran et al.
2002). At the same time, a reduction of uranium in samples from U(VI)-
contaminated aquifer sediments (Holmes et al. 2002) and from the aquifer itself
(Anderson et al. 2003) amended with acetate, was clearly associated with a
reduction of Fe(lll) by the Geobacter community.

More recently, a U(VI)- and Tc(VII)-contaminated aquifer was in situ
reduced while Geobacter was stimulated with electron donors, even if the site
was highly nitrate concentrated (Istok et al. 2004). Members of Geobacteraceae
are not able to grow at high salinities, nevertheless, a high U(VI) concentration
in a saline aquifer sediments could be reduced in water by the addition of
acetate (Nevin et al. 2003). The groundwater geochemistry of contaminated
aquifers, amended with electron donors, was monitored using bio-markers:
microbial biofilms including Geobacter and nitrate-reducing microorganisms
(Peacock et al. 2004).

A genomic approach could be useful in the bioremediation process, since
Geobacter sulfurreducens has been sequenced (Methe et al. 2003). A genetic
system has been recently developed (Coppi et al. 2001) in which Geobacter
could be replaced by Ralstonia eutropha, able to neutralize Cadmium via the
expression of a mouse-metallo-fusion protein (Lovley and Lloyd 2000).
Recombinant indigeneous soil microorganisms, expressing metallothioneins
(cysteine rich proteins able to bind heavy metals), could be used in the polluted
soils (Valls et al. 2000). Indeed, they described a recombinant Ralstonia
eutropha strain able to support and adsorb high Cd?* concentration in soils.

Although the important role of Geobacter in the geochemistry of the sub-
surface environment has been clearly described (Lovley 1997), but their
potential uses in in situ or ex situ bioreaction configurations have not been yet
developed. Therefore, biochemical (molecular biology and genomics) and
ecological approaches, leading to improving methods for using Geobacter as
bioremediation agent, will undoubtedy make an impact in the future of the
environmental biotechnology.
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2.2 Desulfuromonas

Bacteria that are able to grow by linking the oxidation of acetate to the
reduction of elemental sulfur have been known, since Pfennig and Biebl (1976)
described the isolation of D. acetoxidans. Recently two other species, D.
palmitatis and D. thiophila have also been described (Coates et al. 1995; Finster
etal. 1997).

Desulfuromonas, a sulfur reducing bacterium, is strictly anaerobic, gram
negative, flagellated and rod-shaped. It acquires its energy from sulfur
respiration and completely oxidizes acetate with S to carbon dioxide via the
citric acid cycle (Widdel and Pfennig 1991). Reduction of S produces hydrogen
sulfide (H,S) which can react with heavy metal ions to form less toxic insoluble
metal sulfides (Kim et al. 2001). Furthermore, these bacteria are also able to
enzymatically reduce and precipitate these heavy metals (Aubert et al. 1998a,b).
Several studies, focused on the bioenergetic metabolism of sulfur reducing
bacteria, have led to the characterization of various metalloproteins and in
particular, multiheme low potential cytochromes (Bruschi 1994; Bruschi et al.
1997), the most abundant being the cytochrome c;. The biological function of
cytochrome c; is not clearly established, but it has been proposed to have a role
as an electron transfer protein in the sulfur metabolism of this bacterium, acting
as a terminal reductase in the metabolic pathway by directly reducing elemental
sulfur to sulfide; it has also been suggested that cytochrome c; could be
involved in the dissimilatory reduction of Fe(lIl) and Mn(IV) to obtain energy
growth by these bacteria (Roden and Lovley 1993).

The three dimensional structure of this triheme cytochrome determined by
nuclear magnetic resonance shows that the orientation of the three heme groups
is similar to that of the tetrahemic cytochrome with the heme 2 lacking (Banci
et al. 1996).

The three heme groups have negative redox potentials ranging from —102 to
—-177 mV. Electrochemistry experiments have demonstrated the direct reduction
of Fe(lll), Mn(1V), V(V) (Lojou et al. 1998b; Lojou and Bianco 1999) by
multihemic cytochrome whereas mitochondrial c-type cytochromes did not
exhibit any activity (Lojou et al. 1998a).

The interaction between Cr(VI1) and cytochrome c; was chosen as a model
for the reduction of metals by cs-type cytochromes, as the three dimensional
structure of the oxidized and the reduced states of this cytochrome have been
solved using NMR studies (Banci et al. 1996). *H NMR experiments have been
performed using reduced cytochrome c; (by a catalytic amount of hydrogenase
representing the smallest amount necessary to reduce its physiological partner
(Brugna et al. 1998): the cs-type cytochrome) and various amounts of Cr(VI).
Figure 1 shows a single binding site near heme IV, the heme with the highest
reduction potential (Dolla et al. 1991; Assfalg et al. 2002). An electron flow
involving the three hemes and the protein chain is proposed to explain the
reaction which is potentially important for the construction of biosensors.
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Moreover, several multihemic cytochrome ¢ of higher molecular weight (50,
65 and 250 kDa) have been characterized by Bruschi et al. (1997), and Pereira
et al. (1997) exhibiting several domains and high thermal stability (Giudici et al.
2003). The genome sequence of the bacteria, presently under study, reveals a
very high number of multihemic cytochromes as observed in Geobacter
sulfurreducens genome. Considering these similarities with the presence of
multihemic domains and low potential redox, these cytochromes could be
related to cytochrome c; and show also a metal reduction activity and could be
used to select high performance metal-reductase bacteria or to develop
biosensors.

IV, chromium

Fig. 1. The Cr(lll) binding site on cytochrome c; from Desulfuromonas acetoxidans.
The Cr(I11) ion is shown as a black sphere, and the hemes are labeled by roman numbers
(Assfalg et al. 2002)

3. Microbial Interaction with Toxic Metals by Sulfate-reducing
Bacteria

In contrast to the first group of bacteria in which the metal is used as a terminal
acceptor in the metabolism, sulfate-reducing bacteria (SRB) are not able to use
the metal to support growth. SRB are strict anaerobic bacteria, requiring a redox
potential of less than -200 mV (Postgate 1984) and are naturally present in
waters and soils. These microorganisms are found in various sites contaminated
with metals, metalloids and pollutants, which are lethal to other bacteria. The
first isolated SRB was Spirullum desulfuricans (reclassified as Desulfovibrio
included in Desulfovibrionaceae group) in 1895 (Beyerinck 1895). At the end
of the 1980’s, the role of SRB on the bioremediation of technetium was
highlighted (Pignolet et al. 1989). Now-a-days, SRB are of increasing economic
and industrial importance, since the European criteria, regarding the heavy
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metal rejected in the environment, are more drastic. The ability to reduce metals
to a less toxic form, associated with its precipitation, is a potentially useful
process for bioremediation.

SRB are able to couple the oxidation of organic compounds or H, with the
reduction of sulfate as electron acceptor. During this process, the dissimilatory
sulfate reduction, leads to the production of H,S which is dissimilated into the
environment and can reduce heavy metals. SRB, in addition to the chemical
indirect reduction due to the production of H,S, can also reduce metals via
enzymatic pathway involving cs-type cytochromes (Lovley and Phillips 1992;
Lovley et al. 1993a,b). Desulfovibrio desulfuricans can not only reduce the
soluble toxic form of U(VI) to insoluble U(IV) (Lovley and Phillips 1992;
Tucker et al. 1996), but also Cr(VI), Mo(VI), Se(VI) (Tucker et al. 1998), Pd
(Lloyd et al. 1998) and Tc(VI) (Lloyd et al. 1999a,b). The metal-reductase
activity of the c; cytochrome has been decribed in the case of several heavy
metals, such as U(VI), Cr(VI), Fe(lll) (Lovley et al. 1993b; Lovley and Phillips
1994; Lojou et al. 1998a,b; Michel et al. 2001; Elias et al. 2004), Pd (Lloyd et
al. 1998) and Tc (Lloyd et al. 1999a,b). All of these recent studies emphazised a
wide metal reduction activity among SRB associated with cytochrome cs, which
are periplasmic proteins. When exposed to heavy metal ions, bacteria grown in
the presence of high Cr(VI) concentration accumulate precipitates of trivalent
chromium at its cell surface (Fig. 2) (Goulhen et al. 2005). These findings are
consistent with a direct electron transfer to the metal by cytochromes and
hydrogenases, which are periplasmic proteins.

Fig. 2. Electron micrographs of unstained preparations of D. vulgaris Hildenborough
grown in the absence of Cr(VI) (panel A) or in the presence of 250 uM Cr(VI) (panel B)

In order to develop potentially new bioremediation processes, it is required to
select the most efficient and heavy metal-resistant strains. Thus, it is highly
important to select strains from various contaminated sites and to evaluate their
potent activity. Nevertheless, the SRB community behaviour (regarding adaptation)
in contaminated sites is poorly documented and has to be evaluated to decipher the
response of the SRB in changing environment. A study has recently focused on the
high diversity and characterization of SRB in a groundwater uranium contaminated
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site (Chang et al. 2001). Desulfotomaculum sp. was predominant in this site and
Desulfovibrio sp. was isolated from a parcel exhibiting lower uranium
concentrations (Chang et al. 2001). Models, able to forecast the activity of SRB
regarding heavy metals, are to be developed, since, for example, copper has more
inhibitory effects than zinc on SRB (Utgikar et al. 2001; Utgikar et al. 2003).
Interestingly, the cultivation of D. vulgaris in the presence of Cu(ll) and Hg(ll)
increases the lag phase and final biomass yield. Toxic metal adaptation appeared to
be an ATP-dependent mechanism (Chang et al. 2004).

A Desulfovibrio strain highly resistant to copper (about 10 fold normal level)
was recently isolated. The pco gene, well-known to play an important role in
copper resistance, was present on a plasmid of that particular strain which could
be used as an interesting bioremediation tool (Karnachuk et al. 2003).

Various SRB, including Desulfovibrio and Desulfomicrobium species, were
evaluated regarding their enzymatic reduction of Cr(VI). Intact cells of D.
norvegicum showed the best Cr(V1)- reducing activity (up to 500 pM Cr(VI))
compared to D. escambiense, D. vulgaris Hildenborough, D. gigas, D.
desulfuricans, a strain named BRGM isolated from a gold mine (France) and
new strains isolated from black smokers (Pacific ocean) (Michel et al. 2001,
Michel et al. 2003a). The Cr(V1) acts as a stressing agent at high concentrations,
leading to an increasing bacterial cells fragility, since bacteria become long
filament (default in cell division) and c-type cytochromes could be found in
culture supernatant (Michel et al. 2001; Bruschi et al. 2003). The effects of
Cr(VI) on bioenergetic metabolism were monitored using isothermal
microcolorimetry (Chardin et al. 2002). An extension of the lag growth phase
and deep changes in the bacterial metabolism of lactate were observed in the
presence of high Cr(VI) concentration. The growth was inhibited with a
concomitant energy production, which suggests that lactate is catabolized for
lowering the redox potential to maintain survival conditions for sulphate-
reducing bacteria. Indeed, Cr(VI) reduction is a protective escape to keep the
bacterial environment favourable (Chardin et al. 2002; Bruschi et al. 2003).
Microcalorimetry could be a potent criterion to evaluate the effects of the metal
concentration on bacteria and to choose the best strain needed to decontaminate
a polluted environment (Bruschi et al. 2003).

As metal reduction can also be achieved enzymatically, the metal reductase
activity of purified cytochromes c; and hydrogenases have been studied. On the
basis of amino-acid sequence and three dimensional comparisons of multihemic
cytochromes, characterized by bishistidinyl axial iron coordination and low
redox potentials, we have proposed that all these cytochromes belong to the
cytochrome c; superfamily and that they have a common ancestral origin
(Bruschi et al. 1992; Bruschi et al. 1994; Bruschi 1994). As we have
demonstrated that the all the cytochrome c; tested and the cytochrome c; have a
metal reductase activity, we could propose that the other multihemic
cytochromes ¢ described in sulfate and sulfur reducing bacteria, as they possess
the common tetraheme motif as building block, could have also a similar metal
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reductase activity (Czjzek et al. 1996; Czjzek et al. 2002). In order to pinpoint
the SRB strain demonstrating the highest metal reductase activity, Michel et al.
(2001) compared the chromate reductase activity of various c-type
cytochromes, concluding that cs-cytochrome from D. norvegicum presented the
highest activity (Table 1). The monohemic cytochrome css3 from D. vulgaris,
characterized by a higher redox potential and mitochondrial cytochrome c, was
also tested and showed no metal reductase activity. This result suggests that a
negative redox potential is necessary for enzymatic reduction. The Cr(VI)
reductase activity of site directed mutagenesis mutants of cytochrome c; named
respectively H22M and H35M (the histidine residue of the sixth axial ligand
heme 1 and 2 respectively has been replaced by a methionine residue), have
been tested. A decrease of 15% in the chromate reductase activity is observed
for mutant H22M suggesting that heme 1 is crucial for chromate reduction.

Table 1. Cr(VI) reductase activity of wild type and mutated purified cytochromes
(Michel et al. 2001)

Enzymes Cr(V1) reduction rate
(umol Cr(V1)/min/
pmol enzyme)

Cytochrome c; (Desulfovibrio vulgaris Hildenborough) 5.08 £0.23
Cytochrome c; (Desulfomicrobium norvegicum) 9.60£0.76
Cytochrome c; (Desulfuromonas acetoxidans) 5.07+£0.23
Cytochrome css3 (Desulfovibrio vulgaris Hildenborough) No activity

Cytochrome H35M (Desulfovibrio. vulgaris Hildenborough) 5.20 + 0.25
Cytochrome H22M (Desulfovibrio vulgaris Hildenborough) 4.43+0. 3

To test the involvement of the cytochrome c; in the in vivo U(VI) reduction,
a cytochrome c; mutant has shown one half of the rate of reduction (Payne et al.
2002). In addition to polyhemic cytochromes, low redox proteins, present in the
periplasmic space of SRB, exhibited a metal reductase activity. Lloyd and
coworkers (1999a,b) indicated that the Tc(VII)-reductase activity of D.
desulfuricans was associated with a periplasmic hydrogenase. More recently, it
was reported that Tc(VI1) could be reduced by the [NiFe] hydrogenase alone or
acting with cs-type cytochrome of D. fructosovorans (De Luca et al. 2001).
Cr(V1) could be reduced by [Fe], [NiFe], and [NiFeSe] hydrogenases (Michel et
al. 2001; Chardin et al. 2003). The highest Cr(V1) rate was observed for purified
[Fe] hydrogenase from DvH compared to [Ni-Fe-Se] hydrogenase from D.
norvegicum (Michel et al. 2001). Moreover, a chromate or oxidative stress
applied on DvH cells leads to an overexpression of the periplasmic [Fe]
hydrogenase (Fournier et al. 2004).

To summurize, as listed in Table 2, the most frequently reported proteins
involved in metal reduction are cytochromes and hydrogenases isolated from
Fe(l11)-, sulfur- and sulfate- reducing bacteria.



44

M. Bruschi and F. Goulhen

Table 2. c-cytochromes and hydrogenases from Fe(l11)-, sulfur- and sulfate- reducing
bacteria involved in metal reduction

Organism

Protein

Metal

Reference

G. metallireducens
GS-15

G. metallireducens H-
2

G. metallireducens
172

G. sulfurreducens

D. vulgaris
Hildenborough

D. acetoxidans

D. fructosovorans

D. desulfuricans

D. gigas
D. norvegicum

c-cytochromes

c-cytochromes

c-cytochromes

c-cytochrome
c-cytochrome
(FerA)
c-cytochrome
(OmcB)
cytochrome c;
(PpcA)
hydrogenase

cytochrome c;
cytochrome c3
cytochrome c3
[Fe]
hydrogenase

cytochrome c;
c-cytochrome
cytochrome c;

[Fe]
hydrogenase
cytochrome c;
[NiFe]
hydrogenase
Hydrogenase
Hydrogenase

cytochrome c3

[NiFeSe]
hydrogenase
cytochrome c3
cytochrome c3

Fe(111), Au (1), Ag
(1), Hg (1), Cr (V1)
Fe(l11), Cr(V1),
Au(ll),
Ag(l),Hg(IN),
W(VI), U(VI),
V(V), Mo(VI)

Fe(I11), Cr(V1),
Au(lll),
Ag(1),Hg(11), V(V)
Fe(Il1)

Fe(I1)

Fe(Il1)

Fe(Il1), U(VI)
)

Cr(VI)
Fe(I1)
u(VvI)
Cr(VI)

Fe(ll1), Cr(V1),
Mn(IV), V(V)
Mn(1V), Fe(l11)
Cr(VI)

Te(VII)
Te(VII)
Cr(VI)

Te(VI)
Pd(Il)
Fe(l1)
Cr(VI)
Cr(VI)
Fe(l11)

Lovley et al. (1993a)

Coates et al. (1996)

Coates et al. (1996)

Gaspard et al. (1998)
Magnuson et al.
(2000; 2001)

Leang et al. (2003)
Lloyd et al. (2003)
Lloyd et al. (2000)

Lovley and Philips
(1994), Michel et al.
(2001)

Lojou et al.
(1998a,b)

Lovley et al. (1993b)
Michel et al. (2001)

Lojou et al.
(1998a,b)

Roden and Lovley
(1993)

Michel et al. (2001)

De Luca et al. (2001)
De Luca et al. (2001)
Bruschi (unpublished
data)

Lloyd et al. (1999a)
Lloyd et al. (1998)

Lojou et al. (1998b)
Michel et al. (2001)
Michel et al. (2001)

Lojou et al.
(1998a,b)
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These redox proteins are not acting as terminal electron acceptors for heavy
metals. For instance, D. vulgaris Hildenborough can reduce Cr(VI) using
several enzymes involved in the electron chain transfer, but the reduction of this
metal does not support growth (Chardin et al. 2002). Researches, elucidating the
mechanisms of bacterial metal reduction, are all the most important, as they will
improve the bacterial use conditions during bioremediation processes. Indeed,
novel bioremediation approaches could emerge to treat contaminated
environments.

4. Development of Biosensors

Over the last one decade, biosensors have been developed to be used in wide
applications. Biosensors offer the potential to measure quickly, cheaply and
accurately the contamination degree of environmental sites. There are two
major markets for biosensors. The first one is concerned with clinical and health
care fields and needs miniaturization and the second one is for environmental
purposes for detection and control. Analysis methods could be largely refined
with the development of biocaptors, since this kind of approach allows the
detection and the direct quantification of a chemical compound in complex
media.

Various studies have reported the construction of biosensors, using
genetically engineered bacteria (reviewed in D’Souza 2001). More specifically,
biosensors for the detection of heavy metals, have been developed (Verma and
Singh 2005). These biosensors have used two distinct methods to detect heavy
metals ions: (i) proteins (antibodies, enzymes) or (ii) whole cells (genetically
modified or not). Various sensors were designed to evaluate the heavy metals
concentration, for example, nickel and copper (Forzani et al. 2005), mercury
(Hobman et al. 2000), cadmium (Blake et al. 2001), arsenic, iron and lead
(Radhika et al. 2005).

We would like to present more specifically biosensors using proteins that
exhibit a metal reductase activity. As we have previously demonstrated that the
all the cytochrome c; tested and the cytochrome c; have a metal reductase
activity, we could propose that the other multihemic cytochromes ¢ described in
sulfate and sulfur reducing bacteria, could have also a similar metal reductase
activity. It is to be noticed that all these cytochromes have distinct and low
redox potentials hemes and show remarkable properties of thermostability until
125°C for some of them (Florens et al. 1995). Recent studies have demonstrated
that hydrogenases and other redox proteins with negative redox potentials (like
ferredoxins) can also reduce metals. However, hydrogenases are proteins that
are usually sensitive to oxygen and are produced in low amount by bacteria. On
the contrary, cytochrome c; is stable towards many physico-chemical factors,
such as pH, temperature, oxygen, salt, ageing (Bianco et al. 1986; Florens et al.
1995) and are still stable and active once immobilised at the electrode using
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various immobilisation techniques. These enzymes are naturally produced at
high levels by sulfate reducing bacteria and are also overproduced in specific
hosts. Indeed, cytochrome c; are better candidates for the construction of
biosensors.

Different procedures used for constructing protein/enzyme-modified
electrodes have been developed, in particular, adsorption on an electrode
surface, covalent attachment, imprisonment in a layer by layer assembly and
entrapment within cast films or a dialysis membrane. The performances of such
modified electrodes with electroactive proteins or enzymes, attached to their
active surface, have been compared (Bianco 2002).

A first approach to test the ability of the cytochromes c; family to achieve
the remediation of metal contaminated water has been attempted in the case of
iron-containing solution (Lojou et al. 1998b). In this study, the ability of poly
ester-sulfonic acid ionomer (Eastman AQ-29D), cast on the electrode surface, is
able to immobilize the cytochrome.A catalytic current is detected from cyclic
voltammetry experiments where Fe(lll) serves as the substrate to oxidize the
cytochrome.

The membrane electrode technology offers an alternative to the entrapment
of cytochromes within a polymer film. This technology has been extensively
used in the case of other metals well known for their high toxicity, in particular
Cr(VI), V(V) and U(VI) (Lojou et al. 1998a; Lojou and Bianco 1999). A rapid
survey of important parameters, such as pH, metal concentration, nature and
concentration of the supporting electrolyte, provides significant advantages.
Most of the metals, in sediments and soils, are in the form of various insoluble
oxides. In this approach, metal oxide and cytochrome c; were deposited and
entrapped “within” the membrane electrode (Lojou and Bianco 1999).

An amperometric cytochrome cs-based biosensor was constructed for
chromate determination (Michel et al. 2003b). Several processes of enzyme
mobilisation have been tested and the best results were obtained with dialysis
membranes which allowed the determination of Cr(VI) from 0.2 to 6.84 mg/L
with a small amount of cytochrome c¢;3 (372 ng of protein) required to construct
the biosensor.

5. Development of Bioreactors

A number of bio-processes, based on the activity of sulfate and metal reducing
bacteria to prevent heavy metal and metalloid pollution from ground waters and
soils, have been developed. The objectives of these studies are to obtain
improved biological tools and to develop low-cost effective and reliable
technological alternatives for bioremediation.

Chemical treatments for the removal of heavy metals from contaminated
materials are chemical extraction with acids and/or chelating agents for soil
treatment and precipitation for water cleaning. In industries, the metals,
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contained in acid-drainage waters, are most of the time precipitated using lime.
Such treatments are expensive, and lead to a large quantity formation of metal-
hydroxides (Zinck 1997).

Bioremediation processes are divided in two main groups: one group
exploits the enzymatic metal reductase activity of the bacteria (direct reduction)
and the second group involves the use of hydrogen sulfide, biologically
produced to reduce and precipitate metals (indirect reduction).

The metal precipitation, using H,S produced by sulfate-reducing bacteria,
has been proposed in the “‘80s (Whang et al. 1982). These kind of approaches
lead to the selective metal precipitation, such as copper or zinc, sulfate and
acidity removal (Hammack et al. 1993; Foucher et al. 2001). The indirect metal
reduction by biologically produced H,S has already been exploited up to
industrial scale, but important innovation can be introduced by improving the
technical and economical benefit of currently available configurations.

Various technologies for in situ clean-up are available. The direct reduction
of the metals would be applied to ground water, using bioreactors (pump and
treat) and could be applied to soils after excavation, pulping or heaping and
inoculation. These techniques are very expensive and are characterized by low
metal extraction efficiencies. The concept of in situ zones and bio-barriers,
using metal reducing bacteria, is an alternative to pump and treat strategies and
a novel application of indirect reduction. The installation of sub-surface zones,
where the bacterial growth will be induced by injection of substrates, could be a
low cost solution. The migrating metals would be intercepted and immobilized
by precipitation with biologically produced H,S. The capacity of the soils and
sediments together with the biofilms to adsorb, filter out and retain inorganic
precipitates would be exploited.

Studies on pure cultures are necessary to understand specific mechanisms of
metal reduction. However, application in bioremediation could be done by
consortia of different microorganisms, containing mainly sulfate reducing
bacteria obtained from contaminated soils (White et al. 1997; Vainstein et al.
2003).

Studies, for in situ bioremediation of uranium contaminated sites, have been
conducted and shown that the microbial community involved contained
Desulfosphorosinus spp. and Clostridium spp. (Suzuki et al. 2003). U(VI)
reduction, in the presence of various sulfate concentration, have been proposed
by Spear et al. (2000) in order to reach optimal conditions in a bioremediation
process. Moreover, treatment of other metals, using anaerobic bioreactors with
SRB community culture, has been described, as for example, the bioremediation
of (i) phosphogypsum, waste products from fertilizers industries (Rzeczycka et
al. 2001; Karnachuk et al. 2002), since the nitrate concentration is not high
(Kowalski et al. 2002), or (ii) lead wastes, from car batteries, to PbS (communly
named Galena) (Weijma et al. 2002). In the same manner, the reduction of
chromate has been described by an enrichment consortium and an isolate of
marine sulfate reducing bacteria (Cheung et al. 2003). Pilot plants developed by
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Shell research Ltd. and Budelco BV, using an undefined consortium of SRB,
have been used successfully to remove Zn and sulfate (White et al. 1997). Here,
the metals were precipitated as sulfides. Acetate, produced by sulfate-reducing
bacteria, was removed by methanogenic bacteria present in the consortium. This
approach was scaled-up and is able to treat 7,000 m* per day. Indeed, research
on biological approaches of the metal precipitation/immobilisation in
contaminated environments are necessary to find out new remediation
approaches.

6. Conclusion

The importance of microbial metal reduction has been recently highlighted and
studies on several microorganisms, which may serve as models, have been
conducted. The use of Fe(lll)-, sulfur- and sulfate-reducing bacteria provides
challenges in the reduction of metals and radionuclides. Recent advances have
been made and thanks to the discovery of new bacteria isolated from
contamined sites or extremophilic environments, providing new potent tools in
bioremediation processes since the chemistry and biology of polluted sites
largely influence the bioremediation method to use. Reduction mechanisms of
metals and radionuclides using of Fe(lll)-, sulfur- and sulfate-reducing
microorganisms, are at the discovery stage. Very little information on the
enzymatic metal reduction in natural environments is available. Further studies
on the biochemistry and microbial ecology of metal reduction would enhance
our understanding of the factors controlling the rate and extent of
biotechnological processes. The development of new techniques, such as
genomic and proteomic approaches, and the availability of environmentally
relevant bacteria annotated genome sequence, promises us undoubtedly
significant advances in the environmental technology and more specifically in
the understanding of the precise mechanims of bacteria-metal interactions in
situ.
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1. Introduction

The contamination of the environment with heavy metals is a serious problem,
because industrial activities and sewage sludge applications have largely
contributed to a wide spread of these elements in the terrestrial environment.
Therefore, over some years, the discarding of solid and/or liquid waste products
containing heavy metals due to industrial processes has received a lot of
attention, and legislation for the protection of the environment has become more
rigid (Benedetti 1998; Chen and Hao 1998).

Chromium, considered as one of the main pollutants in the United States by
the Environmental Protection Agency (EPA) (Fig. 1), is widely used in many
industrial activities (Fig. 2). Its world production is in the order of 10,000,000
tons per year (Cervantes et al. 2001).

Chromium is able to exist in several oxidation states, ranging from Cr** to
Cr*®, but in soils the most stable and common forms are trivalent Cr(l1l) and
hexavalent Cr(VI) species (Fendorf 1995), which display quite different
chemical properties and affect organisms in different ways. In fact, in contrast
to other metals, the hazard of chromium is dependent on its oxidation state.
Hexavalent chromium is water-soluble, highly toxic and mutagenic to most
organisms and carcinogenic for humans, while trivalent chromium is essential
(in low concentrations) for human and animal nutrition, relatively water-
insoluble and less toxic than Cr(V1) (Francisco et al. 2002).

In many countries, chromate, which is the most prevalent form of Cr(VI)
present in solid/liquid waste due to human activities, such as electroplating,
steel and automobile manufacturing, production of paint pigments and dyes,
wood preservation, is a hazardous contaminant (Kamaludeen et al. 2003),
because it is a serious threat to human health and it readily spreads beyond the
site of initial contamination through aquatic systems and groundwater.
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Fig. 1. Contaminants most commonly present in all matrices at superfund sites (sources:
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Fig. 2. Industrial uses of chromium

The strong impact of hexavalent chromium on the environment and on the
human health demands suitable technologies to neutralise the hazard of
chromium. The traditional technologies used for the remediation of Cr(VI)-
contaminated environments are based on physical and chemical approaches,
which require large amounts of chemical substances and energy. Such
methodologies have proved prohibitively expensive on a large-scale application
at contaminated sites, and also they have generated hazardous by-products
(Blowes 2002; Gonzalez et al. 2003). Bioremediation, a strategy that uses living
microorganisms, is essentially proposed to clean up the environment from
organic pollutants. However, since there is an evidence that several
microorganisms possess the capability to reduce Cr(VI) to relatively toxic
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Cr(lI1l), bioremediation gives immense opportunities for the development of
technologies for the detoxification of Cr(VI)-contaminated soils as an
alternative to existing physical-chemical remediation technologies (Roundhill
and Koch 2002).

In this review, some of the important efforts, that have been made in the last
years in the use of bacteria for potential Cr(\VI)-bioremediation of soils, will be
summarised.

2. Chromium Toxicity

Chromium is an essential micro-nutrient in the diet of animals and humans, as it
is indispensable for the normal sugar, lipid and protein metabolism of mammals
(Mordenti and Piva 1997). Its deficiency in the diet causes alteration to lipid
and glucose metabolism in animals and humans. Chromium is included in the
complex named glucose tolerance factor (GFC). On the other hand, no positive
effects of chromium are known in plants and microorganisms (Nies 1999;
Cervantes et al. 2001). However, elevated levels of chromium are always toxic,
although the toxicity level is related to the chromium oxidation state. Cr(\V1) not
only is highly toxic to all forms of living organisms, mutagenic in bacteria,
mutagenic and carcinogenic in humans and animals (Losi et al. 1994b), but also,
it is involved in causing birth defects and the decrease of reproductive health
(Kanojia et al. 1998). Cr(VI) may cause death in animals and humans, if
ingested in large doses (Zayed and Terry 2003). The LDs, (dose that causes the
death of 50 per cent of a defined animal population) for oral toxicity in rats is
from 50 to 100 mg/kg for hexavalent chromium and 1900-3000 mg/kg for
Cr(l1) (Deflora et al. 1990). Cr(VI) toxicity is related to its easy diffusion
across the cell membrane in prokaryotic and eukaryotic organisms and
subsequent Cr(V1) reduction in cells, which gives free radicals that may directly
cause DNA alterations as well as toxic effects (Arslan et al. 1987; Kadiiska et
al. 1994; Liu et al. 1995). Cr(lI11) has been estimated to be from 10 to 100 times
less toxic than C(V1) (Deflora et al. 1990), because cellular membranes appear
to be quite impermeable to most Cr(I11) complexes. Nevertheless, intracellular
Cr(111), which is the terminal product of the Cr(VI)-reduction, forms in vivo
amino acid nucleotide complexes, whose mutagenic potentiality is not fully
known (Roundhill and Koch 2002).

It is well known that prokaryotes are more resistant to Cr(VI) than
eukaryotes (Kalamaluden et al. 2003). Toxic effects of chromium on bacteria,
algae and plants have been reviewed by Wong and Trevors (1988), Cervantes et
al. (2001) and Kamaludeen et al. (2003). On the contrary, scant information is
available about the impact of chromium on the structure and diversity of soil
microbial communities (Viti and Giovannetti 2001; Viti and Giovannetti 2005).
In many studies, it has been difficult to assess the toxicity of chromium to soil
microorganisms, because the environments examined were often polluted at the
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same time with organic pollutants and/or different heavy metals (Turpeinen et
al. 2004). In a soil chronically polluted with chromium (about 5000 mg/kg of
soil) by leather tannery activity, the oxygenic phototrophic microorganisms and
heterotrophic bacterial communities were both affected by chromium (Viti and
Giovannetti 2001). Nitrogen-fixing cyanobacteria were not detected in the Cr-
contaminated soil using the MPN test, and data obtained from enrichment
cultures for nitrogen-fixing cyanobacteria showed that cyanobacteria belonging
to the Nostoc group were present, but they had a low number of heterocysts

(Fig. 3).

Fig. 3. Cyanobacteria belonging to the Nostoc group in soil unpolluted (A) and polluted
(B) with chromium (Arrows indicate heterocysts)
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The size of the cultivable heterotrophic bacterial community was not
affected by chromium pollution, but there was a relationship between the
percentage of chromate-tolerant bacteria and the level of chromium in the soil.
Some authors have found that Gram-positive bacteria were more chromate-
tolerant than Gram-negative bacteria (Ross et al. 1981; Viti and Giovannetti
2001; Viti and Giovannetti 2005). Shi et al. (2002), in a study carried out using
microcosms in order to establish the long-term effect of chromium upon the
activity of the soil microbial community, have shown that chromium negatively
affected the microbial activity and led to the accumulation of soil organic
carbon. Speir et al. (1995) have found that short-term Cr(VI)-exposure inhibited
soil biological properties, such as phosphatase and sulphatase activities, and
decreased microbial biomass.

The effects of chromium on soil microbial processes and activities have been
reviewed by Kamaludeen et al. (2003).

3. Chemical Transformations of Chromium in Soil: Mobility
and Bio-availability

In soils, chromium, although it has several oxidation states, occurs mainly with
two different oxidation states: Cr(l11) and Cr(VI), which have opposite chemical
and physical characteristics. The former is the most stable under reduced
conditions, it is relatively immobile because it has a strong affinity for negative-
charged ions and colloids in soils, and gives sparingly soluble compounds such
as Cr(OH)s. Such products dominate at pH values from 4 to 8 (Fendorf 1995).
The characteristics of Cr(l1l) forms limit their bioavailability and mobility in
waters and soils. The concentrations of soluble Cr(lll) in equilibrium with
insoluble compounds are < 10”° M (0.05 parts per billions) in water at pH value
6 to less than 10™°M at pH value 8 (Richard and Bourg 1991).

Cr(V1) is more soluble, mobile, and bio-available than Cr(ll1). Cr(VI) is an
anion form under most environmental conditions. At higher pH values than 6.4,
it is primarily present as chromate (CrO,?) whereas below pH value 6.4, it is
present principally as bichromate (HCrO,") (James 2002).

The two different oxidation states of chromium (trivalent and hexavalent
forms) can inter-convert and the Cr(VI)-reduction to Cr(lll) is favoured. The
reduction of Cr(VI) to Cr(lll) is of great environmental importance, since
Cr(I1) is less hazardous. Living organisms, ferrous iron, sulphide and organic
matter, have the capacity to reduce hexavalent chromium (James and Bartlett
1983; Fendorf 1995; Kamaludeen et al. 2003). Losi et al. (1994a) have
demonstrated that organic matter of the soil plays an important role in the
reduction of Cr(VI) to Cr(lll) by creating reducing conditions by increasing
activities of microbial communities, by acting as an electron donator and by
indirectly lowering the oxygen level of the soil (oxygen is depleted through an
increase of microbial respiration). Therefore, the presence of an available
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carbon source to specific bacterial populations is fundamental to alleviate an
environment from hazardous forms of chromium.

Although in soils, the reduction of Cr(VI) to Cr(l1l) is favoured compared to
the Cr(l11) oxidation, as has been reported above, high concentrations of Cr(VI)
may overcome the reducing capability of the environment and thus Cr(VI) may
persist in potentially toxic levels (Cervantes et al. 2001). Moreover, a part of
Cr(I1l) can be transformed in Cr(VI) in Bartlett positive soils (Bartlett and
James 1979). Bartlett and James (1979) have experimentally demonstrated that
the oxidation of Cr(ll) to Cr(V1) occurs readily under conditions prevalent in
many field soils and the key to Cr(lll) oxidation appears to be the presence in
soils of oxidised Mn. Oxidised Cr(I1l) is proportional to the soil content of Mn
oxide and to reduced Mn oxide. However, the oxidation of Cr(lIl) is directly
related to its concentration in soil and strongly dependent on Cr(lll) forms
(Kamaludeen et al. 2003). The influence of pH on oxidation and reduction
reactions of chromium in soils is complex, but it is reported that high pH values
enhance the oxidative soil power while low pH values enhance reduction
reactions. Under laboratory conditions (soils with near-neutral pH values, high
levels of Mn oxides and optimal aeration conditions), it has been observed that
soluble and freshly precipitated forms of Cr(lll), such as CrCl; and Cr(OH);3,
added to soil, may be oxidised up to 15% (James 2002). Therefore, strategies
for developing remediation processes of chromium contaminated soils should
consider the possibility that certain forms of Cr(l11) can be oxidised to Cr(V1).
Moreover, caution should be taken regarding the use of hydrogen peroxide for
in situ remediation of soils contaminated with chemically complex wastes,
because mobilisation of Cr(VI) could be a dangerous consequence of using
hydrogen peroxide (Rock et al. 2001). Soils contaminated with chromium from
chromate ore processing or from electroplating waste released larger amounts of
Cr(V1) after treatment with hydrogen peroxide (Rock et al. 2001).

James et al. (1997) developed a Potential Chromium Oxidation Score
(PCOS) in order to design remediation by reduction strategies to clean
chromium contaminated soils and to predict the levels of mobile Cr(V1) in soils
enriched with Cr(lll). The PCOS is based on four interacting parameters,
solubility and form of Cr(lll), reactive soil Mn, soil potential for Cr(VI)-
reduction, soil pH as a modifier of the first tree parameters. Such parameters
can be quantified and ranked numerically, the sum of their values gives the
PCOS. The PCOS ranges from 10 to 40, high scores indicate an elevated
probability for Cr(111) oxidation and the persistence of Cr(V1).

4. Interaction Between Chromium and Bacteria
Soil contamination by heavy metals is often irreversible and may repress or

even kill parts of the microbial community, and it is generally assumed that the
exposure to metals leads to the establishment of a tolerant/resistant microbial
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population (Viti and Giovannetti 2001). The terms resistance and tolerance are
often used interchangeably, but their significance is different. Gadd (1992)
defined "resistance" as "the ability of a microorganism to survive toxic effects
of metal exposure by means of a detoxification mechanism produced in direct
response to the metal species concerned" and defined tolerance as "the ability of
a microorganism to survive metal toxicity by means of intrinsic properties and
or environmental modification of toxicity".

Several bacteria belonging to different taxa have shown resistance/tolerance
to Cr(VI) (Table 1). The bacterial chromate resistance is generally linked to
plasmids, but it can also be due to chromosomal mutations (Ohta et al. 1971).
Chromosomal and plasmid determinants function through different
mechanisms. Chromosomal mutation usually affects sulphate transport system
(Cervantes and Silver 1992), through which chromate enters the cells of many
bacteria (Nies and Silver 1995). Plasmid-determined resistance results in
decreased chromate accumulation in cells without involving sulphate transport.
The plasmid-coded chromate-resistance has mainly been thought to be based on
the chromate efflux (Nies 1999; Cervantes et al. 2001). However, the
mechanisms of chromate-resistance have not been yet fully elucidated
(Cervantes et al. 2001).

Table 1. Tolerance/resistance to Cr(VI1) in different bacterial strains (here only main
references after 1998 are reported)

Organisms Cr(VI) tolerance/  References

resistance (mg/L)
Arthrobacter crystallopoites 500 Camargo et al. (2003)
Arthrobacter sp. >100 Megharaj et al. (2003)
Bacillus sp. >100 Megharaj et al. (2003)
Bacillus maroccanus ChrA21 1040 Viti et al. (2003)
Bacillus sp. ES29 1500 Camargo et al. (2003)
Bacillus cereus ES04 1500 Camargo et al. (2003)
Corynebacterium hoagii ChrB20 1144 Viti et al. (2003)
Bacillus circulans 100 Srinath et al. (2002)
Bacillus megaterium 150 Srinath et al. (2002)
Frankia strains 52-91 Richards et al. (2002)
Ralstonia metallidurans AE104  2-18* Juhnke et al. (2002)
Pseudomonas sp. CRB5 520 McLean and Beveridge (2001)
Pseudomonas stutzeri (two 52 Badar et al. (2000)
strains)
Escherichia coli 10 Nies (1999)

*On Tris-buffered mineral medium with different sodium sulphate concentrations
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The capability of Cr(VI)-reduction is suggested as an additional
chromosome or plasmid resistance mechanism, and represents a potentially
useful detoxification process for several bacteria (Komori et al. 1989;
Pattanapipitpaisal et al. 2001; Cervantes et al. 2001). Thereby, the bacterial
property, that is particularly useful for an effective bioremediation approach, is
one which combines high tolerance/resistance with the ability to reduce Cr(VI)
to less toxic Cr(lll). Microbial Cr(VI)-reduction may occur directly through
enzymatic activity (Komori et al. 1989; Losi et al. 1994b; Lovley and Coates
1997) (Fig. 4) or indirectly through producing a compound that can reduce
Cr(V1) (Lovley 1993; Fendorf and Li 1996) (Fig. 5).

Organic carbon Cr(VI)
reduced Cr(VI) reducing
bacterium
Organic carbon
oxidised
Cr(I11)

Fig. 4. Bacterial direct enzymatic reduction of Cr(VI)

The ability of direct Cr(VI) reduction has been found in many bacterial
genera including Pseudomonas, Micrococcus, Bacillus, Achromobacter,
Microbacterium Arthrobacter, Corynebacterium. (McLean et al. 2000;
Pattanapipitpaisal et al. 2001; McLean and Beveridge 2001; Viti et al. 2003;
Megharaj et al. 2003). The capability of Cr(VI)-reduction is not uncommon in
Cr(VI)-resistant bacteria of soils. Losi et al. (1994b) found that 9 out of 20
Cr(VI)-resistant bacterial strains, isolated from organic-amended and Cr(VI)-
acclimated soils, showed the capability to actively reduce Cr(V1) to Cr(llI).

Some bacterial species are capable of both anaerobic and aerobic hexavalent
chromium reduction, others in either anaerobic or aerobic conditions (Table 2).
The mechanisms through which bacterial strains reduce Cr(VI) to Cr(lll) are
variable and species dependent (McLean et al. 2000). Anaerobic bacteria may
use chromate as a terminal-electron acceptor or reduce chromate in
periplasmatic space by hydrogenase or cytocrome c; (Tebo and Obraztova
1998; Michel et al. 2001; Puzon et al. 2002). In aerobic bacteria, Cr(VI)
reduction may be carried out by cellular reducing agents (the primary reductant
is glutathione) and NADH-dependent chromate reductase (Suzuki et al. 1992;
Shen and Wang 1993; Garbisu et al. 1998). It is yet unknown, although some
hypotheses have been formulated, whether enzymatic or non-enzymatic
reduction of chromate is dominant in bacterial cells under aerobic conditions,
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and it also remains unsolved whether the NADH-dependent reductases are
specific to chromate. Moreover, it is also unclear whether anaerobic bacterial
growth is supported at the expense of chromate as the only electron acceptor.
The mechanisms for Cr(VI) reduction might be a secondary utilisation or co-
metabolism as suggested for Shewanella onoidensis MR-1 (Middleton et al.
2003). Therefore, under anaerobic conditions, Cr(VI)-reduction may be an
activity of the reductases that have evolved on other substrates (Kamaludeen et
al. 2003).

Organic carbon Fe(ll) Cr(VI)
reduced Fe(l11) reducing
bacterium
&
Organic carbon
oxidised Fe(ll) Cr(l)
2-
Organic carbon SO4 Cr(VI)
reduced Sulphate reducing
bacterium
&
Organic carbon
oxidised H,S Cr(ll)

Fig. 5. Indirect reduction of Cr(VI) by the activity of iron and sulphate reducing bacteria

The ability of a bacterial strain to reduce hexavalent chromium, although
the mechanism of Cr(VI)-reduction may differ from strain to strain, is an
attractive feature in order to plan a biological strategy for effective chromate
detoxification, but high concentrations of chromate in the environment often
can repress the microbial activity and growth (Lovley and Coates 1997;
Megharaj et al. 2003). Therefore, before using a selected microorganism or
an indigenous microbial mixed-culture for devising bioremediation
strategies for Cr(VI)-contaminated soils, there is a need to understand
Cr(VI)-resistance mechanisms in these microorganisms. For example
Shewanella spp., among dissimilatory metal reducing bacteria, are identified
as potential attractive candidates for ex-situ as well as in-situ treatment of



66 C. Viti and L. Giovannetti

chromate contamination (Myers et al. 2000; Daulton et al. 2002).
Nevertheless, it has recently been demonstrated that Cr(VI) is toxic even at
low concentrations (0.015 mM) to Shewanella oneidensis MR-1, a good
Cr(VI) reducer (Viamajala et al. 2004). It is important to remember that
chromate resistance and reduction are not necessarily interrelated,
hexavalent chromium may be reduced by both bacterial Cr(VI)-sensitive and
resistant strains and not all Cr(VI)-resistant bacteria reduce hexavalent
chromium to trivalent forms.

Table 2. Bacterial strains able to reduce Cr(VI) (here only main references after 1998
are reported)

Organisms Reduction conditions  References
Arthrobacter crystallopoietes ES 32 Aerobic Camargo et al. (2004)
Bacillus maroccanus ChrA21 Aerobic Viti et al. (2003)
Bacillus sp. ES29 Aerobic Camargo et al. (2003)
Corynebacterium hoagii ChrB20 Aerobic Viti et al. (2003)
Cellulomonas sp. (three strains) Anaerobic Sani et al. (2002)
Bacillus sp. ATCC 700729 Aerobic Shakoori et al. (2000)
Pseudomonas sp. CRB5 Aerobic and anaerobic McLean et al. (2000)
Pseudomonas stutzeri (two strains)  Anaerobic Badar et al. (2000)
Shewanella oneidensis MR-1 Anaerobic Myers et al. (2000)
Pseudomonas aeruginosa A2Chr Aerobic Ganguli and Tripathi
(1999)

An extensive review about chromium resistance in bacteria, enzymatic
mechanisms of microbial Cr(VI)-reduction and factors affecting microbial
Cr(VI)-reduction has been published by Chen and Hao (1998).

The reduction of Cr(VI) can also occur indirectly by bacterial activity. For
instance, Fe(ll) and HS", metabolic end products of iron and sulphate-reducing
bacteria, can catalyse the reduction of Cr(VI1) (Fendorf et al. 2000; Wielinga et
al. 2001; Nevin and Lovley 2002; Arias and Tebo 2003). The process of indirect
reduction of chromate using iron reducing bacteria consists of two reactions
(Fig. 5). The Fe(ll) produced by reducing bacteria is cycled back to Fe(lll) by
abiotic chromate reduction. At the ecological level, this process represents a
significant role, because it permits the uninterrupted regeneration of the Fe(lll),
terminal electron acceptor in anaerobic conditions.

In sulphate rich soil environments, when anaerobic conditions are present,
such as in flooded compacted soils, the reduction of Cr(VI) by sulphide
produced through sulphate reducing bacteria, which couple the oxidation of
organic sources to the reduction of sulphate, is an important mechanism to
detoxify the environment from hexavalent chromium (Losi et al. 1994b; Pettine
et al. 1998).
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5. Soil Bioremediation Strategies

The remediation of Cr(VI)-contaminated soils, today, is essentially based on
physical and chemical approaches, which include excavation or pumping of
contaminated material, followed by the addition of reducing chemicals that lead
to the precipitation and/or sedimentation of reduced chromium [Cr(llI)], less
toxic than Cr(VI) and greatly insoluble. Cr(VI) remediation strategies using
traditional technologies have been dealt in depth by Higgins et al. (1997) and
hence not discussed here in details. However, Table 3 shows the advantages and
disadvantages of the main traditional approaches for the remediation of soils
contaminated with Cr(VI).

The ability of several microbial groups (bacteria, fungi, microalgae) to
reduce Cr(VI1) to Cr(ll1) has been considered of much interest in order to clean
up soil/water polluted with chromate. In fact, there is no doubt that the
development of an effective biological system to alleviate the environmental
problems associated with hexavalent chromium is highly desirable.

Potentially bioremediation is cost-effective and environmentally friendly in
comparison with physical-chemical treatments (Lovley and Coates 1997; Chen
and Hao 1998; Tseng and Bielefeldt 2002). The Cr(VI) bioremediation of soils
can be performed in situ or ex situ using a bioreactor for treatment of soils or
soil wash effluents (Turick and Apel 1997; Lovley and Coates 1997;
Kamaludeen et al. 2003). The bioremediation approach offers some advantages
compared with traditional techniques (Higgins et al. 1997): i) it can be
performed in situ without escavation of contaminated soils, ii) it can be applied
to sites with high water table, iii) it can allow a continuous Cr(VI) stable
reduction process, iv) it does not destroy the site that is to be detoxified.

In contaminated soils with hexavalent chromium, some indigenous bacteria
are able to reduce Cr(VI), but the rates of natural attenuation (that is to say
without any human interference) of Cr-toxicity are slow and, therefore,
unacceptable to devise remediation strategies (Tokunaga et al. 2003). Thus,
there is a need to improve in situ bioreduction of Cr(V1) to Cr(lIl). The Cr(V1)-
remediation efficiency can be enhanced by introducing in soils selected strains
with intrinsic properties, such as high Cr(VI)-resistance and Cr(VI)-reduction
capability (bioaugumentation) or stimulating the activity of indigenous Cr(V1)-
reducers (biostimulation). In both cases, a strong limitation is that contaminated
sites are usually lacking in nutrients and do not permit rapid growth of selected
and/or indigenous bacteria and, therefore, their potential bioremediation
activities are not fully expressed. A strategy to stimulate the metabolism and
proliferation of bacterial Cr(\V1)-reducers in situ may be the addition of nutrients
to the environment (Chen and Hao 1998; Salunkhe et al. 1998; Reddy et al.
2003). Carbon sources, such as organic acids, manure, molasses, have been
proposed to improve Cr(VI)-reduction that, otherwise, would be unacceptably
slow (Losi et al. 1994a; Higgins et al. 1998; Tokunaga et al. 2003). Reddy et al.
(2003) have demonstrated that under laboratory conditions, the nutrient amended
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Table 3. Advantages and disadvantages of the main traditional approaches for the
remediation of soil contaminated with Cr(VI) (from Higgins et al. 1997, modified)

Approach Advantages Disadvantages
Escavation and off-  Quick and appropriate for Expensive, may cause health
site disposal small volumes of soil, hazard during the excavation,
completely removes the removed soil may need
contaminant treatment, destroys the site but
does not destroy the
contaminant
Soil washing Reduces the volume of Needs the escavation of soil,
contaminated material that may cause health hazard during
requires treatment, washing  the excavation, destroys the site
solution may be reused after  but does not destroy the
decontamination treatment contaminant, generates
contaminated water, is not
appropriate for all soils
Soil flushing In situ technology that does  Does not destroy the

Solidification/
stabilisation ex situ

Solidification/
stabilisation in situ

Vitrification (in situ
or ex situ)

Chemical reduction
(in situ or ex situ)

not require escavation, its
efficiency may be improved
through electrokinetics

Is relatively inexpensive

Applicable to sites with high
water tables

Should reduce toxicity,
mobility contaminant and
volume of polluted soils; the
final product can be
demonstrated to be non-
hazardous, may be performed
in situ

Reduces toxicity and
mobility of the Cr(VI), may
be performed in situ

contaminant, generates
contaminated water

May cause health hazard during
the excavation, does not destroy
the contaminant, increases the
volumes of disposal material

Does not remove the
contaminant, before the
treatment Cr(VI) may need to
be reduced to Cr(I1l) in order to
minimise potential leaching of
pollutants

Demands high energy and
technology, requires significant
amounts of additive

Does not remove from the soil
the Cr(lI1) produced, which may
be oxidised to Cr(V1); is not
appropriated for sites where the
level of Cr is to be reduced,
requires the control of chemical-
physical characteristics of soil,
the process of reduction may be
slow
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by electrokinetics improved Cr(VI1) bioremediation. Moreover, it has been
proposed that the organic aromatic pollutants might serve indirectly as carbon
sources for microbial Cr(VI) reduction in presence of a mixed culture of
appropriate taxa (Shen and Wang 1995). However, the addition of nutrients to
Cr(VI)-contaminated soils is a laborious and expensive approach and it may
cause problems, because it results in the production of considerable biomass
(Tseng and Bielefeldt 2002; Gonzalez et al. 2003). Matin et al. (1995), studying
the remediation of trichloroethylene by Escherichia coli, in order to reduce the
requirement for the external addition of nutrients and biomasses to manageable
levels, have applied with success the starvation promoter technology. Such
approach permits a decoupling between a high level expression of a gene and
the need for rapid growth, giving maximal expression under conditions of slow
growth. This innovative technology could also be applied to Cr(V1)-reduction in
bioremediation soil processes (Gonzales et al. 2003).

In several studies, the use of bioreactors or biofilms for ex situ Cr(VI)-
bioremediation of soils or soil wash effluents was assumed (Turick and Apel
1997; Turick et al. 1997; Smith 2001; Ganguli and Tripathi 2002). The
possibility to use bioreactor systems for Cr(V1)-bioremediation is cost-effective,
but its success has been limited to large-scale decontamination projects
(Kamaludeen et al. 2003).

Cr(VI)-bioremediation ex situ, such as in situ, can be performed using
microbial pure cultures or microorganisms consortia. Smith (2001) proposed
sulphate-reducing bacteria (mixed-culture) biofilms to treat Cr(VI)-
contaminated waterways and soils, suggesting that this system can be used to
recover Cr(Ill) from the reduction and precipitation of Cr(\VI). Turick et al.
(1997), using a bioreactor where the support was of 6-mm porcelain saddles,
developed an anaerobic process for Cr(VI) reduction using an inoculum
constituted of enrichment cultures of indigenous microorganisms from Cr(V1)-
contaminated soils. Konovalova et al. (2003) have suggested using a membrane
bioreactor where Pseudomonas cells were immobilised in agar-agar films on the
surface of synthetic membranes in order to decrease the toxic action of high
chromate concentrations.

Bacterial Cr(VI)-reduction can occur under both aerobic or anaerobic
conditions in presence of different electron acceptors, such as oxygen, nitrate,
sulphate and ferric iron, but the suitable conditions for Cr(\VI) bioremediation
are aerobic at higher Cr(VI) concentrations and anaerobic at lower Cr(VI)
concentrations (Tseng and Bielefeldt 2002). The former condition is appealing
for soil remediation, because it permits to carry out a remediation process
without the need of establishing and maintaining anaerobic conditions in soils
(Lovley and Coates 1997).

It has been reported that under anaerobic conditions, low concentrations of
Cr(VI) can accelerate the growth and activity of sulphate-reducing bacteria,
obligate anaerobic heterotrophs, and thereby the indirect Cr(\VI1)-reduction by
evolved sulphide (Kamaludeen et al. 2003). The activity of sulphate-reducing
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bacteria in situ is also enhanced through the addition of sulphate and nutrients,
but the sulphide produced promotes not only the reduction of Cr(VI) to Cr(llI),
but also Mn oxides which can be involved in the reoxidation of Cr(lll).
Moreover, sulphate-reducing bacteria are particularly sensitive to Cr(VI)-
toxicity compared to other bacterial populations (Arias and Tebo 2003).
Thereby, in soils where there are high levels of Cr(VI), sulphate-reducing
bacteria do not have an important role in Cr(VI) reduction. Marsh et al. (2000)
have reported that the production of sulphide by sulphate-reducing bacteria did
not occur, when the level of Cr(VI) in sandy sediments was 0.5 mM. Data
obtained by Marsh et al. (2000) and Arias and Tebo (2003) should be
considered for devising bioremediation strategies for Cr(VI)-contaminated soils.
Thus, the use of sulphate reducing bacteria, as has been reported by Losi et al.
(1994a), can have some possibilities in ex situ detoxification of Cr(VI)-
contaminated soil using a bioreactor system instead of in situ bioremediation
approaches, because all parameters of the processes must be kept under control.

The  Cr(VI)-bioremediation  approach, being cost-effective and
environmentally friendly in comparison to physical-chemical treatments, is very
attractive (Lovley and Coates 1997; Chen and Hao 1998; Tseng and Bielefeldt
2002). Nevertheless, to our knowledge, bioremediation strategies for chromate
detoxification have yet to be significant on large-scale environmental
remediation, mostly because the knowledge of microorganism-chromium
interactions is to be deepened. However, there is no doubt that a better
understanding of the Cr(VI)-resistance and Cr(VI)-reduction mechanisms,
which permit specific bacteria to survive and play their role the in presence of
high concentrations of Cr(VI), will result in an adequate biological plan to
alleviate the environmental contamination by hexavalent chromium (McLean et
al. 2000; McLean and Beveridge 2001; Francisco et al. 2002). Therefore, in
order to move from the potential and/or pilot phase to the applied one we need
i) to have bacterial strains belonging to different species, selected for Cr(VI)-
resistance and capability to Cr(VI1)-reduction (a few studies provide quantitative
information about Cr(VI) reduction in the presence of high concentrations of
hexavalent chromium); ii) to increase knowledge on the mechanisms involved
in the processes of resistance and reduction of Cr(\V1); iii) to understand how the
bacterial kinetics of Cr(VI)-reduction are affected by abiotic factors, such as
pH, temperature, electron acceptors and organic substrates.

6. Conclusion

Microbial reduction of hexavalent chromium to trivalent chromium, which is
relatively insoluble and considerably less toxic, is a potentially valid
remediation strategy for chromium-contaminated soils. It could be cost-
effective and environmentally friendly in comparison to physical-chemical
treatments (DeFilippi and Lupton 1992; Lovley and Coates 1997; Chen and Hao
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1998; Tseng and Bielefeldt 2002). Nevertheless, in spite of significant advances
that have been made in recent years, some points still need to be studied in
depth before applying bioremediation methodologies to large-scale soil
reclamation. Many researchers believe there are two strategies for enhancing the
applicability of biological systems to clean up environments from hexavalent
chromium. One of these two is to deepen the knowledge of the mechanisms
involved in the process of strain resistance and how some abiotic factors (initial
chromate concentration, pH, temperature, carbon sources, electron acceptors)
affect the rate of Cr(VI)-reduction. The capability of indigenous bacteria in
reducing Cr(V1) to Cr(lll) is to be quantified and the optimal conditions are to
be defined in order to improve the ability of specific bacterial strains to play
their role under stressful conditions as well as those in polluted-environments.
Moreover, the availability of bacterial strains, indigeneous to sites contaminated
with chromium, with intrinsic characteristics, will facilitate their utilisation in
situ bioremediation processes avoiding legal and ethical problems brought up
with the introduction of engineered microorganisms into the environment.

The second strategy is to develop engineered protein families and/or strains
with improved hexavalent chromium reduction capability in order to utilise
them mainly in ex situ closed systems. With molecular engineering, it will be
possible to enhance Cr(VI)-reduction activities of indigenous bacterial strains
that express such activities at high levels under poor nutrient and stressful
environmental conditions (Gonzalez et al. 2003). Finally, there is a need to
remember that to devise the most suitable bioremediation system in order to
detoxify an area successfully, not only the advantages of all available
technologies should be taken into consideration, but also the characteristics of
the contaminated site. Thereby, a well-netted collaboration among molecular
biologists, microbiologists, geochemists and environmental engineers is
required in order to bring bioremedition strategies of Cr(\VI)-contaminated soils
from a promise to their application.
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1. Introduction

Excessive toxic metal levels in soils pose potential hazards to human and
animal health as well as the ecosystem in general. Anthropogenic sources of
heavy metal deposition have increased as the result of the Industrial
Revolution. Agriculture, mining, smelting, electroplating, and other
industrial activities have resulted in the deposition of undesirable
concentration of metals, such as As, Cd, Cr, Cu, Ni, Pb and Zn, in the soil.

Although trace metals are important part of the soil ecosystem, the
accumulation of these metals may be harmful to people, animals, plants and
other organisms contacting the soil or groundwater. Unlike many other
pollutants, heavy metals are difficult to be removed from the environment as
they cannot be chemically or biologically degraded, and are ultimately
indestructible. Now-a-days, various heavy metals constitute a global
environmental hazard.

Use of microorganisms and plants for the decontamination of heavy
metals has attracted growing attention because of their low cost and high
efficiency. Microorganisms could be used to clean up metal contamination
by removing metals from contaminated water, sequestering metals from
soils and sediments or solubilizing metals to facilitate their extraction.

In this article, we describe how bacteria and plants accumulate and
detoxify metal ions, engineering approaches to enhance the metal tolerance,
accumulation and detoxification in microorganisms and plants. We also
describe  bioremediation using symbiosis  between plants and
microorganisms.
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2. Phytoremediation

Phytoremediation is the use of plants to remove pollutants from the
environment or to render them harmless. Phytoremediation of toxic metals may
be of high significance because of the lack of alternative technologies that are
affordable and effective. While organic molecules can be degraded in microbial
bioremediation, toxic metals can be remediated only by gathering trace amount
of dispersed metals in soil or water and removing them from the environment. It
may provide an economically viable solution for the remediation of metal-
polluted sites. Thus, several sub-sets of metal phytoremediation have been
developed and targeted for commercialization.

a) Phytoextraction: in which high-biomass, metal-accumulating plants and
appropriate soil amendments are used to transport and concentrate metals
from the soil into the above-ground shoots, which are harvested with
conventional agricultural methods.

b) Rhizofiltration: in which plant roots grown in aerated water, precipitate and
concentrate toxic metals from the polluted effluents.

c) Phytostabilization: in which plants stabilize the pollutants in soil, thus
rendering them harmless.

d) Phytovolatilization: in which plants extract volatile metals (e.g., mercury and
selenium) from soil and volatilize them from foliage.

Here, we focus only on phytoextraction and phytovolatilization strategies.

These strategies might become viable alternatives to mechanical and chemical

approaches in remediation of metals from the contaminated soils.

2.1 Phytoextraction of Metals

Phytoextraction is based on the genetic and physiological capacity of
specialized plants to accumulate, translocate, and resist high amounts of
metal. The idea of using plants to remove metals from soils came from the
discovery of different wild plants that accumulate high concentrations of
metals in their foliage. Naturally occurring plants called “metal
hyperaccumulators” can accumulate 10-500 times higher levels of metal
elements than crops (Chaney et al. 1997). The degree of accumulation of
metals such as Ni, Zn, and possibly Cu, observed in hyperaccumulators often
reaches 1-5% of their dry weight (Raskin et al. 1997). There is a report that
Brassica (mustard) species or varieties of Brassica juncea (Indian mustard)
have an enhanced ability to accumulate metals from hydroponics solution into
their above ground (harvestable) parts. These plants concentrate toxic heavy
metals (Pb, Cu and Ni) to a level up to several percent of their dried shoot
biomass (Kumar et al. 1995).
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2.1.1 Uptake and Accumulation of Toxic Heavy Metals by Plants

There are many processes that influence metal accumulation in plants e.g. metal
mobilization and uptake from soils, compartmentation and sequestration within
the root, efficiency of xylem to load and transport metal, distribution of metal in
the aerial parts, sequestration, and storage in leaf cells (Clemens et al. 2002).

Uptake and bioavailability of heavy metals. Phytoextraction occurs when
heavy metals are ready to be absorbed by roots (bioavailability). Bioavailability
depends on metal solubility in soil solution. Some metals, such as Zn and Cd,
occur primarily in exchangeable, and readily bioavailable form. Others, such as
Pb, occur as soil precipitate, a significantly less bioavailable form. Plants roots
increase metal bioavailability by extruding protons to acidify the soil and
mobilize the metals. This mechanism has been observed for Fe mobilization in
some Fe-deficient dicotyledonous plants (Crowley et al. 1991). Moreover
lowering the soil pH affects both metal bioavailability and metal uptake into
roots. In T. caerulescens, uptake of Mn and Cd was dependent on the soil
acidity (Brown et al. 1995).

The formation of metal-chelate complexes prevents precipitation and sorption
of the metals thereby maintaining their availability for the plant uptake (Salt and
Rauser 1995). Addition of synthetic chelates such as EDTA is very effective in
facilitating the plant uptake of Cd, Cu, Ni and Zn (Raskin et al. 1997).

Transport of heavy metals. Plants have evolved highly specific mechanisms to
take up, translocate, and store macro-nutrients (N, P, K, S, Ca, and Mg) and
essential micro-nutrients (Fe, Zn, Mn, Ni, Cu, and Mo). Molecular physiology
of the plant transport systems for elemental nutrients and pollutant is still in its
infancy. Plant genes encoding metal transporters have been identified and
characterized. The IRT1 (iron-regulated transporter) is the first member of the
ZIP gene family to be identified. The IRTL is an Fe(ll) transporter that takes up
iron from the soil. The IRT1 was cloned for functional expression in a yeast
mutant (fet3 fet4) defective for iron uptake (Eide et al. 1996). IRT1 is able to
complement the metal uptake defects of the Saccharomyces cerevisiae zrtl zrt2
zinc uptake mutants and the S. cerevisiae smfl manganese uptake mutant
(Korshunova et al. 1999). Although IRT1 was originally identified as the Fe
transporter, the studies of complementation and uptake in yeast provided
information that IRT1 was able to transport both Mn and Zn in addition to Fe.
There are several evidences that point to a role for IRT1 in mediating the
accumulation of Cd in iron deficient plants: (1) Cd was shown to compete with
Fe uptake in yeast expressing IRT1 (Eide et al. 1996), (2) yeast-expressing
IRT1 was more sensitive to Cd (Rogers et al. 2000) than wild type, and (3)
plants engineered to over express IRT1 accumulated Cd in greater amounts than
wild-type plant (Guerinot 2000). Another member of ZIP protein is zinc
transporter (ZIP), which contains ZIP1, ZIP2, and ZIP3 genes of Arabidopsis.
Expression of these genes restored zinc-limited growth of zrtl zrt2 yeast mutant
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(Grotz et al. 1998). In the plant, ZIP1 and ZIP3 are expressed in roots in
response to zinc deficiency, thus these genes play a direct role in zinc uptake
from the soil. The Zn(lIl) transport activity of these three proteins is inhibited by
Mn(I1), Co(ll), Cd(lIl), and Cu(ll), indicating that ZIP proteins may transport
potentially toxic metals as well as nutrients. From cross-species, microarray
transcript profiling reveals high constitutive expression of metal homeostasis
gene, such as ZIP6 in shoots and ZIP9 in roots of the zinc hyper accumulator
Arabidopsis halleri (Weber et al. 2004; Becher et al. 2004). These transporter
genes offer a good starting point for the understanding how metals cross
membranes.

Translocation of an element from roots to shoots. Accumulator plant must
have the ability to translocate an element from roots to shoots at high rate. The
transport processes are stimulated by metal influx into root and leaf cells, and
metal loading into the xylem. Many other factors are also involved in the
metalic elements.

Transporter proteins. Because of their charge, metal ions cannot move freely
across the cellular membrane, which are lipophilic structures. Therefore,
membrane proteins must mediate ion transport into cells with transport
functions known as transporters. Transporter proteins play an important role in
the translocation of an elements, since they contain the binding domains, which
bind to specific ions and transfer bound ions from extracellular space through
the hydrophobic environment of the membrane into the cell. There is an
evidence for higher Zn** uptake capacity in hyper accumulator, Thlaspi
caerulescens as compared to the non-hyper accumulating relative T. arvense
(Lasat et al. 1996). This might be attributable to higher expression levels of Zn**
transporters such as the ZIP member ZNT1 (Pence et al. 2000).

Chelators. Cations of heavy metals are often bound to soil particles because of
soil cation exchange capacity. The binding affinity of cations reduces cation
movement in vascular plants, particularly in the negatively charged cells of the
xylem. A solution to this problem is chelation, which means as the process of a
cation binding to a compound, resulting in a uncharged complex that can move
more freely through a variety of substrates. Several chelators, both natural and
synthetic are known to perform this function in soil and plants.

Natural Synthetic
Phytochelatin (PC) EDTA (ethylene diamine tetra acetic acid)
Metallothionein (MT) EGTA (ethylene glycol tetra acetic acid)

Organic acids

The use of specific chemicals, synthetic chelates, has been shown to
dramatically stimulate Pb accumulation in plants. These compounds prevent Pb
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precipitation and keep the metal as soluble chelate-Pb complexes available for
uptake into roots and transport within plants. For example, addition of EDTA at
a rate of 10 mmol/kg soil, increased Pb accumulation in shoots of maize up to
1.6 wt% of dry biomass (Blaylock et al. 1997). In a subsequent study, Indian
mustard exposed to Pb and EDTA in hydroponics solution was able to
accumulate more than 1% Pb in dry shoots (Vassil et al. 1998).

Chelation with certain ligands, for example histidine and citrate, appears to
route metals primarily to the xylem. Histidine is very important for Ni tolerance
and transport in hyper accumulators, since large increases in histidine levels and
coordination of Ni with histidine have been reported in the xylem sap of Ni
hyper accumulator, Alyssum lesbiacum (Kramer et al. 1996). Organic acid,
citrate had been also shown to complex with some toxic metals during transport
of metals to the shoot of hyper accumulating and non-hyper accumulating plant
species (Senden et al. 1992).

Phytochelatins (PCs) are known to play an essential role in the heavy-metal
detoxification by chelating heavy metals in the cytosol and sequestering PC-
Cd?* complexes in the vacuoles via transport across the tonoplast (Ortiz et al.
1995; Salt and Rauser 1995). In addition, there is an evidence to demonstrate
that PCs provide a major mechanism for regulating long distance Cd** transport
in Arabidopsis. Transgenic expression of wheat phytochelatin synthase
(TaPCS1) cDNA in the Arabidopsis PC-deficient mutant, cadl-3, revealed the
suppression of the heavy metal sensitivity of cadl-3. PCs can be transported
from roots to shoots and transgenic expression of the TaPCS1 gene increases
long-distance root-to-shoot Cd?* transport and reduces Cd** accumulation in
roots (Gong et al. 2003).

2.1.2 Detoxification of Metal lons by Plants

Chelation. Chelation of metals in the cytosol by high affinity ligands is
potentially a very important mechanism of heavy-metal detoxification and
tolerance. Two major classes of heavy metal chelating peptides are presented in
plants, metallothioneins (MTs) and phytochelatins (PCs).

Metallothioneins make up a super family of cysteine-rich metal-chelating
proteins. The chelation of divalent or monovalent cations is mediated through
the cysteine residues, which are often highly conserved between species. The
biological role of MT is focused on the sequestration of toxic heavy metal ions,
such as Cd?, in order to prevent them from interacting with other cellular
corznponents, and on the homeostatic regulation of essential metal ions, such as
Zn",

MTs are widely distributed among living organisms, and they are fairly well
conserved in mammals, plants, and fungi (Butt and Ecker 1987; Huckle et al.
1993). Based on structure, MTs can be subdivided into three classes. Class |
includes those polypeptides related to mammalian species (Kagi 1991). These
proteins are encoded in structural genes and synthesized by transcription and
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translation. Mammalian MTs are usually composed of 61 amino acids
(molecular mass, 6 to 7 kDa) and lack aromatic amino acids or histidines. Two
distinct domains of these proteins coordinate 7 divalent or 12 monovalent metal
ions with 20 Cys residues. These metal ions present along the sequence in the
form of Cys-X-Cys or Cys-Cys motifs (X is another amino acid residue). Class
Il MTs originate from yeasts (e.g., Saccharomyces cerevisiae, Candida
glabrata, and Candida albicans (Mehra and Winge 1991)), or cyanobacteria
[e.g., Synechococcus sp. (Olafson et al. 1988)]. A well-known member of class
Il is the S. cerevisiae MT responsible for copper tolerance, called CUP1. This
protein contains 12 cysteine residues organized in Cys-X-Cys, Cys-Cys, and
Cys-X-X-Cys motifs, which originate eight binding sites for monovalent and
four binding sites for divalent metal ions (Weige et al. 1985). In animal and
plant species, MTs synthesis is induced by the metal ions, such as Cd, Zn, Hg,
Ag and Pb (Kagi 1991). In plant-species, metal-induced expression of MT
genes has also been reported in both maize and rice (Chevalier et al. 1995;
Hsieh et al. 1995). RNA expression of MT genes in Arabidopsis could be
induced by copper, and to a lesser degree by Zn and Cd (Zhou and Goldsbrough
1994). Thus, plant MTs may function as metal-binding proteins that can
mediate metal tolerance. However, direct evidence that MTs are required for a
specific function in metal metabolism, tolerance or another process is currently
lacking.

These MTs bind Cd, Zn, Hg, Cu, and Ag. Toyama et al. (2002)
demonstrated that As** bound to MT-2 by ICP-AES and MALDI-TOF-MS. The
maximum molar ratio of As®* to human MT-2 is more than 6:1. Hong et al.
(2001) developed high yield expression and single step purification of human
thionein and metallothionein. hMT was expressed in E. coli as an intein (protein
splicing element) fusion protein in the absence of added metals and purified by
intein-mediated purification with an affinity chitin-binding tag. This procedure
constitutes a novel and simple strategy to prepare thionein (T), the metal-free
form, or MT when reconstituting T with metals in vitro. The yield was 8 mg of
T or 6 mg of pure Cd7- or Zn7-MT from 1-liter culture.

Class I11 metallothioneins are known as phytochelatins (PCs). Phytochelatins
are the naturally occurring metal-binding peptides. They are short peptides
composed of only three amino acids, namely, Glu, Cys and Gly, with Glu and
Cys residues linked through a y-carboxymide bond. The structure of such
peptides can be represented by (y-Glu-Cys),-Gly, where n ranges from 2 to 11.
PCs have been identified in a wide variety of plant species and in some
microorganisms (Cobbett 2000). They are structurally related to glutathione
[GSH; (y-Glu-Cys)-Gly] and presumed to be the products of biosynthetic
pathway. Numerous physiological, biochemical, and genetic studies have
confirmed that GSH is the substrate for PCs biosynthesis. The PCs pathway is
involved in the synthesis of y-Glu-Cys from Glu and Cys by y-glutamylcysteine
synthetase (GCS), then glutathione synthetase (GS) catalyzes the synthesis of
GSH. PCs synthesis was presumed to be involved in the transpeptidation of the
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v-Glu-Cys moiety of GSH onto initially a second GSH molecule to form PC; or
onto a PC molecule to produce a PC (n+1) oligomer. This y-Glu-Cys dipeptidyl
transpeptidase (EC 2.3.2.15) has been termed PC synthase (PCS). In vitro, the
activity of the partially purified enzyme was active only in the presence of metal
ions. The best activator was Cd followed by Ag, Bi, Pb, Zn, Cu, Hg, and Au
cation. The PC biosynthesis continued until the activated metal ions were
chelated either by the formed PCs or by the addition of a metal chelator such as
EDTA (Loeffler et al. 1989).

Vacuolar compartmentalization. Vacuolar compartmentalization appears to
be the reason for hypertolerance of natural hyper accumulator plant. The
vacuole is generally considered to be the main storage site for metals in yeast
and plant cells. The role of Cd detoxification and tolerance is played by the
vacuolar compartmentalization, which prevents the free circulation of Cd ions
in the cytosol and forces them into a limited area. Cd stimulates synthesis of
PCs, which rapidly form a low molecular weight Cd-PC. The Cd-PC complex
will be transported into the vacuole by a Cd/H antiport and an ATP-dependent
PC-transporter (Salt and Wagner 1993; Salt and Rauser 1995). A gene, which
codes for a PC-transporter in yeast was isolated namely Hmtl gene. The Hmtl
gene encodes a member of a family of ATP-binding cassette (ABC) membrane
transport proteins that is located in the vacuolar membrane (Ortiz et al. 1992,
1995). The gene product is responsible for transporting Cd-PC complex into the
vacuole. Inside the vacuole the Cd-PC complexes acquire acid-labile sulphur
(S%) and form a high molecular weight Cd-PC-sulfide complex, that may be
essential for Cd resistance in the yeast (Speiser et al. 1992).

Compartmentalization of metals in the vacuole is a part of the tolerance
mechanism of some metal hyper accumulators. The Ni hyper accumulator T.
goesingense enhances its Ni tolerance by compartmentalizing most of the
intracellular leaf Ni into the vacuole (Kramer et al. 2000). High-level of metal
ion transporter TgMTPL in T. goesingense was proposed to account for the
enhanced ability to accumulate metal ions within shoot vacuoles (Persans et al.
2001). Intact vacuoles isolated from tobacco and barley exposed to Zn have
been shown to accumulate this metal (Krotz et al. 1989; Burken and Schnoor
1996).

The strategies for uptake, accumulation and detoxification of heavy metals
by higher plants are summarized in Figure 1.

2.1.3 Ideal Plant for Phytoremediation

Populations of metal-tolerant hyperaccumulating plants can be found in
naturally occurring metal-rich sites (Baker and Brooks 1989). However, these
plants are not ideal for phytoremediation since they are usually small and have a
low biomass production. In contrast, plants with good growth usually show low
metal accumulation capability as well as low tolerance to heavy metals.
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Fig. 1. Summary of potential cellular mechanisms for metal uptake, accumulation
and detoxification in higher plants. 1. Metal ions are mobilized by secretion of
chelators and by acidification of the rhizosphere. 2. Uptake of hydrated metal ions
or metal-chelate complexes is mediated by various uptake systems residing in the
plasma membrane. 3. Metals are chelated in cytosol by various ligands. 4. PCs form
complex with Cd. 5. PC-Cd complex is transported into the vacuole. 6. Metals are
transported and accumulated in the vacuole (Modified after Hall 2002; Clemens et
al. 2002)

A plant suitable for phytoremediation should be fast growing, develop a
large biomass, be tolerant to and accumulate high concentrations of toxic
metals in the shoot, and be easily cultivated and harvested (Karenlampi et al.
2000). There are fast-growing hyper accumulators that can produce a large
biomass. Examples are the Ni hyperaccumulators Alyssum bertolonii and
Berkheya coddii, which produced 9 and 22 t/ha of shoot dry matter,
respectively, in small-scale field experiments (Robinson et al. 1997a, b). The
arsenic hyperaccumulator, Pteris vittata can also produce a relatively large
biomass under favorable climate (Ma et al. 2001). However, fast-growing
species that can hyper accumulate Zn, Cd, Cu, Pb and Cr have been not yet
reported. Approaches to find metal-tolerant hyperaccumulating plants for
phytoremediation  involve searching for, and studying natural
hyperaccumulators, or developing genetically engineered plants that possess
above traits to achieve some of the properties of hyper accumulators.
Although most of the cultivated plants are not hyper accumulator for metals,
some of them are good candidate of breeding to accumulate toxic metals since
their transformation systems have been developed and cultivation conditions
in the fields are well known. A winter-growing legume Chinese milk vetch
(Astragalus sinicus) is widely used as a green manure in rice fields in China
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and Japan (Murooka et al. 1993). This plant is suitable for use in
bioremediation in the rice paddy.

2.1.4. Genetic Engineering in the Improvement of Plants for
Phytoremediation

Several criteria must be considered for engineering plant for phytoremediation.
First, the plant must be able to solubilize and uptake heavy metals that are
tightly bound to soil particles. Second, a mechanism must exist to transfer the
heavy metal from the root to the shoot. Third, the heavy metal must be
deposited in a compartment where it does not interfere with cellular
metabolism.

Genetic engineered plants for metal uptake and translocation. In
phytoremediation, heavy metal uptake and translocation are essential
components of heavy metal hyperaccumulation. Citric and Malic acid are
two compounds, which have been shown to complex heavy metals in the
plant roots. After loss of one H", each acid contains a COO™ group which
binds to the cation positive charge. Plants secrete acids, which aid in the
uptake of non-bioavailable metals. These acids protect cellular function
when the acid-Cd complex is brought into the root. Citric acid-metal
complexes have been reported to be translocated via the xylem (Senden et
al. 1992). If a plant could be genetically altered to produce higher levels of
endogenous citric or malic acid, then perhaps phytoextraction could be
enhanced.

Free histidine has been found as a metal chelator in xylem exudates in plants
that accumulate Ni and the amount of free histidine increases with Ni exposure
(Kramer et al. 1996). By modifying histidine metabolism, it might be possible
to increase the Ni- accumulating capacity of plants.

The expression of the metal transporter genes, such as the IRT1 (iron-
regulated-transporter) gene, and the wheat Ca?* transporter LCT1 gene mediate
the uptake of Na* and Cd* in yeast (Schachtman et al. 1997; Clemen et al.
1998). Therefore, the introduction of such genes to plants may enhance the
metal ions uptake by the plant roots.

Transporter proteins, isolated from hyperaccumulating species, such as Zn
transporter protein (ZNT1) can only uptake Zn, but not the toxic ions (i.e., Cd).
Molecular study for alteration of gene for transport of other metals may be
useful for phytoextraction. Moreover, several Zn transporters like ZIP1, ZIP3
(Grotz et al. 1998) and IRT1 are expressed in response to metal deficiency.
Changing the regulation of the expression of these transporters may modify the
uptake of metals to the cells or organelles. By substituting various conserved
residues in ZIP family transporters with alanine produces mutant versions of
IRT1 that apparently no longer transport Fe?* and Mn?* but retain Zn?" and Cd**
transport activity (Roger et al. 2000). Expression of these genes might enhance
metal accumulation in transgenic plants.
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Genetic engineered plants with altered metal tolerance and accumulation.
Increased resistance to metal is another important trait that can improve the
efficiency of phytoextraction. As mentioned above that hyper tolerance is
essential for the hyper accumulation phenotype to occur in natural hyper
accumulators. Hyper tolerance is achieved by internal detoxification and
probably involves compartmentation and complexation. With the aim of
creating plants that can tolerate and accumulate high levels of toxic metals,
various MT genes (mouse MTI, human MTI (alpha domain), human MTII, yeast
CUP1, pea PsMTA) were introduced into plants, such as Nicotiana sp., Brassica
sp. or A. thalina. Transgenic plants, that express MTs, have been scored for
enhanced Cd tolerance, but metal uptake was not markedly altered (Maiti et al.
1988 1989; Misra and Gedamu 1989; Evans et al. 1992; Pan et al. 1994a, b;
Hasegawa et al. 1997).

Modification or over-expression of the enzymes that are involved in the
synthesis of glutathione and PCs might be a good approach to enhance heavy
metal tolerance and accumulation in plants. Over-expression of v-
glutamylcysteine synthetase enhanced Cd** tolerance and accumulation in
Indian mustard (Zhu et al. 1999).

Co-expressed with both arsC gene, which encodes arsenate reductase (ArsC)
and y-glutamylcysteine synthetase gene, Escherichia coli showed substantially
greater tolerance to arsenic than wild type. The transformant accumulated two-to
threefold higher concentrations of arsenic in the shoots (Dhankher et al. 2002).

Over-expression of vacuolar transporters and channels involved in metal
tolerance from Saccharomyces cerevisiae named YCF1 in A thaliana
significantly increased tolerance towards high concentration of Pb and Cd and
led to a more than two fold higher accumulation of these metals in shoots of
transgenic plants when compared to control plant (Song et al. 2003). In
addition, over expressing of protein that localized to vacuole membrane of
poplar named metal-tolerance proteins (MTPs) (cation diffusion facilitator
(CDF) family) in Arabidopsis confers Zn tolerance (Blaudez et al. 2003).
Expression of Arabidopsis vacuolar low-affinity Ca?/H" antiporter, CAX2, in
Tobacco (Nicotiana tabacum) altered the Ca**, Cd** and Mn** content of plants
and made transgenic plants more tolerant to Mn?* stress (Hirschi et al. 2000).
Thus, introduction of the vacuolar metal transporters into plants may have an
important impact on improving phytoremediation.

Introduction of metal binding peptides or proteins involved in intracellular
metal sequestration of proteins (MTs, PCs) may increase metal tolerance in
plants by prevention of cellular proteins from metal ions. Enhanced
accumulation may be achieved by over-expression of plasma membrane
transporters under the control of non-metal-responsive promoters. In addition,
expression of modified transporters, which altered the metals uptake to the cells
or organelles, might enhance metal uptake by plants. Moreover, expression of
transporter protein in roots and/ or shoots with an efficient chelator may
increase metal ions translocation from roots to shoots.
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2.2 Phytovolatilization

Phytovolatilization is the transformation of toxic elements into relatively
harmless forms. Many elements (e.g. arsenic, mercury, selenium) can exist in a
variety of states, including different cationic and oxyanionic species and thio-
and organo-metallics. These forms vary widely in their transport and
accumulation in plants and in their toxicity to humans and other life forms.

2.2.1 Mercury Phytoremediation

Mercury pollution is a worldwide problem in aquatic environments, resulting
from its industrial use in bleaching operations as a catalyst, as a pigment in paints,
and in the mining of gold. The Hg(0), becomes problematic, since biological
systems can reoxidize it to Hg(ll). Microbes present in the sediment capable of
converting Hg(l1) to methylmercury (CH3Hg") tend to accumulate in vertebrates
and fish. Mercury-resistant bacteria eliminate organomercurals by producing an
enzyme, organomercurial lyase (MerB), which catalyzes the protonolysis of the
carbon-mercury bond (Begley et al. 1986). The products of this reactions are a
less toxic inorganic species, Hg(ll), and a reduced carbon compound.

MerB
R-CHy-Hg" +H*  _, R-CHs+ Hg(ll)

These bacteria also synthesize a second enzyme, mercuric ion reductase
(MerA), that catalyzes the reduction of the inorganic product, Hg(ll), to a
volatile and much less reactive elemental form, Hg(0) (Fox and Walsh 1982).

MerA
RSHg*+NADPH  ___, Hg(0) + RSH + NADP*

Hg phytoremediation has been already developed. Yellow poplar expressing
a modified merA, released ten times more elementary Hg than untransformed
plantlets (Rugh et al. 1998).

Transgenic plants expressing MerB were significantly more tolerant to
methylmercury and other organomercurials compared with untransformed
plants. The MerB plants effectively converted the highly toxic methylmercury
to Hg®" which is about 100 times less toxic in plants (Bizily et al. 1999).

The MerA MerB double-transgenics showed the highest tolerance to organic
mercury (up to 10 uM) compared to MerB transgenic (5 uM) and MerA and
wild type plants (0.25 uM). The MerA MerB double transgenic plants were 50-
fold more tolerant to organic mercury compared to wild type and were shown to
volatilize elemental mercury when supplied with organic, whereas the single
transgenics and the wild type plant did not. Thus, the MerA MerB double
transgenic plants converted organic mercury to elemental mercury, which was
released from the plant through volatilization (Bizily et al. 2000).
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So far, this system has not been tested in the field conditions. This is,
however, the first clear indication that genetic engineering may improve the
plant’s capacity to phytoremediate metal-polluted soils.

Phytoremediation is recognized as a fast-growing and cost-effective
technology to remediate hazardous toxic metals from the contaminated sites.
Summary of the processes of phytoaccumulation and phytovolatilization are
shown in Figure 2. Accumulation of metal ions is dependent on uptake and
bioavailability of heavy metals, transport and translocation of heavy metals
from roots to shoot. Detoxification of heavy metals involved chelation,
compartmentalization and volatilization. Novel proteins involved transport and
translocation of metal ions have been identified and characterized from a variety
of organisms. However, a clear role of these proteins yet remains to be
elucidated.

Incineration
;discard or recycle

——Pp Phytoextraction

Harvesting
Transformation and evaporation
of toxic metals from shoots
Phytovolatilization

Translocation from roots to shoots

;Transporters ZIP family, ZNT1

; Chelators, citric acid, histidine ,EDTA
Aerial A

Underground |

Metals uptake
—_ ;Transporters ZIP family
; organic acids
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sequestration into soil matrix

bioavailability

Sequestration in root vacuoles
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Fig. 2. Scheme of metallic ions decontamination in natural phytoremediation processes
(modified after Singh et al. 2003)

3. Microbial Remediation of Metal-polluted Soils

3.1 Expression of Metal-binding Proteins or Peptides in Bacteria

Due to the difficulty in the removal of heavy metals from environment, many
researchers attempt to get rid of heavy metals by microbial remediation. A
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promising way of improving bioremediation processes is to genetically engineer
bacterial strains to confer increased abilities to accumulate toxic heavy metals.
Attempts to enhance the metal content of bacterial cells have been made by over
expressing metal-binding peptides or proteins.

3.1.1 Expression of Heterologous Metallothioneins (MTs)

With the aim of enhancing the tolerance, sequestration or accumulation of
heavy metals, bacteria with the high metal-binding capacity of MTs have been
widely exploited. MTs from various sources have been expressed intracellularly
in Escherichia coli monkey (Murooka and Nagaoka 1987), yeast (Berka et al.
1988; Sayers et al. 1993), human (Yamashita et al. 1994; Odawara et al. 1995),
and plant (Kille et al. 1990). In many instances, however, problems of the
stability and short half-life of the expressed heterologous proteins were
encountered. This problem was linked to the high cysteine content of MTs,
which might interfere with cellular redox pathways in the cytosol (Raina and
Missiakas 1997). The small molecule of MT can be stabilized by fusion to large
molecules, such as p-galactosidase. The human MT (hMT) fused to
B—galactosidase enhanced uptake of Cd by the recombinant E. coli. In the same
manner, the increased molecule size of hMT resulted in improved stability and
productivity in E. coli (Hong et al. 2001). hMT was synthesized with
prokaryotic codons and linked by a gly-gly-gly tripeptide linker to form a
tetrameric hMT. The tetrameric MTL4 bound 28 gram atom of Cd or Zn (Hong
et al. 2000, Murooka et al. 2001). The problem of stability and short half life of
intracellular heterologus expression of MTs has been circumvented by the
surface display of proteins. The metal-binding proteins have been anchored to
the LamB, protein that spans the outer membrane. Yeast and mammalian MTs
expressed on the surface of E. coli as fusions to LamB, enhanced the metal
binding capacity of the cells between 10 - 20-fold (Sousa et al. 1998). Fusion of
metallothionein to the autotransporter B-domain of the IgA protease of
Neisseria gonorrhoeae, which targeted the hybrid protein towards the bacterial
outer membrane, was performed on a natural inhabitant of soil bacterium,
Ralstonia eutropha. The resulting bacterial strain was found to have an
enhanced ability for immobilizing Cd** from external media (Valls et al. 2000).
Expression of both metal transporter proteins and metal binding peptides
may enhance strain’s ability to accumulate metal ions. There is a report that
expression of both Hg?" transport systems (MerT and MerP) and glutathione S-
transferase fusion protein of Saccharomyces cerevisiae or pea MT in E. coli
significantly increased the bioaccumulation of Hg®* (Chen and Wilson 1997).

3.1.2 Expression of Phytochelatins and Synthetic Phytochelatins

Phytochelatins are short peptides composed of only three amino acids, namely,
Glu, Cys and Gly, with Glu and Cys residues linked through a y-carboxylamide
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bond. The structure of such peptides can be represented by (y-Glu-Cys),-Gly,
where n range from 2 to 11. PCs are enzymatically synthesized from glutathione
by PC synthase (EC 2.3.2.15) (Cobbett 2000).

Over-expression of PC synthase in bacterial strains appears to be a
promising way to improve the heavy metal (such as Cd) or metalloid (such as
As) content of organisms for use in bioremediation. There are reports of
increasing in Cd accumulation in Mesorhizobium huakuii subsp. rengei B3 and
E. coli cells expressing the Arabidopsis thalina gene encoding PC synthase
(Sriprang et al. 2003; Sauge-Merle et al. 2003). Recently, the synthetic peptide
(Glu-Cys),-Gly, in which Glu and Cys are linked by an a-carboxyamide bond
was successfully expressed onto the cell surface using Lpp-OmpA fusion
system in E. coli, resulting in 15- or 20-fold increases in Cadmium and mercury
accumulation (Bae et al. 2000; Bae et al. 2001). However, E. coli strains are not
suitable for in situ soil remediation, since they are not adapted to these
environments. A more realistic approach is to engineer soil bacteria that can
survive in contaminated environments for an extended period. The surface
expression of synthetic PC with 20 cysteines (EC20) using the truncated ice
nucleation protein (INPNC) anchor in the robust bacterium, Moraxella sp.
increases a 10-fold mercury (Hg?*") accumulation. The expression of surface
protein is more efficient in Moraxella sp. than E. coli (Bae et al. 2002).

3.1.3 Expression of Synthetic Metal-binding Peptides

Novel metal binding peptides might offer a higher affinity, higher metal-binding
capacity and/or specificity and selectivity for a target metal ion than known
metal-binding proteins. Peptides with unique binding properties can either be
designed de novo or selected by screening peptide libraries. Various peptides
comprising different sequences of cysteines or histidines have been tested for
binding Cd. Recently, metal-binding peptides that contain either histidines
(GHHPHG), or cysteines (GCGCPCGCG) were engineered to LamB and
expressed on the surface of E. coli. Surface display of these peptides increased
the bioaccumulation of Cd by 4-fold and 2-fold, respectively. Moreover, a Hisg
peptide has been expressed on the surface of E. coli as a fusion to the OMP
LamB. This construct resulted in a 5-fold increase in Cd accumulation, when
the peptide was expressed as a single copy and 11-fold increase when expressed
in tandem (Sousa et al. 1996; Mejare and Bulow 2001).

3.2 Metal and Metalloid Remediation as the Result of Changes in Redox
State

Microorganisms can detoxify metals by valence transformation, extracellular
chemical precipitation, or volatilization.

Microbial reduction of the highly soluble oxidized form of selenium, Se®*, to
insoluble elemental selenium, Se°, by microorganisms that conserve energy to
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support growth from Se®" reduction is a natural mechanism for the removal of
selenium from contaminated surface and groundwater. The Bacillus sp. SF-1
has been isolated as a selenate-reducing bacterium that can tolerate and
efficiently reduce very high concentration of selenate (Se®) (up to about 150
mg-Se/L) into selenite and, subsequently, into elemental Se (Kashiwa et al.
2001).

Enzymatic reduction of Cr(VI) to less mobile and less toxic Cr(l1l) has
been one of the most widely studied forms of metal bioremediation (Lovley
1995; Wang and Shen 1995). The NAD(P)H-dependent chromium reductase,
which has ability to reduce Cr(VI), was found in some bacteria such as
Pseudomonas ambigua (Suzuki et al. 1992), P. putida (Ishibashi et al. 1990),
Enterobacter cloacae (Wang et al. 1989) and Pseudomonad (CRB5) (McLean
and Beveridge 2001). The Cr (VI) reduction occurs under aerobic and/or
anaerobic conditions.

In bioremediation of heavy metals, microorganisms have been mostly used
to treat industrial waste streams, with the organisms either immobilized onto
different support matrixes or in a free-living state, enclosed in treatment tanks
or other kinds of reactor vessels. Subsequently, the metal-loaded biomass can be
either disposed appropriately or treated to recover the metals.

4. Heavy Metal Bioremediation using “Symbiotic Engineering”

Rhizobia grow slowly for long periods in soil, but if they infect a compatible
legume they can grow rapidly; successful infection by a single bacterium can
lead to the formation of a nitrogen-fixing nodule on the root of legume,
containing over 10® bacterial progeny (Downie 1997). This special character is
useful for biotechnological application for the expression of genes, such as
metallothionein that sequester heavy metals from contaminated soil. Once
symbiosis is established, the heavy metals will be accumulated in nodules. This
would be an alternative and less expensive method to remove heavy metals
from the soil.

Mesorhizobium huakuii subsp. rengei strain B3 (Murooka et al. 1993;
Nuswantara et al. 1999) is a bacterium that establishes symbiosis with
Astragalus sinicus (Chinese milk vetch, or renge-soh in Japanese), a legume
used as a green manure in rice field in Japan and Southern China, by eliciting
the formation of nitrogen-fixing root nodules (Chen et al. 1991). Symbiosis
between leguminous plants and rhizobia is initiated when flavonoids and related
plant compounds induce the bacteria to produce molecular signals, which
stimulate nodule organogenesis (Fisher and Long 1992). Bacteria enter the
developing nodule via infection threads and are taken up by plant host cells in
an endocytosis-like process. The rhizobia undergo differentiation into a distinct
cell type called as bacteroid, which is capable of fixing atmospheric nitrogen
into ammonia to be available to the host plants (Mylona et al. 1995).
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Likewise, A. sinicus is widely used as a natural fertilizer in rice fields during
the idle period. It would be more interesting, if one can use this legume plant to
increase fertility and at the same time remove heavy metals from the soil.
Sriprang et al. (2002) developed a novel plant-bacterial remediation system for
heavy metals by the introduction of the chimeric MTL4 gene to M. huakuii
subsp. rengei B3. This is also the first report that a foreign gene was expressed
in bacteroids in the nodules. Murooka proposed this new technology to be
called as “Symbiotic Engineering”.

4.1 Heavy Metal Bioremediation with Oligomeric MTs

Sriplang et al. (2002) developed a plant-bacterial remediation system for heavy
metals by the expression of tetrameric hMT (MTL4) in M. huakuii subsp.
rengei B3. The MTL4 gene (Hong et al. 2000) was fused to the nifH and nolB
promoters, which generated nodule- specific expression of the MTL4 gene. The
expression analysis of the MTL4 gene was demonstrated in the free-living cells
in the presence of Cd** and Cu?" under the low oxygen condition. The MTL4
under the nifH and nolB promoters was expressed and increased the
accumulation of Cd**, but not Cu®" in free-living cells. The expression of the
integrated nifH-MTL4 gene in the chromosome of strain B3 was also expressed
stably and accumulated Cd**in the bacterial cells. By inoculation of the
recombinant B3, A. sinicus established symbiosis with the recombinant B3 that
was grown in Cd** and Cu?-polluted soils. The symbionts with recombinant
plasmids pNHMT4 and pNBMT4 increased Cd?* accumulation in nodules 2.3
and 6.6- fold, respectively, whereas no significantly increase in Cu®*
accumulation was noted. Accumulation of Cd** in nodules was at the same level
in different external Cd concentrations in soils. This might be due to the
limitation of the production of the MTL4 protein. The basal level of Cd*
accumulation in nodules by tri-peptide glutathione (GSH) in legume root
nodules (Moran et al. 2000) has a crucial role in protecting the plants against
xenobiotics, heavy metals and oxidative stress (Noctor and Foyer 1998). By our
calculation, one nodule can adsorb as much as 1.4 nmol Cd*". Based on the
average nodulation per plant in the rice field (100 nodules), it is estimated that
140 nmol of Cd*" can be removed from soil by one plant containing the
recombinant B3.

4.2 Heavy Metal Bioremediation with Phytochelatin

The Arabidopsis gene for phytochelatin synthase (AtPCS) in M. huakuii
subsp. rengei B3 was also expressed (Sriprang et al. 2003). The AtPCS gene
was expressed under the control of the nifH promoter, which regulates the
nodule-specific expression of the nifH gene. The expression of the AtPCS
gene was demonstrated in free-living cells under low-oxygen conditions. The
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PCS was expressed and catalyzed the synthesis of PCs in strain B3. Cells that
expressed the AtPCS gene, whereas no PCs were found in control cells that
harbored the empty plasmid, synthesized a range of PCs, with values of n
from 2 to 7. The presence of CdCl, activated PCS and induced the synthesis
of substantial amounts of PCs. Cells that contained PCs accumulated 36
nmoles of Cd**/ mg dry weight of cells. The expression of the AtPCS gene in
M. huakuii subsp. rengei B3 increased the ability of cells to bind Cd* by 9- to
19-fold approximately. The PCS protein was detected by immunostaining in
bacteroids of mature nodules of A. sinicus containing the AtPCS gene. When
recombinant M. huakuii subsp. rengei B3 established the symbiotic
relationship with A. sinicus, the symbionts increased Cd** accumulation in
nodules by 1.5-fold.

4.3 Advantages of Bioremediation using Symbiotic Engineering

A limitation of the using microbes for bioremediation is that although the metal
was bound microbe, but after decomposition of microbes, the metals are still
present in the soils. This consideration suggests that for the majority of metal
contaminants, the most effective in situ remediation strategies may need to
combine microbial methods for binding of metals from soil with methods that
can effectively uptake metals from soil and prevent the recycle of metals to soil.
Plants uptake such released metals from roots and nodules. Bacteroids in
nodules can be easily engineered with metal binding peptides. Expression of
both MTL4 and AtPCS genes in B3 strain resulted in the additive accumulation
of cadmium in the free-living cells. However, accumulation of cadmium in the
nodules, in which the two genes were expressed, was not much increased as
compared with each single gene expression. This result suggests that uptake of
cadmium into the nodule is very limited. Thus, Murooka et al. (unpublished
results) expressed the Arabidopsis gene for AtPCS and iron-regulated
transporter (IRT1) in M. huakuii subsp. rengei B3. The AtPCS gene was
integrated in the chromosome under the control of the nifH promoter, which
regulates the nodule-specific expression of the nifH gene. The IRT1 gene was
expressed under the control of the nolB promoter, which regulates the nodule-
specific expression of the nolB gene. The presence of single copy of AtPCS in
the chromosome showed slightly increased in Cd** accumulation, 2.9 Cd**/ mg
dry weight of cells. The presence of multicopy of AtPCS in the chromosome
showed increased in Cd** accumulation 20 Cd**/ mg dry weight of cells. The
expression of both the AtPCS and IRT1gene in recombinant M. huakuii subsp.
rengei B3 increased the ability of cells to bind Cd** 1.7 to 2.5-fold
approximately compared to cells expressed only AtPCS.

Thus, genetically engineered symbiotic system, “symbiotic engineering” has
a great potential for bioremediation of heavy metals-polluted soil. This
bioremediation technique can be applicable to use in symbiosis between
mycorrhiza and plants.
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5. Conclusion

Bioremediation is the use of plants and microorganisms to extract sequester or
detoxify pollutants. Phytoremediation is the use of plants to clean up chemical-
contaminated soils. Bioremediation offers a low-cost method for soil or water
remediation and some extracted metals may be recycled for value. This review
describes traits of metal- hyper accumulating plants for phytoextraction of
metals. The hyper accumulators must have high ability to mobilize and uptake
of trace elements/metal ions, into the root, shoot and other viable parts of the
plant with the aids of chelators and transporter proteins. Chelation of metal ions
by various ligands and vacuole compartmentalization play important role in
detoxification in hyper accumulators. Alternatively, phytovolatilization of Hg
by plants offer great promise for decontamination of metal ions from soil.
Potential transgenic approaches for the development of effective
phytoremediation technology have been achieved.

Using of microorganisms to remedy heavy metals has been developed. A
promising way of improving bioremediation processes is to genetically engineer
bacterial strains to confer increased abilities to accumulate toxic heavy metals.
Attempts to enhance the metal content of bacterial cells have been made by over
expressing metal-binding peptides or proteins, synthetic metal binding peptides.
A novel phytoremediation system using symbiosis between leguminous plants
and rhizobia was also developed. This system uses both advantages of plants
and microorganisms, particularly engineered genes can be transformed to plants
through infection with recombinant microorganisms.
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1. Introduction

Heavy metals are defined as metals having density more than 5 g/cm® (EImsley
2001). They may include both essential and non-essential metals. For
organisms, essential metals, such as Cu, Zn, Co, Mn, Mo etc., play vital role as
co-factor in redox reactions, ligand interactions, charge stabilization, charge
shielding and water ionization during biocatalysis (Elmsley 2001; Voet and
Voet 2004), while non-essential metals, such as As, Cd, Pb and Hg, are not at
all required by organisms, instead they interfere with the function of essential
metals and enzymes. The supraoptimal level of essential heavy metals and
higher levels of non-essential heavy metals, both cause toxicity and their
increasing concentration in environment pose threat to living systems.
Phytoremediation, an innovative and cost effective technology for
environmental cleanup, takes advantage of the natural abilities of the plants to
take up, accumulate, store or degrade organic or inorganic substances. It is
considered as an environmentally friendly means of reducing the metal load of
contaminated substrate and offers cost advantage over the traditional methods,
such as landfill, excavation, fixing or leaching. For example, the estimated cost
for removal of radionuclide from water using sunflower range from $2-$6 per
thousand gallons while physical processes cost approximately $80 for the same
(Terry 2003). Phytoremediation also satisfies stringent pollution control board
standards at the same time (Chandra Sekhar et al. 2004).

Governments (worldwide) are paying attention for establishing research and
demonstration programme for phytoremediation. Several phytoremediation
techniques for metals, such as Ni, Co, Cd, Se, Pb, Hg and Zn etc. are
commercially available and some other are currently under development. Many
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demonstration projects in Canada, Europe, and US have given exellent results
(US EPA 2000; US Department of Energy 2000). However, phytoremediation
is still in its initial stages of research and development. Besides many
advantages, phytoremediation also has some limitations. Hyperaccumulating
plants often accumulate a specific element only, thus it limits the applicability
to site having multiple metal contamination. Many hyperaccumulator plants are
relatively rare, with small population that often occurs in remote areas or have
restricted distribution. They often have slow growth rate and produce small
amount of biomass.

The use of genetic engineering to introduce genes into fast growing cultivars
or to increase production of selected plant enzyme may improve this drawback.
Thus, a comprehensive knowledge is needed to understand the process of
detoxification and storage adopted by plants. Once it is known which pathway
is involved, the biotechnology technique can be used to create innovative lines
of plants and new gene combinations to increase the efficacy of
phytoremediation capabilities of the plants.

This chapter emphasizes on the mechanism of metal tolerance exhibited by
the plant with respect to phytochelatin (PC) and deals with all aspects of PC-
mediated detoxification like induction of PCs, complexation, sequestration of
metals and genetic engineering prospects.

The tolerance of heavy metals in plants includes processes like immobilization,
exclusion, chelation and compartmentalization. These mechanisms not only
control the uptake and accumulation of essential and non-essential heavy metals
but, also detoxify them. Chelation of heavy metal by a ligand followed by
subsequent compartmentalization of the ligand-metal complex is thought to be the
general heavy metal detoxification mechanism in plants. Several metal chelating
plant ligands have been identified including organic acids, amino acids, peptides
and proteins, which may complex with metals to detoxify their action. Thus, a role
of organic acids has been implicated in the detoxification of Cd (Krotz et al. 1989;
Wang et al. 1991; Salt et al. 1995, 1997), Zn (Lasat et al. 1996, 1998; Salt et al.
1999), organic acids and flavonoid type phenolics for Al (Barcel6 and
Paschenrieder 2002; Barceld et al. 2003) and amino acids like histidine for Ni
chelation (Kramer et al. 1996, 1997, 2000; Persans et al. 1999) and cysteine for
Co (Oven et al. 2002a). Metal ions can be separated into three groups according to
their binding preferences i.e. class A (O seeking), class B (N/S seeking) and
borderline (intermediate). Class B and borderline metal ions are not separated
clearly and include almost all heavy metals. However, affinity of metal ions of
class B towards S/N containing ligands increases in the order
Mn?*<Zn*<Ni?'<Fe?*=Co®*<Cd**<Cu*<Pb*" (Nieboer and Richardson 1980).

The affinity of metals towards thiol groups plays an important role in both the
homeostasis of essential metal ions and sequestratoin of various non-essential
toxic metal ions at the sub-cellular level. Metal ions easily bind to -SH group of
the cysteine in cysteine containing ligands, such as glutathione (GSH),
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phytochelatins (PCs) and metallothioneins (MTs) (Rauser 1990). Tripeptide GSH
plays a role against metal toxicity in several ways. These include direct metal
binding, promotion or transfer of heavy metal to other ligand e.g. MT and PC
(Freedman et al. 1989), removal of active oxygen species (Inzé and van Montagu
1995), and/or the formation and transport of active heavy metal complexes (Li et
al. 1997).

MTs were first discovered in equine renal cortex in 1957 containing large
amount of sulfur and cadmium, thus named metallothioneins (Marghoses and
Vallee 1957; Kdgi and Vallee 1960). Later on, many structurally related
proteins were identified in other organisms and were shown to be associated
with several metal ions, most commonly Zn, Cu and Cd (Kd&gi and Kojima
1987). MTs are cysteine rich polypeptides encoded by a family of genes and
play an important role in metal detoxification in both animals and many plant
species. MTs have been classified on the basis of structural differences into
three classes (Rauser 1990) namely MTI, MTIlI and MTIII (Cobbett and
Goldsbrough 2002).

PCs constitute the MTI1I1 group. These are enzymatically synthesized cysteine-
rich polypeptides serving similar function as MTs by mediating the high affinity
binding and promoting vacuolar sequestration of heavy metals. These are
particularly important ligand found in almost all plants and many other organisms
(Rauser 1995), playing a lead role in detoxification of heavy metals.

2. Phytochelatin

PCs were first idendified and characterized in fission yeast
Schizosaccharomyces pombe and were termed as cadystins (Murasugi et al.
1981, Kondo et al. 1984). In 1985, it was reported that the major cadmium
binding ligands in Cd intoxicated plant cells are composed of (poly y-

glutamylcysteine)-glycine and were termed as phytochelatins (Grill et al.
1985).

Structurally PCs are related to GSH. The general structural formula for PC has
been given as (y-Glu-Cys),-Gly, where n ranges between 2-11. Thus PCs
constitute a number of structural species with increasing repetitions of y-Glu-Cys
units.

PCs contain strongly nucleophilic sulfydryl groups and thus can react with
many toxic species within the cell, such as free radicals, active oxygen species,
and cytotoxic electrophilic organic xenobiotics and obviously heavy metals
(Rabenstein 1989). Their N-terminal and downstream y-peptidyl bonds probably
serve to protect these thiol peptides from general protease action except from
specific action of y-glutamyltranspeptidases. However, the cadmium (or metal)
binding peptides formed of both (Glu-Cys),-Gly or (y-Glu-Cys),-Gly have been
found indistinguishible (Bae and Mehra 1997; Satofuka et al. 2001).
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PCs are found in many higher plants, several fungi, including
Schizosaccharomyces pombe, Candida glabrata and Mucor racemosus (Grill et
al. 1986b; Mehra et al. 1988; Miersch et al. 2001), algae, bryophytes,
pteridophytes and gymnosperms (Gekeler et al. 1988, 1989). A thorough survey
of plant kingdom for ability to bind metal through PC or iso-PC formation
revealed that over 200 plant species investigated ranging from algae to orchids
produce these metal complexing peptides. Various examples showing synthesis
of PC in response to metals have been summarized in Table 1.

Recently it has been reported that Salix viminalis does not synthesise PCs
upon exposure to heavy metals. In various clones of Salix, having different
metal tolerence, exposed to heavy metals (Cd, Cu, Ni, Pb & Zn), for both short
and long-term durations, no detectable level of PCs was synthesised (Landberg
and Greger 2004). This plant is, thus, supposed to be first exception in plant
kingdom that would fail to complex heavy metals by PCs. Earlier azuki bean
(Vigna angularis) was also reported not to synthesize PC upon exposure to Cd
besides having GSH (Inouhe et al. 2000). Later, it was found that only hGSH
can be detected in this plant and homophytochelatins (hPCs) are formed when
azuki beans are challenged with heavy metal such as Cd (Oven et al. 2001).

In some plants and microorganisms, a few structural variants of PCs have
been identified. PCs fall into five main classes containing y-Glu-Cys repeats but
different C-terminal residues. These are canonical PC, [y-Glu-Cys],-Gly with C-
terminal glycine, homo-PC, [iso-(PC)-B-alanine] with C-terminal B-alanine,
hydroxymethyl-PC, [iso-(PC)-Serine] with C-terminal serine, Iso-PC, [iso-(PC)-
Glu] with C-terminal glutamic acid, and des-Gly PC, [des-(Gly-PC)] (Zenk
1996). The distribution and abundance of these classes differ between species
(Rauser 1999) with exception of canonical and des-Gly PC, which are
ubiquitous in PC containing organisms.

Homo-PCs are present in many legumes, such as Vicia faba, Pisum sativum,
Phaseolus vulgaris, Glycine max etc. Glycine max have been shown to contain
homo-GSH and produce high amount of homo-PCs and but not PC upon
exposure to Cd?* (Grill et al. 1986a). Oven et al. (2002b) concluded that the
presence of the substrate (GSH and its isoforms) and not the specificity of the
enzyme determine the nature of PCs synthesized i.e. PC or hPC in any
particular species.

Besides detoxification of heavy metals, Chen et al. (1997) also suggested
some other essential functions of PCs in tomato cells and plants. PCs have been
suggested as possible sulfur carriers during sulfate reduction and sulfur
metabolism (Steffens 1990). Zn-induced PC synthesis not only enhances algal
tolerance towards heavy metals such as Cd, Hg, Cu, Pb and arsenite, but also
towards oxidative stress caused by hydrogen peroxide or paraquat serving as a
strong scavanger of hydrogen peroxide and superoxide radicals (Tsuji et al.
2002). PCs seem to be also involved in transport of metals from root to shoot
(Gong et al. 2003).
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3. Biosynthesis of Phytochelatins

PCs are synthesized enzymatically by using GSH as a substrate. The enzyme
catalysing the reaction is specifically called as y-glutamylcysteine dipeptidyl
transpeptidase (EC 2.3.2.15), given the trivial name Phytochelatin synthase
(PCS) (Grill et al. 1989). Use of GSH as a substrate for PC formation is
consistent with the finding of PC-deficient mutants of S. pombe and A. thaliana,
both of which are deficient in GSH (Mutoh and Hayashi 1988, Cobbett et al.
1998).

Synthesis of PC is induced by the entry of metal ion into the cell. The
induction of PC biosynthesis is reported by a variety of metals. PC inducing
metals are Ag*, As®*, Au®, Bi**, Cd*, Cu®*, Hg*, Ni*", Pb**, Sb**, Se**, Sn**,
Te*, W, zn?", Fe*, Ga*, In**, Pd®* and La** (Grill et al. 1989; Maitani et al.
1996; He et al. 2004). Cd was found to be best activator metal tested followed
by Ag, Bi, Pb, Zn, Cu, Hg and Au cations (Grill et al. 1989). However, in some
cases, other metals like Zn (Tsuji et al. 2003) dominated Cd in inducing the
synthesis PCs. They include majority of soft metals, which have high affinity
for -SH groups, whereas hard metals like Mg?, can not induce PC, because they
do not show preference for a soft ligand like -SH. Fe®" is also reported to induce
PC synthesis in tomato (Chen et al. 1997) but complexation of Fe** to PC has
not yet been reported.

The reaction catalyzed by PCS is given as:

PCS
(y-Glu-Cys)n-Gly + (y-Glu-Cys),-Gly (y-Glu-Cys)n+1-Gly + (y-Glu-Cys),.
1 Gly (n>1)

Specific metals or metal species may produce distinct response of
phytochelatin formation and total thiol content. There has been found a distinct
change in the amount of total thiol content in response to As®* and As® and
organic monomethylarsonic acid (MMA). In Pteris plants, MMA was the
strongest inducer of thiols, followed by As®* and As®* (Tu et al. 2004). Hg
abundantly induced PC, (Maitani et al. 1996, Grill et al. 1987), which may be
attributed to linear configuration of Hg in coordination compounds. Cu
favoured the synthesis of PC, whereas Cd synthesized PC; and PC,
predominantly in B. juncea (Heiss et al. 2003). This difference was also seen in
a study on R. serpentina cell cultures (Grill et al. 1987). Ca does not induce
PCS activity, however in presence of Cd, Ca treatment has been shown to
increase the PCS gene (LsPCS1) expression and to enhance plant tolerance
towards Cd and its accumulation (He et al. 2004).

There are some fragmentary reports of some novel thiol peptides that are
supposed to be related to PC and play a role in metal detoxification in these
organisms. Zn-tolerant alga, Stigeoclonium tenue, produced PC (approximately
6 umol SH per g DW) and three novel thiol peptides (approximately 31 pumol
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SH per g DW), designated as P1, P2 and P3, after long exposure period of 6
weeks to 30 uM Zn. Synthesis of the novel-thiol peptides was 22-fold higher in
tolerant strains than sensitive strains. These novel peptides contained one
cysteine residue more than PC and differed from each other by one y-Glu-Cys
unit (Pawlik-Skowronska 2003). Arsenic hyperaccumulator plant Pteris vittata
produced an unidentified thiol and a novel complex was also isolated upon
exposure to As (Zhang et al. 2004; Cai et al. 2004). The concentration of this
unidentified thiol showed a very strong and positive correlation with As
concentration in leaflet and rachis. The synthesis of unidentified thiol is specific
to As toxicity and is not synthesized upon exposure to other metals like Cd, Cu,
Pb, Hg, and Se. Transgenic Arabidopsis, overexpressing PCS, and wild type
plants exposed to As resulted in expression of many unknown thiol products
among which three were produced in 6-16 fold higher amounts than wild type
(Li et al. 2004).

3.1 Characteristics of Phytochelatin Synthase Enzyme

Phytochelatin synthases (PCSs) have been characterized in a few plants to date.
They share some of the common characteristics, but differ with each other
substantially in some properties. Grill et al. (1989) firstly characterized PCS
from Silene cucubalus. They stated it to be a protein complex of molecular mass
approximaetly 100 kDa, having pH optima of 7.9, temperature optima of 35°C
and isoelectric pH of 4.8. The Km for GSH was 6.7 mM in presence of 0.1 mM
Cd. The enzyme was supposed to be constitutive and to be active also as a 50
kDA protomer. The purified enzyme showed a specific activity of 463 pkat/mg
protein.

PCSs have been characterized in plants like Arabidopsis, Triticum,
Lycopersicon, Brassica, Oryza, Lactuca, Glycine max, and in yeast
Schizosaccharomyces pombe (Chen et al. 1997; Ha et al. 1999; Vatamaniuk et
al. 1999; Clemens et al. 1999; Yan et al. 2000; Oven et al. 2002b; Heiss et al.
2003; He et al. 2004).

Tomato PCS shows pH optima of 8.0 and temperature optima of 35°C. Km
value for GSH was 7.7 mM in presence of 0.5 mM Cd. PCS is present
constitutively in tomato plants, however the enzyme shows regulated activity in
cell culture in absence of Cd. In some plants PCS was present in roots and stem,
but not in leaves and fruits. These data suggested some other role of PCS other
than metal binding (Chen et al. 1997). PCS from fungus Schizosaccharomyces
pombe (SpPCS) has been characterized by Ha et al. (1999). The enzyme is
constitutively expressed, having a total size of 414 amino acids. The C-terminal
region in AtPCS1 and SpPCS has 10 and 7 Cys residues, respectively.

Wheat PCS (TaPCS1) gene encodes protein of approximately 55 kDa of 500
amino acids showing transcriptional regulation upon exposure to Cd (Clemens
et al. 1999). Rice PCS enzyme has a molecular mass of 100 kDa with an
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isoelectric point of 4.0 and pH optima of 7.5. However, the temperature optima
of this enzyme is 55°C, which is very high. The enzyme is thermotolerant and is
unstable under refrigeration (4 or -20°C) (Yan et al. 2000). Homophytochelatin
synthase from Glycine max (GmhPCS1) has a pH optimum of 8.2+0.2, similar
to AtPCS1. The temperature optimum is 35°C in both cases. The Km value for
GSH was determined 15 mM for GmhPCS1 and 11 mM for AtPCS1,
Arabidopsis PCS (Oven et al. 2002b). PCS of B. juncea has molecular mass of
54 kDa containing a total of 485 amino acids. The enzyme is constitutively
synthesized, however longer duration treatments could cause an increase in
protein levels which was due to post-transcriptional regulation (Heiss et al.
2003).

PCS of Arabidopsis thaliana (AtPCS1) has a molecular mass of 55 kDa
containing 485 amino acids (Vatamaniuk et al. 1999). The enzyme is localized
in leaves (at a very high frequency in leaf trichomes), roots, cotyledons, and
stems, but not in root tips and root hairs. The absence of PCS in root hairs and
root tips is supposed to be due to the low vacuolation, whereas presence of
highly active biosynthesis of GSH and also 90-95% volume occupation of total
cell volume by vacuoles is responsible for a very high amount of PCS in leaf
trichomes. A second homologue of PCS gene in A. thaliana (AtPCS2) has also
been characterized which has 84% homology with AtPCS1. Catalysing the
production of Cd-PC compelxes might not be the physiological function of
AtPCS2. The expression of AtPCS2 is weak in both shoots and roots of
Arabidopsis as compared to that of AtPCS1 due to both low promoter activity
and a low efficiency of translation of AtPCS2 mRNA (Lee and Kang 2005).
Further, localization in a cellular compartment with significantly less available
cadmium than the cytosol could explain why no PCs were formed upon
cadmium exposure in cad1-3 plants (Cazalé and Clemens 2001).

Recent studies also indicated the presence of PCS like protein in some
cyanobacteria and nematode, Caenorhabditis elegans on the basis of database
searches. The Caenorhabditis gene designated as CePCS1 encodes a
hypothetical polypeptide of 371 amino acids (Clemens et al. 1999; Ha et al.
1999; Vatamaniuk et al. 1999).

The predicted PCS product of Nostoc alr0975 contains the conserved N-
terminal domain but not the variable C-terminal domain found in eukaryotic
PCSs. The recombinant alr0975 protein expressed in E. coli strongly catalysed
the first step of PC synthesis where GSH is converted to y-Glu-Cys by cleavage
of Gly. The protein, however, only weakly catalysed the second step of the PC
synthesis namely the transfer of y-Glu-Cys moiety to an acceptor GSH molecule
to form PCs (Tsuji et al. 2004). The alr0975 protein has only one conserved
cysteine residue out of five in the N-terminal domain of PCS found in
eukaryotes and this may explain why the protein showed very weak PCS
activity.
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However, further studies conducted on alr0975 protein by Harada et al.
(2004) showed no PCS activity of the protein. Instead, this protein catalyzed
only the conversion of GSH to y-Glu-Cys. Unlike PC synthesis, the conversion
of GSH to y-Glu-Cys is not dependent on activation by metal cations. No
evidence was found for the accumulation of PCs in S. pombe or E. coli
exgressing alr0975, or in cyanobacteria even after prolonged exposure to
Cd*".

The database searches reveal other cyanobacterial sequences similar to
alr0975 of Nostoc sp. PCC7120. It suggests that the proteins encoded by
cyanobacterial genes may be progenitor or more primitive forms of PCS and
may represent an early stage in the evolution of enzyme in photoautotrophic
organisms (Tsuji et al. 2004). Moreover C-terminal domain of PCS varies much
more widely among plant species. Thus the eukaryotic PCS may have evolved
from the cyanobacterial protein by acquiring more Cys residues and C-terminal
fusion with the another domain.

The homology between different PCSs could provide information about
the phylogenetic evolution of enzyme. At the amino acid level, PCS from B.
juncea (BjPCS1) displays 90% sequence identity with PCS from A. thaliana
(AtPCS1) and Thlaspi caerulescens (TcPCS1). The PCS proteins from A.
thaliana (AtPCS2), Glycine max (GmhPCS1), Triticum aestivum (TaPCS1),
Typha latifolia (TIPCS1), and Athyrium yokoscense (AyPCS1) shared 77%,
65%, 59%, 55% and 50% sequence identity, respectively with BjPCS1,
whereas only 30% similarity could be seen with PCS from Caenorhabditis
elegans (CePCS1) and Schizosaccharomyces pombe (SpPCS) (Heiss et al.
2003). The putative protein product of gene alr0975 from Nostoc sp.
PCC7120 has 36% identity to AtPCS1 (Tsuji et al. 2004). The two PCS from
Arabidopsis, AtPCS1 and AtPCS2 are 84% identical (Cazalé and Clemens
2001). Heiss et al. (2003) confirmed, by comparing complete protein
sequences of many PCSs, the earlier observation that sequence conservation
in the putative catalytic N-terminal domain is much higher than in the
variable C-terminal domain such as all analysed sequences displayed an N-
terminal conserved motif with the consensus sequence [Q-T-G-x-G-H-F-S-P-
x(11)-L-1-[LM]-D-V-A-R-E-K-Y-P-[PC]-[HY]-W-x(2)-L].

PCSs seem to perform some other cellular function. Characterization of
enzymatic properties of PCS argues for two cellular functions of the enzyme:
the formation of heavy metal binding peptides as a part of heavy metal
detoxification system and secondly the degradation of glutathione-S-conjugates
in the detoxification pathway of xenobiotics. Purification of glutathione-S-
conjugates catabolising activity from the cell suspension culture of S. cucubalus
indicated that PCS catalysed the first step of the pathway i.e. removal of
carboxy terminal residue of the tripeptide GSH to give rise to S-Glu-Cys
derivative in the plants (Grill et al. 1989). Heterologously expressed
Arabidopsis thaliana PCS efficiently converted S-bimaneglutathione to S-
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bimane-Glu-Cys (Beck et al. 2003). No further products, such as S-derivative
phytochelatin, were observed. Mechanistically the formation of phytochelatin is
the result of y-Glu-Cys transpeptidation onto GSH or derivatives thereof while
the catabolic function reflects transpeptidation of S-Glu-Cys adducts onto the
acceptor molecule water. Thus the dipeptidyl transferase seems to fulfill besides
the established function in heavy metal detoxification, a role in GSH
metabolism of green plants and possibly in other organisms expressing a
functional PCS.

3.2 Mechanism of Activation of Enzyme

Susceptibility of PCSs to activation by heavy metals is physiologically very
crucial, as it is this activation specificity that organisms produce PCs upon
exposure to heavy metals, which are able to poison other enzymes. To elucidate
the mechanism of PCS activation, various experiments have been conducted by
different groups (Grill et al. 1989; Loeffler et al. 1989; Klaphek et al. 1995; Ha
et al. 1999). Initially it has been proposed that PCS is activated by heavy metals
and kinetic analysis of PCS catalysed reaction indicated that synthesis of PCs
consists of two distinct steps; i- formation of y-Glu-Cys concomitant with the
cleavage of glycine from GSH, ii- transfer of y-Glu-Cys unit from the enzyme
to acceptor molecule i.e. GSH or oligomeric PC peptides (PC,). The two-step
reactions may be given as:

Step (1): y-Glu-Cys-Gly + PCS ——— y-Glu-Cys-PCS + Gly
Step (2): y-Glu-Cys -PCS + (y-Glu-Cys ),-Gly —— (y-Glu-Cys),:1-Gly +
PCS (n>1)

Identification of PCS gene in various organisms provided an additional
information regarding the mechanism of PCS activation. Arabidopsis cadl-5
mutant which lacks the C-terminal domain of AtPCS1 could generate 33% of
PC synthesis compared to wild type in vivo (Howden et al. 1995). These results
indicate that the N-terminal domain of PCS is the catalytic domain and is
essential for the generation of PCs and that the C-terminal domain is not
absolutely required for catalysis. Cobbett (1999) proposed a model for the
mechanism of PCS activation in which PCS invokes direct metal binding at
several sites in the enzyme. It is proposed that the strongly conserved N-
terminal half of the enzyme is responsible for core catalysis and that activation
arises from the binding of metal ions to Cys residues, in this domain (Cobbett
2000). The presence of five conserved Cys residues, two of which are vicinal,
and consequently optimally disposed for the co-ordination of ions, such as Cd**,
Cu?, and/or Hg®" in the N-terminal halves of eukaryotic PCSs, is consistent
with this notion, as is the observation that the three most extreme Arabidopsis
cadl (Howden et al. 1995) alleles have amino acid substitutions in this region
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(Ha et al. 1999). An extension of this model, proposed to ascribe a role to the
more sequence-divergent C-terminal half of the molecule and to account for the
properties of the least extreme cadl allele, cadl-5 - a nonsense mutation
causing premature termination and deletion of the C-terminal segment, is the
concept of a C-terminal metal-sensing domain whose multiple Cys residues
bind heavy metals and bring them into contact with the putative activation site
within the N-terminal, catalytic half of the molecule.

A substantially different mechanism has been proposed based on a study
conducted with recombinant Arabidopsis AtPCS1, in which metal binding to
the enzyme is not primarily responsible for catalytic activation, but rather a
Cd-GS;, complex is the substrate used (Vatamaniuk et al. 2000). More
specifically, Cd-GS, thiolate complex (or Cd-PC, complex) and free GSH can
act as y-Glu-Cys acceptor and donor, respectively, in the AtPCS1 catalysed
dipeptidyl transfer. The complexes formed between heavy metals and thiol
compounds are among the most stable known complex (Rabenstein 1989).
Under the conditions in which PCS catalyses high rates of PC synthesis from
GSH, the concentration of free Cd** is very low and more than 98% of the
total Cd** added to the reaction medium is associated with GSH as the
bidentate thiolate, bisglutathionato cadmium (Cd.GS,). When assayed in
media devoid of metal salts, AtPCS1 catalyses the net synthesis of S-alkyl-
PCs from S-alkyl glutathione derivatives (Vatamaniuk et al. 2000). This
suggested that blocked thiols are also substrates in which both free GSH and
its metal thiolate are required as donor and acceptor, respectively. However,
this reaction was metal dependent in analyses with homogenous enzyme
preparations (Oven et al. 2002b). This analysis and a subsequent AtPCS1
characterisation (Beck et al. 2003) clearly support the requirement of heavy
metal ions for PCS activity.

The observed activation of PCS by Mg*" (Vatamaniuk et al. 2000) is not
easily explainable as PCS is activated essentially by metal-thiolate
interaction. According to Pearson's rule, Mg?* (a hard metal) does not show
preference for -SH group (soft ligand), thereby it would not be able to form a
thiolate complex.

According to the model, the PC synthesis is terminated when metal-PC
complexes are removed from cytosolic pool into the vacuole (Vatamaniuk et al.
1999), which could not explain the observed termination of PC biosynthesis
reaction in vitro (Loeffler et al. 1989). It was suggested earlier that PC
biosynthesis terminates when GSH or apo-PCs compete with thiolates for high
affinity sites of the enzyme or when maximum substrate inactive metal-PC
complexes are formed (Grill et al. 1989). The synthesis of PCs was terminated
by addition of EDTA or apo-PCs in the reaction media in vitro and the enzyme
showed immediate inactivation. It is concluded that activity of PCS is regulated
by the reaction product, PCs (L&effler et al. 1989).
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Oven et al. (2002b) showed that the presence of thiols, in the metal containing
PCS reaction mixture, was decisive for AtPCS1 activation. In the absence of
thiols, free metal ion cannot activate PCS even if blocked thiols (other than metal
blocked e.g. S-methyl-GSH) are present. However, other heavy metal thiolate
complexes, for instance, those of cadmium with 2-mercaptoethanol or cysteine,
that are not substrate for the enzyme, contribute to the activation of Glycine max
hPCS1 (GmhPCSL1) strongly arguing for the participation of metal ions via
interfering with a metal activation domain of the enzyme.

Recently, Vatamaniuk et al. (2004) confirmed that PCS is a
dipeptidyltransferase by using radioactive isotope labeled substrates and showed
that the first step of PC synthesis involves y-Glu-Cys acylation at two different
sites within the enzyme. At first step PCS is acylated by y-Glu-Cys independent of
Cd, with simultaneous cleavage of Gly from GSH. On the other hand, Cd
dependent y-Glu-Cys acylation of the enzyme takes place at the second step and y-
Glu-Cys acylation at both sites is essential for net synthesis of PC.

The recent identification of PCS-like proteins in several prokaryotes having
high homology to the N-terminal domain of eukaryotes PCS and absence of
four out of five of the conserved cysteine residues in the eukaryotic PCS
sequence provided an additional tool for understanding the mechanism of
enzyme activation (Tsuji et al. 2004). The comparative study and functional
analysis of various mutants of NsPCS1 and AtPCSL1, led Tsuji et al. (2005) to
propose that:

a. Presence of heavy metal ion is essential for the first step of reaction
catalysed by AtPCS1, but not for the NsPCS1.

b. The amineterminal region 1-221 contains the catalytic domain of the PCS.

c. Out of five-conserved cysteine residues in N-terminal domain, Cys 56 (in
eukaryote) or Cys 70 (in prokaryote) is associated with the first step of PC
synthesis.

d. C-terminal region of AtPCSL1 stabilizes the N-terminal region and maintains
its active state.

e. The divergence in AtPCS1 and NsPCSL1 in respect to the activation by
heavy metal may be due to differences in their three-dimensional structure.
NsPCS1 may be able to maintain an active conformation in absence of
heavy metal, while AtPCS1 requires direct binding to Cd or Cd-GS;
complex for the folding into an active confirmation.

Thus, it is proposed that in absence of heavy metal, PCS adopts an
inactive conformation and binding of metal-thiolate complex induces its
folding into a three dimensional active conformation in which thiol
reductants may contribute by reducing the intramolecular disulfide bonds. In
the active PCS, a donor molecule, such as free GSH or PCs binds to Cys 56
and y-Glu-Cys unit is cleaved which is immediately transferred to an
acceptor molecule.

Further, since NsPCS1 catalyzes the deglycination of GSH to form y-Glu-
Cys as major product and weakly synthesizes PCs despite having only 22-30%
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sequence identity with N-terminal domains of eukaryotic enzyme, it thus
contains catalytic domain of eukaryotic PCS. In this backdrop, the stereo
structure of NSPCS1 in its native and y-Glu-Cys acylated forms have been
recently presented (Vivares et al. 2005). Crystal structure revealed that PCS
belong to papains family of cysteine proteases and is a dimer. The catalytic
action involves a triad of Cys-70, His-183 and Asp-201 in prokaryotic PCS,
which is equivalent to Cys-56, His-162 and Asp-180 in eukaryotic PCS. An
oxyanion hole, comprising of Cys-70 and GIn-64 in prokaryote, is involved in
deglycination of the GSH, the donor molecule for the first step of the PC
synthesis. Subsequently, an ideally placed water molecule can attack the
thioester bond and liberates y-Glu-Cys. For transpeptidation, an acceptor GSH
should bind in a putative site close enough to the first GSH binding site to allow
PC synthesis (Vivares et al. 2005, Rea 2006). Further, structural studies on
eukaryotic PCS might reveal the structural reasons why eukaryotic PCSs are
more efficient in PC synthesis than the prokaryotic enzyme.

3.3 Domain Organisation of Phytochelatin Synthase Enzyme

No structural information on eukaryotic PCS enzyme is yet available. It is
known that the active site region is located in a more conserved N-terminal
region of PCS whereas various, but supposedly less critical roles, have been
proposed for the C-terminal region (Cobbett 2000). To gain insight in metal
binding domain of PCS enzyme, a thorough study has been done through
peptide scan technique on two diverse PCSs, SpPCS and TaPCS1. These were
synthesized and incubated with *®Cd and based on Cd binding pattern, the
distinct binding sites and binding motifs have been localized. A strong
correlation was found between binding activity and degree of conservation
among known PCSs. The functional role of several cysteine suggested the
presence of five functionally essential cysteine residues in the N-terminal
catalytic part of PCS and additional binding sites at the C-terminal domain
though not essential for activity. The detection of Cd even in presence of
millimolar concentration of GSH or a vast excess of the non-activating divalent
cation, such as Co, suggests that the affinity of binding site in PCS proteins
localized by peptide scanning could be sufficiently high to be of relevance in
vivo. This is in agreement with the notion that Cd binding occurs in both the
essential catalytic N-terminal half of PCS enzyme as well as the C-terminal
"sensor" half (Maier et al. 2003).

A limited proteolysis analysis of the PCS enzyme from Arabidopsis
(AtPCS1) has given insight into the structural/functional organization of PCS
(Ruotolo et al. 2004). Two N-terminal fragments ending at positions 372
(PCS_Nt1) and 283 (PCS_Nt2) were produced sequentially upon Vg protease
digestion, without any detectable accumulation of corresponding C-terminal
fragments. The two N-terminal fragments were functionally characterized and
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the results of in vivo and in vitro functional assays reveal that the core PCS_Nt2
fragment is biosynthetically active in the presence of Cd ions and supports
phytochelatin formation at the rate that is albeit five fold lower than that of full
length AtPCS1. The loss of C-terminal region, however, substantially decreases
the thermal stability of the enzyme and impairs PCs formation in the presence
of certain heavy metals e.g. Hg and Zn, but not Cd and Cu. The differential
catalysis phenomenon was shared by PCS_Nt2 and by its precursor fragments
PCS_Nt1, which on the other hand was almost as stable and biosynthetically
active (in presence of Cd) as the full-length enzyme. AtPCS1 thus appears to be
composed of a protease resistant (and hence presumably highly structured) N-
terminal domain, flanked by an intrinsically unstable C-terminal region. The
most upstream part of such a region (positions 284-372) is important for
enzyme stabilisation, whereas its most terminal part (373-485) appears to be
required to determine enzyme responsiveness to a broader range of heavy
metals.

4. Mechanism of Action of Phytochelatins

4.1 Formation of Metal-Phytochelatin Complexes

PC-metal complexes have been revealed by gel filtration chromatography in
various plants maninly with Cd e.g. Rauvolfia serpentina (Grill et al. 1985),
Chlorella fusca (Gekeler et al. 1988), tobacco (Vogeli-Lange and Wagner
1990), Neurospora crassa (Kneer et al. 1992), Brassica juncea (Speiser et al.
1992), Silene vulgaris (de Knecht et al. 1994), Maize (Rauser and Meuwly
1995), Silene cucubalus (Kneer and Zenk 1997), Phaeodactylum tricornutum
(Scarano and Morelli 2002) and also with Pb e.g. Hydrilla verticillata (Gupta et
al. 1995), Vallisneria spiralis (Gupta et al. 1999), Phaeodactylum tricornutum
(Scarano and Morelli 2002), As e.g. Rauvolfia serpentina (Schmdger et al.
2000), and Hg e.g. Hydrilla verticillata and Vallisneria spiralis (Gupta et al.
1998). In Rubia tinctorum cultures, Maitani et al. (1996) reported the induction
of PCs and formation of metal-PC complexes of Ag, Cd and Cu. Cu was also
bound to PCs induced by other metals like As, Ag, and Cd.

Regarding stoichiometries and crystallographic structures of metal-PC
complex, many important studies have been done performing in vitro studies
with metal (e.g. Cd, Pb, Ag, Hg, and Cu) and PCs.

UV/visible and circular dichroism (CD) spectroscopy studies of binding of
Pb(ll) to PC,, PC; and PC, revealed that PC, and PC; bound one metal ion per
peptide molecule, whereas PC, formed two distinct species with stoichiometries
of one and two Pb(ll) ions per peptide molecule, respectively. The optical
spectra of Pb(I1);-(y-Glu-Cys),-Gly were similar to those of Pb(ll)l—(Y_G|u_

Cys)s-Gly, whereas the spectra of Pb(Il),-(y -Glu-Cys)4s-Gly were similar to
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those of Pb(I1);-(y-Glu-Cys),-Gly. Pb(11) may thus exhibit multiple coordination
in longer chain PCs (Mehra et al. 1995).

The in vivo and in vitro studies on As complexation by PCs demonstrated a
stoichiometry of metal to Cys residues provided by PCs of approximately 1 to
3. The formation of reconstituted As-PC, complex and corresponding mass
signal identified by ESI-MS analyses is in perfect accordance with the structural
model of three thiol groups provided by two PC, molecules that coordinate As
(Schmdger et al. 2000). Earlier NMR structural analyses of As-GSH complexes
generated by the incubation of the tripeptide with arsenite revealed a
coordination of As®** by three peptide molecules (Scott et al. 1993). Arsenate
also coordinated in the same way due to reduction of As®* to As>* by GSH
(Jocelyn 1972; Schmdger et al. 2000). In bacteria and yeasts mechanism of As®*
detoxification involves its reduction to As®* by arsenate reductases and then its
subsequent transport to vacuole or exclusion (Ghosh et al. 1999). Though
arsenate reductases have not yet been discovered in plants, the same mechanism
is supposed to take place.

Analysis of the biochemical fate of As in Brassica juncea revealed
(Pickering et al. 2000) storage of As as an As**-tris-thiolate complex in the
shoot. In root also majority of As occurred as As>*-tris-thiolate complex, which
is indistinguishable from that found in shoot and from As**-tris-GSH. The
thiolate donors are thus supposed to be GSH or PC. These studies implied that
the As:PC ratio as 1:3 in bound form.

The stoichiometry of Ag(l) and PC is strongly pH dependent , at neutral pH,
PC,, PC; and PC, bind 1.0, 1.5 and 4 equivalents of Ag(l), respectively,
however, at lower pH (pH 5.0 or lower) binding capacity increases and
approaches to 1:1 ratio of Ag/SH. Similar binding of Ag(l) with GSH was also
found. The increased Ag(l) binding to PCs at lower pH is of more physiological
significance, as these peptides accumulate in vacuole in acidic pH (Mehra et al.
1996a). PC, and Hg(Il) binding stoichiometry is also reported to be 1:1 by
optical spectroscopic studies. However PC; binds to Hg(ll) as two distinct
species having stoichiometries of around 1.25 and 2.0 Hg(ll) per peptide
molecule. Similarly PC, also shows two distinct binding species with
stoichiometries around 1.25 and 2.5 as observed by UV/visible spectroscopy
and CD Spectroscopy. The Hg(ll) binding stoichiometry was found pH
independent. The RP-HPLC studies showed a GSH mediated transfer of Hg(ll)
to PCs and that of lower PCs to higher PCs (Mehra et al. 1996b).

Sulfide ions play an important role in efficacy of Cd detoxification by PC in
some plants and yeasts (S. pombe and Candida glabrata). The incorporation of
sulfide into high molecular weight complexes increases the amount of Cd per PC
molecule and also the stability of complex. Some complexes with high ratio of
sulfide and Cd consist of aggregates of 20A diameter particles which themselves
consist of CdS crystallite core coated with PCs (Dameron et al. 1989).
Characterization of Cd sulfide nanocrystallites (CdSNCs) isolated from S. pombe
and Candida glabrata showed the particles to consist of Cd, PCs and sulfide with
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diameter of approximately 20+3 A and 18 A, respectively. Ratios of sulfide to Cd
were 0.7 and 0.6 for CdS from C. glabrata and S. pombe respectively. S. pombe
CdSNCs did not easily coalesce and CASNCs capped with (Glu-Cys)sGly or (Glu-
Cys)4Gly were more resistant to accretion than those capped with (Glu-Cys),Gly.
C. glabrata CASNCs were less stable than those of S. pombe at extreme pH. PCs
were very effective in controlling the size of CdSNCs or preventing accretion.
Further, PC capped CdSNCs protected NCs from oxygen radical-mediated
dissolution. The CdS-PCs formed in vitro appears to be indistinguishable from
those formed in vivo (Mehra and Tripathi 2000).

Metal binding capacity of PCs is typically increased upon sulfide
incorporation. PC,, the smallest of the PCs, typically incorporated approximately
0.8 sulfide ions per Cd(Il). It has been suggested that the amount of sulfide
incorporated may depend on the affinity of Cd(ll) for SH groups of the PC
involved. Thus, PC, with lower affinity for Cd(ll) incorporates significantly more
sulfide than PC, which presumably have higher affinity for Cd(ll) (Mehra and
Tripathi 2000).

PC formed CdS crystallites are of uniform size as indicated by the similar
optical properties, whereas in contrast incorporation of sulfide to Cd-GSH led to
formation of variety of GSH capped CdS (GSH-CdS) complexes that differed in
sulfide/ Cd(11) ratios, optical spectroscopic properties and Cd(I1)-binding capacity
of GSH and these GSH-CdS complex behaved like semiconductor
nanocrystallites (Bae and Mehra 1998). CdS-PC complexes also reduced
methylviologen, which confirms its nanocrystalline nature (Dameron and Winge
1990). Additionally, electron microscopic and XRD studies showed that the size
of these crystallites were typically in the 2 nm range. PCs themselves are not able
to form crystallites larger than 2 nm but replace GSH from larger particles without
changing the size of the particles (Bae and Mehra 1997).

4.2 Sequestration to the Vacuole/Transport of Metal-Phytochelatin
Complex

In both plants and yeasts, PC-Metal complexes are finally sequestered into the
vacuole. Ortiz et al. (1992) isolated a gene designated as hmtl (heavy metal
tolerance) from Schizosaccharomyces pombe. The hmtl gene encodes a vacuolar
protein having sequence identity with the family of ABC (ATP-binding cassette)
type transport proteins. HMTL1 is an ATP dependent transporter of both apoPC
and phytochelatin-Cd** complexes. This is essential for Cd tolerance but has not
been found to transport Cd to the vacuole (Ortiz et al. 1995).

A Yeast Cadmium Factor (YCF1) gene conferring cadmium resistance has
been isolated. It encodes a ABC type protein which was shown to be a MgATP
energised vacuolar glutathione-S-conjugate transporter responsible for the
vacuolar sequestration of organic compounds after their S-conjugation with
GSH (Li et al. 1996). Further studies revealed that YCF1 selectively mediates
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MgATP energised vacuolar transportation and accumulation of bis-
(glutathionato)-Cd (Cd-GS;) complexes (Li et al. 1997).

In tobacco plants exposed to Cd, almost all of Cd and PC accumulated were
confined to vacuole (Vogeli-Lange and Wagner 1990). An Mg-ATP dependent
and proton gradient independent activity similar to that of HMT1 capable of
transporting both PC and PC-Cd complexes has been identified in oat root (Salt
and Rauser 1995). Plant genes encoding this function have not yet been identified.

5. Characterization and Regulation of Phytochelatin Synthase
Gene

5.1 Characterization of Gene

For the first time, PCS genes have been characterized in Arabidopsis, S. pombe,
and wheat (Vatamaniuk et al. 1999; Ha et al. 1999; Clemens et al. 1999). After
that, the gene has been characterized from other plants, and even animals and
prokaryotes as given in Table 2.

Table 2. Characterization of phytochelatin synthase gene plants

PCS gene Characterized Plant References
AtPCS1 Arabidopsis thaliana Vatamaniuk et al. (1999)
TaPCS1 Triticum aestivum Clemens et al. (1999)
SpPCS Schizosaccharomyces ~ Haetal. (1999)

pombe
CePCs1 Caenorhabditis elegans  Vatamaniuk et al. (2001)
AtPCS2 Arabidopsis thaliana Cazalé and Clemens (2001)
GmhPCS1 Glycine max Oven et al. (2002b)
BjPCS1 Brassica juncea Heiss et al. (2003)

Alr0975 (PCS like protein)  Nostoc sp. PCC 7120 Tsuji et al. (2004)

Database searches identified a PCS like gene in a nematode Caenorhabditis
elegans. Functional analysis established it as a PCS gene. This was the first
report of PCS in animal (Vatamaniuk et al. 2001). Heterologous expression of
CePCS1 in Cd hypersensitive S. cerevisiae, confers increased Cd tolerance and
intracellular PC biosynthesis (Vatamaniuk et al. 2001) and expression of the
same clone in S. pombe PCS deficient mutant suppress Cd hypersensitivity and
restores Cd induced PC accumulation. A targeted suppression of CePCSL1 in C.
elegans leads to severe toxicity and even death of organism at higher
concentration of Cd. This suggests contribution of PCs in metal detoxification
at the level of whole organism.
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Recently a gene encoding a PCS like protein identified from cyanobacteria,
Nostoc sp. PCC7120, has been termed as alr0975. It is reported for the first time
from prokaryotes (Tsuji et al. 2004), however, PC synthesis could not be shown
conclusively (Harada et al. 2004).

EST sequencing programme demonstrates that PCS genes are present in
number of species that have not yet been reported to synthesize PCs, such as
Dictyostelium discoideum (slime molds), Phytophthora sojae (oomycetes)
(Accession Nos. BE584918 and BE584958) and Ciona intestinalis (chordate)
(Accession No. BW266987, BW255339). Survey done by Gekeler et al. (1989)
and such database sequences further strengthen the presence of PCSs from
fungi, algae to higher plants and also in animal kingdom from nematode model
(Vatamaniuk et al. 1999) to model chordate (Tsuji et al. 2004).

5.2 Regulation of Gene

PCS is thought to be constitutively expressed in plants (Grill et al. 1989;
Howden et al. 1995; Chen et al. 1997) and there is self-regulation of its
activity by heavy metals in Arabidopsis (Zenk 1996; Cobbett 2000).
However, as the PCS gene from various plants has been cloned and
characterised, there came somewhat conflicting reports on the transcriptional
regulation of PCS gene.

Clemens et al. (1999) reported that TaPCS1 was regulated at the
transcriptional level after observing his results on 4 day old wheat seedlings
treated for 6 h with 100 uM Cd. Analysis of TaPCS1 expression in roots
indicated increased level of mMRNA on exposure to Cd.

On the other hand, Ha et al. (1999) and Vatamaniuk et al. (2000) indicated
that AtPCS1 did not exhibit transcriptional regulation by Cd, however, they
used 10-day and 21-day old seedlings for their study. Recently, Lee and Korban
(2002) conducted a study to analyze transcriptional regulation of AtPCS1 at
various stages of plant development using transgenic Arabidopsis and wild type
plants. They showed an increase in AtPCS1 promotor as evident by GUS
activity, which decreased as the plants grew up to 15 days. The steady state
level of AtPCS1 mRNA showed a 2-fold increase in the wild type treated
plants, demonstrating a transcriptional regulation of AtPCS1 by Cd. They also
showed an increase in the amount of AtPCS1 protein in transgenic lines during
Cd exposure. Though they found it difficult to explain why transcriptional
regulation of AtPCS1 appears during early stages of plant growth and then
disappears, however, they could correlate such a response with higher
sensitivity of cad2 mutants in early phases of development to Cd which
decreases as cad2 mutants grow and 15 day old plant show same sensitivity to
Cd as the wild type plants.
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Lee et al. (2002) presented an evidence for an intron mediated
increase of AtPCS1 mRNA after cadmium exposure. AtPCS1 promoter
fusion with genomic AtPCS1 sequence but not with AtPCS1 cDNA
sequence showed an increase in AtPCS1 mRNA accumulation after
cadmium exposure. In a study by Heiss et al. (2003) in B. juncea, an
increase of PC protein observed in leaf after prolonged Cd treatment
could not be related to BjPCS1 mRNA. It was assumed that the increase
in BjPCS protein is due to posttranscriptional regulation. A heavy metal
induced increase of endogenous PCS protein in plants is thought to be
reported for the first time in B. juncea. The results suggest a high
expression of PCS in vascular tissues in B. juncea.

This suggests that PCS expression and activity may be moderately regulated
at diverse levels.

A schematic representation of metal detoxification pathways has been
presented in Figure 1.

6. Evolutionary Aspects of Phytochelatin Synthase

Presence and conservation of functional PCS throughout the plant kingdom is
difficult to explain because heavy metals, although being ubiquitous, are mostly
present at negligible concentrations in the environment (Schat et al. 2002)
despite the contribution of man-made activities. Why did PCS evolve for the
detoxification of heavy metals? The question arises whether its role has
primarily been in essential ion homeostasis and possibly in degradation of
xenobiotic. There are the further evidence for possible additional functions of
PCS-related proteins in GSH metabolism (Beck et al. 2003) and provide a lead
as to the evolutionary history of PCS (Tsuji et al. 2004).

A number of essential metals, such as Zn, Ni, Cu, Fe, Mo, Mn, are known to
induce PC synthesis (Grill et al. 1987; Chen et al. 1997), however their
detoxification by PCs is not established (Schat et al. 2002; Brune et al. 1995).
Hence, PCs are supposed to play a role in homeostasis of metals like Zn and Cu
(Zenk 1996). A well-established role of PCs is the detoxification of non-
essential metals and metalloids with relatively high affinities to sulfur, such as
Cd, Hg (Howden and Cobbett 1992; Gupta et al. 1998) and As (Schmdger et al.
2000; Hartley-Whitaker et al. 2001). However, in metal hyperaccumulator
plants, metal detoxification involves some other mechanisms independent of
PC synthesis (de Knecht et al. 1992, 1994, 1995; Ebbs et al. 2002; Schat et al.
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2002; Cai et al. 2004). Cu, Cd, As and Zn-hyperaccumulating plants
accumulated low amounts of PCs not correlated with metal abundance. In
Zn/Cd hyperaccumulator, Thlaspi caerulescens, the level of PCs has been found
2-3 fold lower inspite of having >10 fold higher concntration of leaf Cd
compared to T. arvense, a non-accumulator plant (Ebbs et al. 2002). In a study
on As hyperaccumulator Pteris vittata, formation of LMW thiol was not found
sufficient to bind all As accumulated inspite of having a positive correlation
between PCs and metal (Cai et al. 2004). In several studies, Cu did not
apparently induce PCs untill the threshold exposure level for acute toxicity
exceeded (De Vos et al. 1992; Rijstenbil et al. 1998; Rijstenbil and Gerringa
2002). These studies may suggest that significant PC levels are induced when
the capacity of non-PC based homeostasis/detoxification system is exhausted
(de Knecht et al. 1995; Schat et al. 2002). Schat et al. (2002) observed the role
of PCs in Cu, Cd, Zn, As, Ni, and Co tolerance in non-metallicolous and
metallicolous, hypertolerant populations of Silene wvulgaris, Thlaspi
caerulescens, Holcus lanatus, and Agrostis castelana. Based on plant-internal
PC-thiol to metal molar ratios, the metals’- tendency to induce PC
accumulation, decreased in the order As/Cd/Cu>Zn>Ni/Co, and was
consistently higher in non-metallicolous plants than in hypertolerant ones,
except for the case of As. The sensitivities to Cu, Zn, Ni and Co were
consistently unaffected by BSO treatment, both in non-metallicolous and
hypertolerant plants, suggesting that PC-based sequestration is not essential for
constitutive tolerance or hypertolerance to these metals. However, BSO
dramatically increased As sensitivity, both in non-adapted and As-hypertolerant
plants indicating that GSH- and PC-based sequestration is essential for both
normal constitutive tolerance and adaptive hypertolerance to this metalloid.
Naturally selected As hypertolerance in Holcus lanatus was found to be
associated with enhanced rates of PC accumulation and increased PC-thiol to
As molar ratios in roots, suggesting that PC synthesis might be essential for
hypertolerance to As, at least (Hartley-Whitaker et al. 2001).

Cai et al. (2004) suggested that mechanism of As detoxification in Chinese
Brake fern might be more complex than simple chelation of As anions by the
thiols. Other mechanisms of detoxification/tolerance of metals include
volatilization (Meagher 2000), cell wall binding (Salt et al. 1997) chelation with
organic acids (Wang et al. 1991; Salt et al. 1995, 1997; Krotz et al. 1989), direct
transport to vacuoles by antiporter systems (Salt and Wagner 1993) and reduced
uptake of metal (Hartley-Whitaker et al. 2001).

Steffens (1990) suggested that the energetic cost associated with sulphate
reduction and PC synthesis would make this mechanism of Cd tolerance
evolutionary prohibitive. Thus formation of a huge amount of PCs to chelate all
the metals does not look like a simple solution to the problem. Considering all
these studies, the exact role of PCs is still very elusive and limited in proposed
roles of homeostasis and/or detoxification.
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A role for PCs in metal transport from root to shoot (Gong et al. 2003) and
stabilization of metal complexes inside vacuoles has been postulated. Ebbs et al.
(2002) further suggested that incorporation of Cd as CdS into HMW complexes
would allow a greater number of Cd atoms to be detoxified per molecule of PC
than LMW complexes formed with PC-Cd. LMW thiols may only play a
transport role by facilitating the transport of As into the vacuole where As may
form a more stable aggregation with sulfide and organic acids (Cobbett 2000;
Cai et al. 2004). If PC could act as a chelator involved in transport of metal
from root to shoot and then for sequestration inside the vacuole where the metal
complex dissociates partly into PCs and metal/metalloid ions and may be
degraded into precursor molecules, which are shuttled back to cytoplasm
(Hartley-Whitaker et al. 2001; Li et al. 2004), then a few molecules of PC
would detoxify exceeding amounts of metals. This hypothesis of detoxification
and transporter role for PCs also looks more attractive from an energetic
perspective.

The question of evolution of PCS becomes another twist when we think of
presumed additional function of PCS, namely in degradation of glutathione-S-
conjugates. These two mechanisms have common initial step i.e. cleavage of
glycine from GSH or glutathione-S-conjugate, both catalysed by PCS resulting
in the formation of y-Glu-Cys or y-Glu-Cys-S-conjugate (Beck et al. 2003). In
second and final step PC synthesis involves transpeptidation of y-Glu-Cys into
GSH or derivatives thereof, whereas transfer of y-Glu-Cys-S-conjugate into
smaller molecules like water occurs during detoxification of xenobiotics.

Step 1:
Rlle PCS R1/R2
¥ -Glu-Cy$-X - » v -Glu-Cyb-PCS
Step 2:
Phytochelatin biosynthesis
PCS
| Transpeptidation
v -Glu-Cys-R; +y -GIu-Cys-XT R1-S-(y -Glu-Cys),-X

GSH Conjugate catabolism

PCS

Hydrolysis
-PCS

Y —GIu—Ck/s—Rz + H,0 » R,-S-y -Glu-Cys

R1= metal, linear hydrocarbons such as methyl and hexyl-residues
R2= bulky groups like cyclic hydrocarbons
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Steric hindrance may be the main regulatory element in the second step of
the reaction. Thus it is uncertain, which is the more ancient cellular function of
PCS and which one has been aquired later in the process of evolution. However,
the prokaryotic PCS-like enzyme has the GSH hydrolyzing activity not the PC
forming indicating that is adaptive. Its evolution might have occurred either for
PC synthesis or for detoxification of xenobiotics or other undiscovered funcions
and during evolution, it possibly evolved multiple functions.

7. Genetic Engineering for Enhancing Phytoremediation
Potential

The important features of an effective phytoremediator plant are that the plant
should have high biomass production, efficient mechanism for metal
accumulation and detoxification, fast growth and a short life cycle.
Hyperaccumulators accumulate metal to an extremely high concentration
without suffering any toxic effect, thus they may appear as good candidates for
phytoremediation. But their slow growth and low biomass is a limitation for this
purpose. However, hyperaccumulators may provide a source of genes involved
in  metal uptake, translocation and sequestration for enhancing
phytoremediation. Transfer of these genes into a suitable candidate plant is a
strategy for engineering of plants with improved phytoremediation traits.
Transfer or overexpression of such genes may lead to enhanced metal uptake,
translocation, sequestration, or intracellular targeting (Eapen and D'souza
2005). To date, a few attempts have been made using enzymes of sulfur/ PC
metabolism in this regard, which have been summarized in Table 3.

Overexpression of two enzymes y-glutamycysteine synthetase (y-ECS) or
GSH synthetase (GS) in transgenic Indian mustard resulted in accumulation of
higher levels of GSH and PC. They showed enhanced Cd tolerance and
accumulation and also extracted more Cd, Cr, Cu, Pb and Zn than wild plants
(Zhu et al. 1999a,b). Transgenic Nicotiana plants overexpressing cytosolic
cysteine synthase gene of rice showed greater growth and produced more PC in
shoots upon Cd exposure than wild-type plants though Cd accumulation was
20% lower in transgenics (Harada et al. 2001).

Bennett et al. (2003) conducted a green house experiment using transgenic
Indian mustard plants overexpressing adenosine triphosphate sulfurylase (APS)
or y-glutamylcysteine synthetase (y-ECS) or GSH synthetase (GS). The ECS
and GS transgenic plants accumulated 1.5-fold more Cd and 1.5- to 2-fold more
Zn compared to control while APS plants did not. y-ECS transgenics also
accumulated 2.4- to 3-fold more Cu, Cr and Pb compared to wild plants.
Transgenic Indian mustard plants overproducing PC accumulated significantly
high level of Zn and Cd in contaminated soil from Leadville, Colorado.
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Photochelatins and Metal-Phytoremediation
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Nicotiana glauca is widely distributed, fast-growing, high biomass producing
and a herbivore-repulsive plant. Gisbert et al. (2003) used this plant to overexpress
wheat gene encoding PCS (TaPCS1). The transgenics showed greatly increased
tolerance to metals, such as Pb and Cd, developing seedling roots 160% longer
than wild type plants. In addition, seedlings of transformed plants grown in
mining soils containing high levels of Pb (1572 ppm), accumulated double
concentration of this heavy metal than wild type. Transgenic Arabidopsis plants
overexpressing AtPCS1 showed 12- to 25-fold higher accumulation of AtPCS1
mRNA, and also higher PC accumulation under Cd stress, however transgenics
were hypersensitive to Cd and Zn (Lee et al. 2003). In another study, transgenic
Arabidopsis plants overexpressing AtPCS1 were found to be highly resistant to
As, accumulating 20-100 times more biomass exposed to 250 and 300 uM As.
These plants significantly synthesized PC,-PC, and other unidentified thiols.
However these plants were hypersensitive to Cd treatment (Li et al. 2004).
Transgenic expression of TaPCS1 showed suppression of the heavy metal
sensitivity of the cad1-3 mutant, increase in long distance root to shoot transport
of Cd, and reduction of Cd accumulation in root. The protection mechanism was
attributed to maintaining a low Cd content in root by transporting extra Cd to
shoot (Gong et al. 2003). These studies point to the question why did only
expression of TaPCS1 significantly enhance root to shoot Cd transport besides the
fact that WT plant also synthesized PCs in roots. It may be that transgenic
expression of TaPCS1 may result in increased PC accumulation in unique cells,
such as vascular parenchyma, leading to more accumulation of PCs in these cells
which would further augment Cd or PC-Cd loading into vascular transport
pathway. In addition, a recombinant PCS protein alone has sufficient enzymatic
activity required for PC synthesis. As the transgenic TaPCS1 protein differs in
amino acid sequence (55% homology) with amino acids from the native AtPCS1
protein, it is likely that recombinant protein acts constitutively and more
independently from a possible regulatory network in Arabidopsis.

Recently a novel bioremediation system called symbiotic engineering using
symbiosis between leguminous plants and rhizobia was developed. The
metallothionein gene (MTL4) (Murooka et al. 2001) and AtPCS were fused to
nifH promotor, generating nodule specific expression of these genes in
Mesorhizobium haukii strain B3 infecting Astragalus sinicus (Sriprang et al.
2004). AtPCS expression in M. haukii subsp. regeni strain B3 resulted in 9- to 19-
fold increased ability of cells to bind cadmium. When the recombinant strain B3
established symbiotic relationship with Astragalus sinicus, the symbionts
increased the Cd accumulation by 1.5-fold. The expression of both AtPCS and
MTL4 resulted in enhanced Cd uptake by legumes. Further the expression of
AtPCS and an iron regulated transporter, IRT1 in the recombinant strain B3
increased the ability of cells to bind Cd up to 2.5-fold compared to cells only
expressing AtPCS. In the rice paddy soil addition of recombinant strain enhanced
the accumulation of Cd in roots and nodules of A. sinicus (Murooka et al. 2005).
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Somatic cell hybrid produced between B. juncea, a high biomass Pb
accumulator plant, and T. caerulescens, a known Zn and Ni hyperaccumulator,
showed increased resistance to Pb, Ni and Zn and total amount of Pb
phytoextracted was much greater because of the high biomass produced (Gleba
et al. 1999; Dushenkov et al. 2002).

Vacuolar sequestration is the compartmentational detoxification mechanism
afforded by PC and other ligands. Hence engineering vacuolar transporter
genes, such as hmtl or YCF1, is a second-generation approach for
phytoremediation (Tong et al. 2004). Tissue specific overproduction of a
functional transporter in transgenic plant might be a mean to alter the tissue
localization of the heavy metal to sequester them away from consumable part of
the crop plant leading in order to increase food safety.

Dhanker et al. (2002) made transgenic Arabidopsis plant by co-expressing E.
coli Ars C gene (SRSIp/ArsC), encoding Arsenate reductase, and E. coli y-ECS
gene (ACT 2p/y-ECS), encoding y-glutamylcysteine synthetase. These plants
accumulated 4- to 17-fold greater fresh shoot weight under metal exposure and
showed higher arsenic accumulation, 2- to 3-fold more arsenic per gram of
tissue than wild plants or transgenic plants expressing y-ECS or ArsC alone.
Yeast YCF1 protein when overexpressed in Arabidopsis thaliana, enhanced Pb
and Cd tolerance (Song et al. 2003).

8. Phytochelatin as a Biosensor

PCs have been used in electrochemical biosensors and they provide rapid,
simple and low-cost on-field determination of heavy metals. Synthetic PCs,
(Glu-Cys)Gly (EC20), fused to maltose binding domain were expressed in E.
coli and purified for construction of the novel capacitance biosensor. The
biosensor was able to detect Hg, Cd, Pb, Cu, and Zn ions in concentration range
of 100 fM-10 mM, and the order of sensitivity was Sz»> Scy™> Swg™>> Sca= Spo.
The biological sensing element of the sensor could be regenerated using EDTA
and the storage stability of the biosensor was 15 days (Bontidean et al. 2003). A
new heavy metal biosensor based on interaction of heavy metal ions (Cd and
Zn) with PCs showed a detection limit of Cd and Zn of about 1.0 and 13.3
pmole in 5 pl, respectively (Adam et al. 2005).

9. Conclusion

Metal induced PC synthesis is known throughout the plant kingdom, in some
fungi as well as in animals and PC-based metal detoxification is an important
mechanism in several plants. However, in some metal hyperaccumulator plants,
metal tolerance and detoxification are not PC dependent and involve other
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processes. PC dependent accumulation and detoxification can be used for metal
phytoremediation from contaminated sites. Overexpression of enzymes related
to PC synthesis, such as y-ECS, GS and PCS, or enzymes related to sulfur
metabolism like, sulfur transporters, APS sulfurylase and cysteine synthase or
overexpression of vacuolar tranporters of PC-metal complexes bear the promise
to result in the development of efficient phytoremediator plant. Studies with
overexpression of some of these genes have generated promising results in that
respect, both in the laboratory and under field conditions. However, in some
studies, overexpression led to hypersensitivity towards the metal probably due
to insufficient sequestration or enhanced uptake. On the other hand,
overexpression of PCS and a vacuolar transporter are prime examples of a
second-generation approach. The novel bioremediation system called symbiotic
engineering involving advantage of both rhizobia and leguminous plants using
many useful genes like AtPCS, MTL4 (metallothionein gene) and IRT1 (iron
regulated transporter) may provide another valuable bioremediation tool.
Identification of PCS gene in prokaryotes shed light on its evolutionary history
and provided a tool for understanding the mechanism of PCS catalysed reaction.
Understanding the mechanistics in detail may contribute to the development of
a good phytoremediator transgenic with the features of fast growth, high
biomass and improved removal of metals. From the present knowledge, it looks
like that PCS perform an additional function in plants involving detoxification
pathway of GS-conjugates of organic xenobiotics. Besides, PCs may also act as
biosensors of heavy metal pollution.
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1. Introduction

1.1 Metals

The term “metal” designates an element which is a good conductor of electricity
and whose electric resistance is directly proportional to absolute temperature. In
addition to this distinctive characteristic, metals share several other typical
physical properties, such as high thermal conductivity, density, malleability and
ductility (Forstner and Wittmann 1979). Several nonmetallic elements exhibit
one or more of these properties. And hence, the only feature that defines a metal
unambiguously is the electric conductivity, which decreases with increase in
temperature. There are, of course, elements in the periodic table, like boron,
silicon, germanium, arsenic and tellurium, which show electric conductivity, but
their electric conductivity is low, and it increases with the rise in temperature.
These are termed metalloids (or half-metals) situated between metals and non-
metals in the periodic table (Forstner and Wittmann 1979).

Metals constitute more than 50 % of the elements present in the earth’s crust;
out of 110 elements known today 69 are metals, excluding the element of the
trans-uranium series (Shaw et al. 2004). Their relative abundance, however,
differ greatly at a region over the globe, and the region at which a metal is
found in high concentration serves as the source of the metal. The variation
observed is not only natural but also man-made; metals present in the earth’s
crust are mined and extracted by the human beings to meet the requirement of
their day to day life leading to their accumulation at some regions. Metals
remaining present in high concentration in the earth’s crust do not pose any
threat to the environment until the landmass of the region is used for agro-
industry. This is because they remain tightly bound to their Lewis components
as sulfides, oxides, or carbonates, as the case may be (see below), and the ore
particles also remain tightly packed along with the particle of the soil, which
makes them highly immobilized. It is only the mining of the ore, and
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subsequent uses of the extracted metals that lead to far and wide contamination
of the environment. From the figures of the crustal abundance of important
metals and their production per annum (Table 1), the magnitude of
contamination or pollution by metals as a result of anthropogenic activities may
be imagined.

Table 1. World wide metal production and uses

Metal Crustal  Yearly pro- Major uses Principal ores
abun- duction (x
dance 1000
(mg/kg) tonnes)
Al 83000 16200 In making cable and wire for high  Bauxite, Al,O3
voltage electric transmission and
various parts of autos, aircraft,
electrical equipment.
As 1.80° 50 In making alloys for bullets and Arsenide
shot, storage batteries, herbicides,
insecticides and wood
preservatives
Bi 0.20 4 Used in phamaceuiticals, Principally in
electronics, cosmetics and flue dust as
pigments, and as catalyst Bi,Ss, during
smelting of Pb,
ZnorCu
Cr 110 10800 Used in metal plating, making Chromite,
stainless steel, wear-resistantand ~ FeOCr,04
cutting-tool alloys, and used as an
anticorrosive
Cd 0.2 19 Used in electroplating, making Greenockite,
Ni/Cd batteries, alloys, control CdS
rods in nuclear reactor and
pigments, and as stabilizer of
polyvinyl chloride (PVC) plastic
Cu 63 8700 Mainly used in making alloys and ~ As metal sulfides
electrical products, the only wire  and oxides
used in windings in generator,
motors and transformer
Au 0.0035 161 Used in jewelry, and is the basis of Calavarite
currency (AuTey), Petzite
[(Ag,Au),Te]
Fe 58000 508000 Most widely produced metal, Hematite, Fe,0s,
usually as steel, also used in many goethite,
alloys for special purposes Fe,0,4.H,0,

magnetite, Fe;0,
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Pb

Hg

Mo

Ni

Se

Ag

Sn

Ti

Zn

12

1300

0.089

1.30

89

0.075

0.075

1.70

6400

140

94

3400

22000

89

800

1.6

14

190

4200

32

7200

Making storage batteries, petrol
additive, pigments, ammunition,
cable sheathing

Used as oxygen and sulfur
scavenger in steel, manufacture of
alloys, dry cells, chemicals
Used as cathode in chlor-alkali
cells, and also used in making
paints, electrical apparatus,
fungicides

In making alloys, pigments
chemicals, lubricants, and as
catalyst

Used in making coins, storage
battery, alloys, and as catalyst

In electronics, glass, pigments,
photocopying

Finds uses mainly in making
photographic materials and jewelry

Used in coatings, solders, in
making bearing alloys, bronze

Mainly used in making aircraft
parts, and their engine, also in
making valve, pumps, paint
pigments

Used in making strong steel alloy

Widely used in making brass
(alloy), paint pigments, in
galvanization
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Galena, PbS

Found mainly as
oxides

Cinnabar, HgS

Molybdenite,
MoS,, wulfenite,
PbMoO,
Pentlandite
[(Fe,Ni)gSg],
Nicolite (NiAs)
Mainly as
clausthalite,
PbSe, crrokesite
(Cu,TLAg).Se
Found with
sulfide minerals

Cassiterite,
Stannite

As oxide, TiO,

Primarily occurs
as V(I) in
igneous rocks
Found as
sulfides, oxides
and silicates

(Source: Manahan 1990; Ochiai 1977; Fergusson 1990; Evans 1995; Chaterjee 1993;

Wedepohl 2000)

1.2 Classification of Metals: the HSAB Principle

A metal in a chemical reaction reacts as an electron pair acceptor (Lewis acid)
with an electron pair donor (Lewis base) to form various chemical groups, such
as an ion pair, a metal complex, a co-ordination compound, or a donor-acceptor
complex. The reaction may be generalized as follows:
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M+L—> ML
M represents the metal ion, L the ligand, and M:L the product (complex). The
stability of the complex will depend on the magnitude of the equilibrium
constant, Ky, also called the stability constant.

Ku = [MLY/[M] [L]
The larger the magnitude of the Ky, the more stable will be the product (ML) in
the solution.

Pearson (1968a,b) has classified the metal acceptors and the ligand donors
into “hard” and “soft” categories to explain the stability of the product complex
(also see http://chemistry.uttyler.edu/~coe/lectures/ numl16.ppt). The chief
criteria for such classification are electron mobility or polarizability (the degree
to which the electron cloud is distorted by interaction with a charge or electric
field), electron negativity (a measure of the power of an atom to attract electron
to itself in a covalent bonding), and ionic charge density. A hard acceptor is
characterized by low polarizability, low electronegativity and large positive
charge density (high oxidation state and small radius), and the opposite is true
for a soft acceptor. A hard donor on the other hand is characterized by low
electron mobility or polarizability, but high electronegativity and a high
negative charge density, and the reverse constitutes the characteristics of a soft
donor. In between the two groups lie the intermediate donors and acceptors
(Table 2).

Table 2. Different metal/ligand acceptors and donors

Hard Intermediate Soft

Acceptors H*, Na*, K*, Be*", Fe**, Co™, cu*, Ag', Au', TI,
Mgz+, Ca2+l Mn2+, Ni2+, CU2+, ngz+’ Pd2+, Cd2+,
AIF, cr¥, Co*, Zn*, Pb* Pt*, Hg®*, CH3Hg"
FeS+ ASS+

Donors H,0, OH , F, CI, Br, NO?, SH, S*, RS, CN,
PO ,S03%, SO SCN’, CO, R,S, RSH,
coy , 0% RS

(after Pearson 1968a; R= alkyl or aryl group)

Experimental evidences suggest that hard acceptors prefer to bind hard
donors and soft acceptors prefer to bind soft donors to form stable compound
(Pearson 1968a,b; Ahrland 1968). This is called HSAB (hard soft acids and
bases) principle. The HSAB principle is very much in work in nature: some
metals occur in the earth’s crust as ores of oxide and carbonate, whereas other
metals occur as sulfides. This is because hard acids, like Mg*, Ca*" and AI**,
form strong bond with the hard bases, like O3 or CO} , and conversely softer

acids, like Hg3~ or Hg?* and Pb?", prefer soft bases like S
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1.3 Metal Pollution: Some Facts

It is important to realize that metal “pollution” represents a subtly different form
of pollution than do many other forms of contamination. The primary source of
heavy metals in the environment is from naturally occurring geo-chemical
materials; all metals occur to varying extent within all components of the
environment. Although this occurrence may be enhanced by a human activity,
this activity is not itself the source of a metal, rather it is the cause of an
elevated occurrence. Hence, heavy metal ‘pollution’ of environment does not
represent a unique occurrence of a metal within ecosystem, rather represents an
increase in concentration of the metal relative to the natural occurrence of the
element.

Literatures on the contamination of environment by metals are enormous
(see Shaw et al. 2004, and the references therein). But majority of the studies
have been associated with various industrial and agricultural activities.
However, generally speaking, agricultural or industrial activities result in more
diffuse contamination of the environment than does the natural occurrence.
Nevertheless, in many cases of naturally high occurrence of heavy metals there
is often close link with human-derived contamination (e.g. mining, smelting).

1.4 Metal Contamination of Soil: The Associated Agricultural Problems

Although the figures of yearly production of important metals (Table 1) are of
much environmental concern, these are of little importance so far as
contamination of soil is concerned. This is because the use of metals as
industrial produce by mankind remain only confined to the cities and suburban
areas, which may constitute only less than 10 to 15 % of the total inhabitable
land mass. More importantly the metals used by the mankind as industrial
produce mostly find their way into aquatic environment through the drainage
system and run-off water during the rainy season from where their return to the
atmosphere and landmass through bio-geochemical cycling is very slow
(Fergusson 1990). Furthermore, it may also be noted that the use of metals, like
of Hg and As, as components of pesticides in agriculture has been nearly
discontinued, and the contamination of the land mass by these through
agricultural practices is now only a history. Also, the use of fertilizers although
may result in contamination of the environment by various metals present in
them (Misra and Mani 1991; Dean et al. 1972), this is unlikely to be of much
significance as these (metals) are continuously removed from the soil along
with each harvest.

Mining of the earth for ore is the first step towards increasing contamination
of the landmass by various metals depending upon the type of the ore. The
mining operation let the ore particles loose, otherwise bound tightly among each
other, remaining virtually immobile. And they become prone to be blown away
by wind contaminating a vast area around the mine, particularly in the
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windward direction. Besides, the mining operation leaves stretches of mined
lands devoid of vegetation, because of their high metal contents. This problem
of contamination of agricultural uncontaminated agricultural lands is going to
increase further with increase in the area of mining and the mining operation; it
is generally in practice to use only the ores rich in metal for its cost-effective
extraction, but when the currently available stock of the metal rich ores comes
to an end the ores less rich in metal content may eventually be processed to
meet the requirement of the man-kind leading to spatial increase in metal
contaminated/polluted agricultural and other lands.

Processing of the ores for the extraction of metals is the second major step
during which metals find their way into land mass; the metals escaping out of
the chimneys of smelters are ultimately deposited in agricultural fields or other
land, which may be far away from the smelting unit. Atmospheric metal
enrichment, leading subsequently to pollution of soil, is also associated with
other higher temperature anthropogenic activities, like burning of fossil fuels,
production of cements, etc. Despite modern technological advances smelting
operation and fossil fuel burning in industries continue to be important source
of metals to the terrestrial environment (Shaw et al. 2004).

2. Phytotoxicity of Al and Agricultural Losses

The environmental and agricultural problems associated with Al needs special
mention. The two sources of metals to the terrestrial environment described
above hold true for this metal also. But, Al as such occurs in high levels in soil,
which may be appreciated from its high crustal abundance (Table 3); it is the
most abundant metal and third most common element in the earth’s crust. Al is
mostly found as oxide or silicate precipitates that are not toxic to plants.
However, in acidic soil (pH < 5.0) Al speciates to soluble octahedral
hexahydrate form, Al(H,0)¢>*, commonly called AI** (Kochian 1995), which is
phytotoxic. Thus, wherever the soil pH is acidic the Al present may cause
serious agricultural losses. It has been estimated that approximately 40% of the
world’s cultivated lands, and up to 70% of the potentially arable lands are acidic
(Haug 1984), which speaks of the gravity of environmental problems and
economical losses associated with Al contamination of soil.

The typical visible toxicity symptoms of Al (AI**) in plants are thickening of
root tips and inhibition of root growth (Delhaize and Ryan 1995; Kochian
1995). Besides, stunting, dark green leaves, purpling of stems, leaves and leaf
vein, yellowing and death of leaf tips, curling of young leaves and collapse of
growing points of petioles, etc. have also been observed in plants exposed to Al.
At cellular level Al ions interact with lipid components of the plasma membrane
leading to increase in its rigidity, disruption of its integrity, failure of Ca?
homeostasis and inhibition of signal transduction (Akeson et al. 1989; Tamas et
al. 2004; Kochian 1995; Matsumoto 2000). Al toxicity has also been reported to
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be mediated via the formation of reactive oxygen species (ROS, see below),
which causes peroxidative damage of cellular membranes (Cakmak and Horst
1991; Horst et al. 1992). The oxidative stress theory of Al toxicity is further
strengthen by the observation of Boscolo et al. (2003) that Al stress induces
dose- and time-dependent formation of ROS (reactive oxygen species) and
subsequent protein oxidation in Al-sensitive maize inbred line, but not in Al-
tolerant line. It has further been reported that the induction of oxidative stress
by Al in plants may be a result of stimulation of the pro-oxidant nature of the
endogenous phenolic compounds by the element.

Table 3. Common elements in the earth’ crust

Elements Relative abundance (weight per cent)
Oxygen 46.60
Silicon 27.72
Aluminum 8.13
Iron 5.00
Calcium 3.63
Sodium 2.83
Potassium 2.59
Magnesium 2.09
Titanium 0.44
Hydrogen 0.14
Phosphorus 0.12
Manganese 0.1

All other elements 0.61
Total 100.00

(after Mason 1958)

3. Aluminum Tolerant Crop Plants

Plants by virtue of their stationary status, unlike animals, cannot migrate to
avoid unfavourable fluctuation or changes in their environment, and hence they
must change their metabolic activities suitably, which would allow them to cope
with the changing environment, otherwise perish. The resulting changes in their
metabolism is called as “stress response”, which may enable the plant to survive
under the condition of stress, either for a short time only, known as acclimation,
or the changes induced may be good enough to support continuous growth of
the plant, known as adaptation. It is the latter quality, which is being or may be
exploited to finding the solution to increasing metal contamination of the land



154 B.P. Shaw et al.

masses, and form the basis of “phytoremediation”. Phytoremediation may be
achieved by growing plants over a number of years the aim is to either remove
the pollutants from the contaminated matrix or to alter the chemical and
physical nature of the contaminants within the soil so that they no longer
present a risk to human health and the environment (Cunningham and Ow
1996). Thus the plants resistant to heavy metals can be used under the concept
of phytoremediation in one or more of the following ways: i) to remove the
metals from the soil, ii) to chelate the metals in the soil and bind the soil
particles tight so that their erosion by wind, and so also further contamination of
the land in the windward direction is prevented, and iii) to make possible the
use of the metal contaminated land for agriculture.

It is explicit that the plants to be used under the first category, i.e. for the
removal of metals from soil, should be hyperaccumulator of the metals
contaminating the land, and that to be used under the second category may or
may not be a hyperaccumulator, but should be resistant to the metals present in
the soil and should be able to grow well with good rooting system. And for the
plants to be used under the third category it is necessary that they besides being
resistance to the metals contaminating the soil do not take-up and accumulate
them in their tissues, otherwise the agricultural products would be highly
contaminated with the metals.

Researches on understanding the mechanism of metal tolerance dates back to
as early as 1950s when only ecological and physiological differences between
plants from metal enriched and non-contaminated habitats were being studied
(Bradshaw 1952; Jowett 1958). But the investigation gained momentum only in
the late 1960s when time- and cost-effective technique for the analysis of
metals, atomic absorption spectrophotometry, was developed (Ernst et al. 1992,
and the references therein). However, during the period the research was mainly
concentrated upon the uptake of metals, and their cellular compartmentation
(Peterson 1969; Reilly 1967). It is from 1970s that the physiological and
genetical aspects of metal tolerance were started being studied using the
rewarding approach of comparison of metal tolerant and non-tolerant cultivars
of a species, or even isogenic line of a species, which differed as far as possible
only in resistance to one or more metals (Strange and Macnair 1991; Schat and
Ten Bookum 1992). So far as Al is concerned, currently our understanding on
tolerance of plants to the metal narrows down basically to two categories: 1)
resistance by exclusion of the metals, and 2) resistance by uptake, but
subsequent sequestration of the metals to inactive form inside the cells. In
addition, however, there is another emerging concept in this field; Al tolerance
involving the antioxidative machinery, which would be worth discussing.

3.1 Resistance as a Result of Exclusion of Metals

With regard to Al it has been found that the root apex (root cap, meristem, and
elongation zone) accumulates more Al and attracts greater physical damage
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than the mature root tissues (Delhaize and Ryan 1995, Miyasaka and Hawes
2001). In fact, only the apical 2 to 3 mm of maize roots (root cap and meristem)
need to be exposed to Al for the growth to be inhibited (Ryan et al. 1993).
Moreover, when Al is selectively applied to the elongation zone or to the whole
root except the apex, growth is unaffected (Ryan et al. 1993). And the reason of
the toxic manifestation has been related to the movement of Al into symplasm
in the root apex (Trice et al. 1992; Lazof et al. 1994), although the polyvalent
ions like AI**, which is the major ionic species at acidic pH, is virtually
insoluble in lipid bilayer. The conclusion is based on the fact that the root tips
of the Al-resistant cultivar of wheat always accumulates less Al in both
apoplasmic and symplasmic pools when compared to the Al-sensitive genotype
grown in the same condition, as demonstrated using Al-fluorescent dye morin
(Trice et al. 1992). This was also demonstrated by Delhaize et al. (1993a) using
near-isogenic wheat (Triticum aestivum L.) line differing in Al tolerance at a
single locus Altl (aluminium tolerance), and Larsen et al. (1998) using Al-
resistant (alr) mutants of Arabidopsis thaliana. Secondly, the differential Al
sensitivity in wheat correlates with the concentration of Al in the root meristem
(Rincon and Gonzales 1992). Lazof et al. (1994) using secondary-ion mass
spectroscopy (MS) detected Al in the symplasm of soybean (Glycine max) root
after only 30 min of exposure to Al while root growth inhibition requires about
60 min, suggesting that entry of Al occurs into cells before root growth is
inhibited, and that entry into the symplasm is probably a must for Al to produce
its toxic effect.

3.1.1 Exclusion Due to Increase in Rhizosphere pH

Al has a complex chemistry. It hydrolyzes in solution such that the trivalent Al
species, Al(H,0)s>*, dominates in acidic condition (pH<5), which deprotonates
to form AI(OH)?** and AI(OH)" species as the pH increase (Martin, 1988;
Mortell and Motekaitis 1989). At near-neutral pH the solid phase Al(OH)s, or
gibbsite, occurs, whereas AI(OH),, or aluminate, dominates in alkaline
condition. Out of the three soluble forms in acidic pH, it is the octahedral
hexahydrate form, AI**, which is believed to be the primary phytotoxic species
(Kochian 1995). Hence, explicit is that the pH of the growth medium would
determine greatly the toxicity of Al. This led Foy et al. (1965) to propose an Al-
exclusion mechanism that involves increase in rhizosphere pH; increase in the
pH of rhizosphere would reduce the concentration of AI** in favour of the less-
toxic Al species. Since then there have been many studies to establish the
relationship between Al resistance and transient increase in pH of the growth
solution for several species including wheat, barley, pea, rye and triticale
(Mugwira et al. 1978, 1976; Foy et al. 1967; Klimashevsky and Bernadskaya
1973; Mugiwira and Patel 1977). However, the first attempt to demonstrate any
role of increase in rhizosphere pH in Al tolerance was made by Miyasaka et al.
(1989) using a self-developed micro-electrode for measuring the pH along the
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root surface of Al tolerant (Atlas 66) and Al-sensitive (Scout) cultivars of wheat
(Triticum aestivum L.). They observed increase in pH of the root apical
rhizosphere by 0.15 unit relative to bulk solution in “Atlas 66” grown in
complete nutrient solution with or without Al, and in *Scout” grown without Al.
‘Scout’ grown with Al showed a slight decrease in pH. However, they
concluded that the difference observed in the apical rhizosphere pH between the
two cultivars in presence of Al should not account for difference in Al
tolerance, and that the difference could be the consequence of AI** tolerance
rather than the cause of AI** tolerance.

Degenhardt et al. (1998) adapted a molecular-genetic approach to check the
relationship, and also used a vibrating microelectrode to measure the
rhizosphere pH. They used an Al resistant mutant of Arabidopsis thaliana, alr
104, which did not exhibit any organic acid secretion (described later). The pH
measurement at the root surface of wild type and alr-104 grown over AI**
revealed a difference of 0.1 to 0.15 unit along the root apex (between 0 and 500
um from the root tip, the region of maximum H" influx), which was not
observed when grown without AI** (Fig. 1). They later on performed a root
growth assay to assess the Al resistance of alr-104 and wild type in a strongly
pH buffered nutrient solution. It was observed that increasing the solution pH
from 4.4 to 4.5 significantly increased Al-resistant in wild type, which
confirmed the idea that increase in H* influx accounted for a greater Al-
resistance in alr-104. Furthermore, they also found that the difference in Al
resistance between wild type and alr-104 disappeared when the roots were
grown in pH-buffered medium, suggesting that the Al resistance in alr-104 is
mediated by pH change in rhizosphere. The experiment provided first evidence
of possible rhizosphere pH dependent Al tolerance in plants.
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Fig. 1. Influence of AI** exposure on rhizosphere pH along the surface of A. thaliana
root tips in wild type (o) and alr-104 mutant resistant to Al (e). The mutant did not
show enhanced root organic acid release in the absence (A) or presence (B) of 300 uM
AICI; (Source: Degenhardt et al. 1998)
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3.1.2 Exclusion by Efflux of Organic Acids

Hue et al. (1986) demonstrated that addition of citric, oxalic or tartaric acid to
the hydroponic solution alleviated the inhibitory effect of A" on root
elongation in cotton. The antagonistic effect of chelating agents on AI** toxicity
has also been demonstrated for corn (Berlett and Riego 1972), ryegrass
(Muchovej et al. 1988) and sorghum (Shuman et al. 1991). It was known earlier
that several plant species excreted organic acids (citric acid and other) from
their root in response to P deficiency (Gardner et al. 1983; Lipton et al. 1987;
Dinkelaker et al. 1989). Later on the cell cultures of carrot (Daccus carota L.)
and tobacco (Nicotiana tabacum L.) selected for AI** tolerance were also shown
to posses enhanced ability to excrete citric acid in response to Al treatment
(Ojima et al. 1984, 1989; Ojima and Ohira 1988; Koyama et al. 1990). These
led to the development of hypothesis that the organic acid secretion might be
involved in Al exclusion mechanism.

Citric acid. Miyasaka et al. (1991) using differentially Al-resistant cultivars of
snapbean (Phaseolus vulgaris) demonstrated that Al-resistant cultivar excreted
a higher level of citric acid into the rhizosphere, 70 times more, than the Al-
sensitive cultivar in response to AI®* stress. Besides, the tolerant cultivar
secreted 10 times more citric acid than the sensitive cultivar even in the absence
of Al. This led them to suggest that the resistance to AI*" in the Al-tolerant
cultivar could be due to decrease in the active form (AI**) of Al around the
rhizosphere as a result of its complex formation with the acid. But they also
noticed the formation of Al-phosphate precipitates, which could have caused P
deficiency, and the latter is known to trigger organic acid secretion (Ojima et al.
1989). Thus, the relationship between citric acid secretion and Al exclusion
remained unclear. Nevertheless, enhanced secretion of citric acid has also been
observed in several Al-resistant maize lines (Pellet et al. 1995; Kollmeier et al.
2001) and in an Al-resistant species, Cassia tora L. (Ma et al. 1997a) in
response to Al, which further supports the existence of relationship between
citric acid secretion and Al exclusion. A possible role of citric acid in Al
resistance further stems from the observation that tobacco and papaya plants
genetically engineered for over production of citric acid by introducing a citrate
synthase gene from Pseudomonas aeruginosa shows increased Al resistance
(Fuente et al. 1997). Also, the Al-resistant mutants, alr-108, alr-128 and alr-
131, of A. thaliana show enhanced cellular exudation of citrate, malate and
pyruvate than the wild type upon exposure to AI** although the enhanced
exudation of citric acid is not sustained for a long period (Larsen et al. 1998).

Malic acid. Delhaize et al. (1993a,b) used genetic approach to prove the
relationship between Al tolerance and organic acid secretion. They used near-
isogenic wheat (Triticum aestivum L.) lines, which showed 5 to 10-fold
difference in Al tolerance, and differed in Al tolerance at single locus (Altl).
The test species, however, excreted malic acid and succinic acid instead of citric
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acid, and the malic acid excretion was 5- to 10-fold greater in the Al-tolerant
(ET3) seedlings than in the Al-sensitive (ES3) seedlings despite the cellular
content of the acid remaining nearly unchanged and similar. Significant
correlation between Al-triggered malate release, Al resistance, and Al exclusion
from the root apex was observed (Delhaize et al. 1993a). It was proposed that
the release of malic acid from roots exposed to Al could be the Al tolerance
mechanism encoded by Altl locus (Delhaize et al. 1993b). This is because: a)
there occurred a consistent correlation of the Altl locus with malic acid
excretion in the population of seedlings segregating for Al tolerance; b) Al
stimulated malic acid excretion within 15 min, consistent with observation that
Al tolerance is apparent after short exposure to AI**; ¢) malic acid excretion was
localized at root apices, the primary site of AI** toxicity; and d) malic acid
added to nutrient solution was found to ameliorate AI** toxicity. They also
demonstrated that the low external inorganic phosphorous (Pi) conditions did
not stimulate malic acid excretion over 24 h, and high external Pi concentration
did not prevent A" from stimulating malic acid secretion. Basu et al. (1994)
later on observed similar difference in malate efflux from roots of several
cultivars differing in Al tolerance, and Ryan et al. (1995b) after screening 36
different wheat cultivars for Al resistance proposed that Al-stimulated malate
efflux might be a general mechanism for Al tolerance in wheat. The view is
further substantiated from the observation that the inhibition of malate
exudation results in enhanced accumulation of Al in the Al-resistant wheat (cv
Atlas) upon exposure to the metal (Osawa and Matsumoto 2001).

Concomitant with malate excretion, Basu et al. (1994) also observed
enhanced de novo synthesis of the organic acid, which is consistent with the
data that the matate content of Al-tolerant root apices is replenished over five-
times during the initial 2 h of Al exposure (Delhaize et al. 1993b). Furthermore,
it was observed that although the root apices of Al-tolerant seedlings
synthesized more malate in response to Al than the root apices from the Al-
sensitive seedlings, the root apices of both the genotype showed similar
activities of phosphoenolpyruvate carboxylase and malate dehydrogenase, the
two enzymes important in malate synthesis (Ryan et al. 1995a). Since the root
apices of Al-sensitive and Al-tolerant genotype showed nearly similar malic
acid contents, whether exposed to Al or not (Delhaize et al. 1993b), and they
had same capacity to synthesize the acid (Ryan et al. 1995a), it was
hypothesized that the difference in efflux probably lied in their relative ability
to transport malate across the plasma membrane in response to AI** (Delhaize et
al. 1993b; Ryan et al. 1995a), the cytoplasm pool being replenished by fresh
synthesis (Basu et al. 1994).

Taking into consideration all the observations, Delhaize and Ryan (1995)
proposed a working model for the transport of malic acid across the membrane
(Fig. 2). Malate exists primarily as divalent anion (malate?) in the cytoplasm, and
if transported out of the cell in this form electroneutrality must be maintained
either by an equivalent uptake of anions or by an equivalent efflux of cations.
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Ryan et al. (1995a) and Kollmeier et al. (2001) showed that excretion of malate in
fact is accompanied by efflux of K*. Zhang et al. (2001) further observed that the
efflux of K* in the Al-tolerant line of wheat (ET8) is maintained not because of
insensitivity of the K* outward rectifying channel to AI** suggested by Kollmeier
et al. (2001). Rather, AI** inhibits the K* outward rectifying channel in ET8
strongly. Later on, however, the inhibited channel, or additional K* outward
rectifying channel is activated in which cAMP is involved (Zhang et al. 2001).
The movement of malate” could be mediated by anion channels in the plasma
membrane. The evidence to this was provided by Ryan et al. (1995a); the rapid
release of malate in response to AI** was inhibited by anion channel antagonists,
anthracene-6-carboxylic acid (A-9-C) and niflumic acid (NIF). The existence of
malate permeable channel and its activation by Al in wheat has also been
confirmed by Zhang et al. (2001) using anion channel antagonists. Furthermore, it
has been observed that in Al-tolerant maize cultivar (cv ATP-Y) the malate
channel is permeable to citrate as well (Kollmeier et al. 2001).
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Fig. 2. A hypothetical scheme showing how AI*" interacts with a malate-permeable
channel (hatched structure) in plasma membranes to stimulate malate efflux. The three
mechanisms suggested (numbered arrows) are explained in the text. Electroneutrality is
maintained by efflux of K* (Source: Delhaize and Ryan 1995)

Delhaize and Ryan (1995) proposed three ways in which Al, probably as
AP, could trigger the opening of the putative malate” permeable channel: 1) Al
may interact directly with the channel protein causing a change in
conformation, increasing its mean open time or conductance; 2) It may interact
with a specific receptor on the membrane surface or with the membrane itself,
which through a series of secondary messages in the cytoplasm could change
the channel activity; and 3) It may enter the cytoplasm and alter the channel
activity either directly by binding with the channel or indirectly through a signal
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transduction pathway. They further suggested that the Alt1 locus could code for
a malate’ permeable channel that is responsive to AI** or for a component of
the pathway that regulates the activity of the putative channel leading to
enhanced excretion of malate” in the Al-tolerant cultivar, but not in the Al-
sensitive one. Recently it has been seen that the exudation of malate in the root
of Al-tolerant cultivar of wheat (cv Atlas) is inhibited by K-252a, a broad range
inhibitor of protein kinases, suggesting that the opening of the channel is
preceded by protein phosphorylation (Osawa and Matsumoto 2001). Treatment
of the root apices by K-252a prior to exposure to AI** also leads to enhanced
accumulation the metal. The interaction of Al with the malate channel is thus
likely through the 2" or 3" pathway proposed by Delhaize and Ryan (1995).

Oxalic acid. Ma et al. (1997b) and Zheng et al. (1998a) observed Al tolerance
in buckwheat to be much greater than that in the Al-tolerant cultivar of wheat
(cv Atlas 66), and found this to be a result of secretion of oxalic acid, the
simplest dicarboxalic acid, from the root apex, the Al sensitive region. The
secretion was specific to AIP* stress, as neither exposure to La** nor
phosphorous (P) deficiency resulted in any enhanced secretion of the acid. They
also observed that the secretion of oxalic acid in response to AI** was inhibited
in the presence of anion channel inhibitor, phenylglyxol (PG), with subsequent
inhibition of root elongation by as much as 40%, suggesting that the secretion
of oxalic acid might be contributing to high Al resistance in buckwheat. The
secretion was, however, not inhibited by NIF or A-9-C, which inhibited the
secretion of malic acid in wheat; the secretion of oxalic acid probably occurs
through the anion channel, which differs in characteristics from the malate®
anion channel in wheat, and hence the tolerance mechanism in wheat and
buckwheat could be mediated through different gene function.

Although the secretion of organic acid as mechanism of Al resistance is well
established in many plants, it is still not clear why there occurs difference in the
requirement of the type of organic acid to be secreted by the plants to achieve
the resistance. Based on the Al-detoxifying capacity in a plant species, organic
acids can be grouped into strong (citric, oxalic and tartaric), moderate (malic,
malonic and salicyclic) and weak (succinic, lactic, formic, acetic and phthalic)
(Hue et al. 1986). Using 1:1 ratio of organic acid to Al experimentally it has
been proved that for a species (corn) the detoxifying capacity is in the order
citric>oxalic>malic (Zheng et al. 1998b). The difference in capacity of organic
acids in ameliorating Al toxicity is attributable to their different stability
constant with Al (stability constant: Al-citrate>Al-oxalate>Al-malate), which
probably results in different activity of free AI**,

3.1.3 Necessity of Continuous Secretion of Organic Acids

Irrespective of the type of organic acid secretion by a species for detoxification of
Al, it is, however, necessary that continuous secretion of the acid at a high level is
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maintained for Al-resistance (Zheng et al. 1998b). According to the total amount
of organic acids secreted, three patterns are observed with different cultivars
differing in Al-resistance/-sensitivity (Zheng et al. 1998b): 1) the amount secreted
is very low during the treatment (wheat cv Scout 66, oat)- sensitive; 2) the
amount of secretion is high at the initial phase of exposure, but gradually
decreases with duration of treatment (wheat cv Atlas 66, rape oilseeds)-
moderately tolerant to tolerant; and 3) the amount of secretion is maintained at a
high level during the whole period of Al-treatment (buckwheat and radish)-
highly tolerant. The categorization, however, may not be strict, particularly for the
sensitive category, as the tolerance mechanism other than organic acid secretion
may provide tolerance to the species against the metal (Taylor 1991; Pellet et al.
1996). Furthermore, as is known, it is not necessary that all the Al molecules in
solution need to be detoxified, rather it is the concentration of Al around the root
apex, possibly just at the cell plasma membrane are to be reduced. In this context,
the mucilage exuded by root cap may be of much importance as it will increase
the unstirred layer around the root apex helping the root to maintain the organic
acid concentration sufficient to protect the root cap (Henderson and Ownby
1991). And hence, Al tolerance of plant may also be determined by its ability to
exude mucilage around the root cap. The view is substantiated further from the
observation that the root border cells (the living cells surrounding the root apices)
of Al-tolerant cultivar (cv Dade) of Phaseolus vulgaris produces a thicker
mucilage layer than the Al-sensitive cultivar (cv Romano) in response to Al
treatment (Miyasaka and Hawes 2001).

3.2 Resistance Mediated by Intracellular Sequestration

Al is also known to be sequestered inside the cell by complex formation with
organic acids converting the metal to almost inactive and non-toxic forms. At least
two organic acids are known to function as chelators. One is citric acid (Ma et al.
1997c¢): nearly two-third Al in hydrangea leaves remain present in the cell sap in
soluble form as Al-citrate complex at a 1:1 molar ratio of Al to citrate, a non-toxic
form of Al. Another acid, which has been reported to form intracellular complex
with Al is oxalic acid (Ma et al. 1998). About 90% Al in buckwheat remain present
as soluble oxalate-Al complex in the symplasm, and the intracellular concentration
of Al detected is as high as 2 mM. The complex occurs in molar ratio of 1:3,
Al:oxalate. Oxalic acid can form three species of complexes with Al at an Al to
oxalic acid molar ratio of 1:1, 1:2 and 1:3, but 1:3 Al-oxalate complex is the most
stable, with a stability constant of 12.4 (Nordstrom and May 1996). This stability
constant is much higher than that of Al-citrate (8.1) or ALLATP (10.9), meaning that
formation of 1:3 Al-oxalate complex can prevent binding of Al to cellular
components, thereby detoxifying Al very effectively. The report is in contrast to the
order of stability constant for Al-organic acid complexes: Al-citrate>Al-
oxalate>Al-malate (Zheng et al. 1998b). It is, however, not known whether the Al
complexes of citrate or oxalate remain located in cytoplasm or in the vacuole.
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3.3 Antioxidative System in Al Tolerance

3.3.1 Oxygen and Reactive Oxygen Species

Oxygen, which appeared in the earth’s atmosphere mainly as a product of
photosynthesis, is a two-edge sword for aerobic organisms: it enables efficient
energy production by enzymatic combustion of organic compounds, but at the
same time leads to damage of aerobic cells due to the formation of reactive
oxygen species (Bartosz 1997). The reactive oxygen species (ROS) generally
encountered are superoxide radical (O3 ), hydrogen peroxide (H,O), hydroxyl
radical (HO") and singlet oxygen (*O,). These are called ROS because they are
more prone to participate in chemical reactions than the molecular O,. The
greater reactivity of two of them, O, and HO", is because of their “free radical”

nature: a free radical is any species capable of independent existence that
contains one or more unpaired electrons (Fig. 3).

“» O O
0D 80 @
r00 00 OO

O
® O
®» ®

O
o6
on» @ ® ® ®
c* 2s @ @ @ @ @
) ™ ® ® ®
ot @ ® ® ® ®
cls @ @ @ @ @

(;;round-state O, SingletO, Superoxide Peroxideion Singlet O,
(Zg0,) (Ag0y)  (0y) (0¥) ('Zgh

Fig. 3. Electronic configuration of oxygen molecule and its derivatives. In covalent
compounds the atomic orbitals interact to form molecular orbitals and the electrons
occupy these molecular orbitals. The number of the molecular orbitals are twice that of
the number of atomic orbitals; for example interaction of 3 2p orbitals (2p,, 2p, and 2p,)
of two oxygen atoms will result in the formation of 6 2p orbitals, 3 bonding, designated
as o2py, m2py and m2p,, and 3 antibonding, designated as o*2p,, m*2p, and w*2p,
(please note one of the 2p orbitals forms ¢ bond and the other two = bonds). The energy
of the antibonding orbitals is higher than the respective bonding orbitals, and that of the
o* is greater than of m*. The energy of the molecular 1s, 2s and 2p bonding and
antibonding orbitals is in the order cls < o*1s < 625 < 6*2S < 62p < n2p < nx2p <
o*2p. The orbital with lowest energy level is filled first (Aufbau principle), and all
orbitals with equal energy levels receive one electron before any receives two (Hund’s
rule). Presence of electrons in the antibonding orbitals energetically cancels the bonding
of the respective bonding orbital(s). For example the presence of two electrons, one
each in the two antibonding orbitals, cancels out one of the n2p bonding orbitals, and
hence two oxygen items are effectively joined by a double bond. In fluorine three
bonding and two antibonding 2p orbitals are occupied, and hence two fluorine atoms in
the fluorine molecule are effectively bond by only a single bond



Aluminum Resistance in Plants 163

Going by the definition of free radical, O, in fact itself qualifies as a free
radical (Fig. 3); the ground state O, has two unpaired electrons, one each in the
2Pr” (antibonding) molecular orbitals (Halliwell and Guttridge 1985). But its
reactivity is restricted because both the unpaired electrons are in the same spin,
and thus it must receive only one electron at a time, making the molecule to
react only sluggishly with many non-radicals.

3.3.2 Oxidative Stress in Plants

Significant quantities of ROS are in fact commonly produced in various
compartments or organelles even under normal condition. To countermine the
toxicity of ROS, living organisms posses highly efficient defense system, called
antioxidative or antioxidant system, comprising of both non-enzymatic and
enzymatic constituents (Fig. 4). The non-enzymatic antioxidants are generally
small molecules that include the tripetide glutathione, cysteine,
hydroxyquinone, ascorbate (vitamin C), the lipophilic antioxidant a-tocopherol,
carotenoid pigments, alkaloids, and a variety of other compounds (Larson
1988). The enzymatic antioxidant components include the enzymes capable of
removing, neutralizing or scavenging ROS, such as catalase (Cat), peroxidase
(Px), ascorbate peroxidase (APXx), superoxide dismutase (SOD), glutathione
reductase  (GR), monodehydroascorbate  reductase (MDHAR) and
dehydroascorbate reductase (DHAR). The non-enzymatic and enzymatic
components work in close co-ordination for an effective removal of ROS. Thus,
a sort of balance is maintained between their formation and destruction. A shift
in the balance between the prooxidative and antioxidative reactions in favour of
the former, or inhibition of the functioning of the antioxidative system will lead
to accumulation of the toxic ROS, otherwise called oxidative stress.

Asc

Fig. 4. Coordinated functioning of various antioxidative components in plants. Apx,
ascorbate peroxidase; Cat, catalase; SOD, superoxide dismutase; MDHAR,
monodehydroascorbate reductase; DHAR, dehydroascorbate reductase; GR, glutathione
reductase; Asc, ascorbic acid; MDA®, monodehydroascorbate radical; DHA,
dehydroascorbate; GSH, glutathione; GSSG, oxidized glutathione
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3.3.3 Al Toxicity Due to Oxidative Damage

Oxidative toxicity of metals in plant is relatively a recent concept, although it
is well documented in animal system; studies have shown that the metals such
as iron, copper, cadmium, chromium, lead, mercury, nickel and vanadium
exhibit ability to produce ROS, resulting in lipid peroxidation, DNA damage,
depletion of sulfhydryls, and altered calcium homeostasis (Stoh and Bagchi
1995). The growing bodies of evidences, nevertheless, do suggest that in
plants also the toxicities associated with metals may be due at least in part to
oxidative damage (Stoh and Bagchi 1995; Shaw 1995a,b; Shaw and Rout
1998; Maksymiec 1997; Lidon and Henriques 1993). In fact, plants, the most
of which are green, face greater danger of oxidative damage upon exposure to
metals than animals because of the photosynthetic process they carry on, as
stated earlier.

The threat of oxidative damage of living tissues by Al, or metals in general,
may be due to two reasons: 1) as a result of enhancement in production of ROS,
and 2) as a result of slowing down or inhibition of the removal/scavenging of
ROS. Both would lead to enhanced accumulation of ROS. And so far as plant is
concerned, metals may enhance generation of ROS by interfering with the
respiratory processes, similar to that in animal system, and in addition by
impairing the photosynthetic processes, specific to plant.

Although all ROS are more or less highly reactive and are toxic to living
organisms, the ultimate damaging effect is, however, mainly by 'O, and HO".
While 'O, is a result of input of energy, HO® is produced as a result of Haber-
Weiss reaction, i.e. reaction of O5 with H,O in the presence of Fe (Shaw et al.
2004). Both the species are extremely reactive, reacting instantly at the site of
their generation; while the extreme reactivity of 'O, is due removal of its spin
restriction (Fig. 3), the reactivity of HO® is a result of having an unpaired
electron in its outer orbital (Shaw et al. 2004). Their rapid and non-specific
reaction leads to damage of all classes of bio-molecules including lipid, protein,
enzyme and DNA (Breen and Murphy 1995; Fridovich 1978; Stadtman 1992;
Asada 1992, 1994). Reaction of HO® and "0, with unsaturated fatty acids causes
peroxidative degradation of essential lipids in the plasma membrane or the
intracellular organelles leading to rapid desiccation and cell death (Halliwell
and Gutteridge 1985). Intracellular membrane damage in turn can affect
respiratory activity in mitochondria, cause pigment breakdown, and loss of
carbon-fixing ability in chloroplasts. Damage to proteins and DNA can often
lead to irreparable metabolic dysfunction and cell death (Bartosz 1997
Halliwell and Gutteridge 1985).

Haber-Weiss reaction signifies that the greater the generation of 02, the
higher will be the chances of formation HO®, and in turn greater would be the
chances of peroxidative damage of the membrane lipids. Considering this
relationship of O3 generation and lipid peroxidation, although not a direct one,
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the elevated level of MDA (malnodialdehyde) observed in the root tips of
soybean exposed to Al for 24 h (Cakmak and Horst 1991) could be a result of

enhanced generation of O, due to impairment of mitochondrial electron

transport chain by the metals. That oxidative damage through Haber-Weiss
reaction could be the prime route of Al toxicity in plants is further supported
from the fact that presence of 100 uM Fe(ll) along with even only 100 uM Al
reduced the viability of cultured tobacco cells by as much as 90% with
concomitant highly significant increase in lipid peroxidation, while Al alone
was not toxic to the cells even at 300uM concentration (Ono et al. 1995;
Yamamoto et al. 1997). Enhanced accumulation of MDA, the end product of
lipid peroxidation has also been reported in the leaves of plants exposed to Al
(Guo et al. 2004; Kuo and Kao 2003). However, the source of ROS,
mitochondria or chloroplast, was not investigated.

The oxidative damage by metals by inhibition of removal of ROS is
mediated through the inhibition of the functioning of one or more of the
enzymes and/or depletion of one or more of the antioxidant molecules of the
antioxidative system by the metals. Several reports are available to
substantiate this view. For example Cakmak and Horst (1991) observed that
the increase in the MDA content of the root tips of soybean (Glycine max)
exposed to Al for 48 h was concomitant with significant decrease in catalase
activity. They also observed a significant increase in SOD activity. They
concluded that while the increase of SOD activity resulted in enhanced
formation of H,0,, the latter accumulated as a result of decrease of the
catalase activity, and the accumulated H,O, was mostly consumed in
oxidative processes leading to enhanced accumulation of MDA. It is well
established that H,0, gives rise to highly reactive HO" radical through Fenton
reaction (Shaw et al. 2004). Working on rice, Kuo and Kao (2003) observed
similar relationship between MDA accumulation and the activity of the
antioxidative enzymes in response to Al.

The concept of inhibition of removal of ROS (because of inhibition of the
antioxidative enzymes) as the cause of oxidative damage by Al, or metals in
general, is, however, not widely accepted, and the oxidative damage due the
inhibition of removal of ROS is considered to be of much less significance than
that due to additional generation of ROS. This is because highly significant
increase in the level of MDA has been reported despite no significant change in
the activity of the H,0O, scavenging enzyme, catalase in the root tips of soybean
exposed to Al for 24 h (Cakmak and Horst 1991), or even upon increase in the
H,0, scavenging enzyme, peroxidase in the leaves of Al-sensitive genotype of
barley upon 40 days of exposure to the metal (Guo et al. 2004). In fact, the
activity of the antioxidative enzymes has been reported to increase significantly
in response to environmental stress in general, and the increase in their activity
is considered as a circumstantial evidence of induction of oxidative stress by an
environmental stress (Foyer et al. 1994; Polle et al. 2000; Kangasjarvi et al.
1994; Rout and Shaw 2001).
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3.3.4 Possible Role of the Antioxidative System in Al Tolerance

It is generally being considered that virtually all the biochemical effects of metals
may ultimately lead to oxidative damage of cells and tissues (Shaw et al. 2004).
And hence, arguments are also being placed that heavy metal tolerance could be
to some extent also be linked with reactive oxygen scavenging capability of a
plant species (Stroinski 1999). But there is little direct evidence to prove this
hypothesis. Indirect evidences, however, do suggest such relationship. For
example Cakmak and Horst (1991) observed significant increase the activity of
peroxidase, one of the H,O, scavenging enzymes, in soybean root in response to
Al treatment with concomitant increase in MDA content, indicating that plants
respond to the oxidative stress by increasing the activity of one or more of their
antioxidative enzymes. Subsequently Ezaki et al. (1996) reported Al-stress
induced appearance of two cationic peroxidases and two moderately anionic
peroxidases in tobacco cells. They also produced evidence that at least one of the
isoenzyme was produced by enhanced expression of pAL201 gene, and opined the
possibility of the isoenzyme to have some function in Al resistance. It has also
been observed that Al-resistant plant genotype accumulates less MDA and shows
greater increase in the activity of the SOD and peroxidase than the —sensitive one
(Guo et al. 2004). Furthermore, recently Darko et al. (2004) opined that among
the antioxidative enzymes catalse and glutathione-S-transferase (GST) might be
important for the detoxification of reactive oxygen species in the Al-tolerant
wheat lines as the activities of these enzymes were significantly higher in the Al-
tolerant plants than in their Al-sensitive genotype.

The observations of various workers presented above although do suggest an
active involvement of the antioxidative components in Al tolerance, besides the
possible involvement of the other processes, it must be kept in mind that
contradictory observations have also been reported (Shaw et al. 2004).
Furthermore, the database in support of the involvement of antioxidative
machinery in Al tolerance, or in metal tolerance in general, is very limited,
particularly the observation from the studies involving metal-tolerant and -
sensitive varieties of a species. Hence, at this stage it will be premature to draw
a definite conclusion in favour of the involvement of antioxidative system in
Al/metal tolerance in plants, and it will be wise if at present the idea is treated
only as a supposition. Nevertheless, it would be worth mentioning that
Arabidopsis transgenic line, AtPox(4-1) showing enhanced expression of
peroxidase shows significantly less lipid peroxidation upon exposure to Al and
greater tolerance to the metal than the non-transgenic plant (Ezaki et al. 2001).

4. Conclusion

Thus, we see that metals, including aluminium, are nature’s gift to mankind,
and the modern civilization would not have developed without bringing them
into use. But at the same time they are very toxic to the living organism, and
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hence suitable measures must be taken to prevent excessive exposure of
mankind to them, and to immobilize them in the areas of their “hot-spots”. It is
increasingly been realized that this can be achieved by the use of plants, through
phytoremediation. So far as Al is concerned, its presence at elevated levels in
soil, which is likely due to its high crustal abundance, particularly in acidic soil,
which constitutes nearly 40 % of the arable lands the world over, is also
associated with agricultural losses. And hence, keeping in view the agronomic
importance of Al toxicity, it is necessary to improve Al tolerance of crop plants.
However, since many genes could be involved in the tolerance process, it is
prerequisite to have a clear understanding of the metabolic pathways leading to
tolerance before attempting to improve tolerance of a crop for the metal using
biotechnological approach. And in this regard it is encouraging to note that
resistance to Al is mostly due to its exclusion, which is a highly required
character for a crop plant so that trophic-level transfer of the metal is avoided.

The exclusion mediated Al resistance is mostly due to secretion of organic acids
(by the root apex), which form complexes with the metal making it unavailable to
the plants, and/or due to influx of H*, which increases the rhizosphere pH causing
AP species in proximity with the root to get converted to less toxic and less
available forms. Nevertheless, resistance to Al due to intracellular complex
formation with oxalic acid has also been reported. Resistance of plants to Al by its
exclusion is in contrast to the reports available for the metal in general where the
resistance is achieved by their intracellular sequestration inside the vacuoles, which
is believed to be mostly mediated through the formation of complex with
phytochelatins, the non-translationally synthesized low molecular wt polypeptides.
Further, the involvement of antioxidative machinery in Al tolerance is increasingly
being advocated, as for the heavy metals, but is not sufficiently substantiated. The
exclusion based tolerance of a few crop plants to Al is although encouraging from
the point of few of utilizing the information for engineering tolerance to the metal in
the crop of interest, the information is, however, not adequate in this regard also.
Study is totally lacking on how the plant (root apex) perceive the presence of the
metal (Al) in the soil. It is only after acquiring the knowledge on this signal
transduction mechanism that it may be possible to achieve the goal of over-coming
Al-associated agronomic losses.
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1. Introduction

Bioremediation is a technology that uses metabolic processes to degrade or
transform contaminants, so that they remain no longer in harmful form. In some
cases, the contaminant is the primary part of the metabolic process, acting as a
main source of carbon and energy for the microbial cell. In others, it is
transformed into a second substance, serves as a primary energy or carbon
source. This co-metabolism process may be purely fortuitous, and the
microorganism gains nothing from the process. In case of metals, it is only the
biotransformation process that was exploited widely as a bioremediation
strategy. After the use of super bug in cleaning up oil spills, there has been
numerous successful stories of bioremediation technique in clean-up of vast
areas of contaminated environments (USGS 1997).

This chapter focuses on the role of metal-microbial relationships, microbial
processes governing bioremediation and various techniques available for metal-
contaminated sites. This chapter also throws light on bioremediation techniques
used exclusively for chromium-contaminated soils and possible future
developments in the field of bioremediation.

2. Metals and Microbes

Metals play an integral role in the life processes of microbes. Some metals, such
as Cr, Ca, Mg, Mn, Cu, Na, Ni and Zn are essential as micronutrients for
various metabolic activities and for redox processes. Toxicity of metals occur
through the displacement of essential metals from their active binding sites or
through ligand interactions (Bruins et al. 2000). Most of the metal ions enter the
microbial cell to have a physiological toxic effect. Many divalent metal cations
like Mn?*, Fe** and Zn®*" are very similar in structure. Also, the structure of
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oxyanions, such as chromate, resembles that of sulphate. Thus, to be able to
differentiate between very similar metal ions, the microbial uptake systems have
to be tightly regulated. Usually the microbes have solved this problem by using
two types of uptake systems of metal ions. One is fast, non-specific and driven
by chemiosmotic gradient across the cytoplasmic membrane of the bacteria
(Nies 1999). The second type of uptake system has high substrate specificity, is
slower and often uses ATP hydrolysis as the energy source and is only produced
by the cell in times of need (Nies and Silver 1995).

Though, there are specific uptake systems, high concentrations of non-
essential metals may be transported into the cell by a constitutively expressed
non-specific system. This open gate is the one reason why metal ions are toxic
to microbes. As a consequence, microbes have been forced to develop metal ion
homeostasis factors and metal resistance determinants (Nies and Silver 1995;
Nies 1999). As metal ions cannot be degraded or modified like toxic organic
compounds, there are six possible mechanisms for a metal resistance system; i)
exclusion by permeability barrier, intra- and extra-cellular sequestration, active
efflux pumps, enzymatic reduction and reduction in the sensitivity of cellular
targets to metal ions (Ji and Silver 1995; Nies and Silver 1995, Bruins et al.
2000). One or more of these resistance mechanisms allows microorganisms to
function in metal contaminated environments.

2.1 Metals Microbe Interactions and Periodic Table

In recent days, efforts are made to depict metabolism in the context of the full
constellation of chemical elements. Most metabolism databases also deal only
with limited number of chemical elements, principally C, H, O, N, P and S.
With both biological functions and chemical properties in mind, one
permutation was arranged by Wackett et al. (2004) as depicted in Figure LA&B.

A key feature of the spiral element depicted in Fig. 1B is the centrality of
hydrogen as more than 60% of the microbiological biomass is H,O, most
microbial enzymes effect H* transfer, H* gradients are widely used in ATP
generation and H-bonding is crucial for the stability of major
biomacromolecules. Also, most of the prokaryotes are known to contain
hydrogenases. Next elements in the series are C, O, N and S, which are often
bonded, together in structural and metabolic compounds. Elemental cations (Na,
K, Ca, Mg, Na) also play a major role in microbial metabolism therein affecting
the nature of metal species prevalent. Though rubidium and barium are not of
concern as radioactive pollutants, their absence resulted in some abnormal
growth functions (Bruce and Duff 1968). Chloride, the major element anion is
also present in soil, water and microbial cells in the form of elemental chlorine.
Chloride is required by some halophiles for their metabolism. Though chlorine
oxyanions are mainly used as disinfectants some bacteria can use perchlorate as
terminal electron acceptors (Coates et al. 1999). The transition elements like Zn
function normally as enzyme catalysts. In brief, the diversity of prokaryotes is
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so enormous that it can access most of the metals in the periodic table in either
oxidized or reduced form based on their need. A better understanding of most
chemistry and microbial metabolism has to be unravelled in detail for a
thorough understanding of nature of metals in natural environments, which is
main task to be resolved in contaminated environments.

A

Gooup 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

Period

i [A] ™
2 |Li|Be B|C|N|O|F |Ne
3 |Na|Mg Al[si|P | s [CI|Ar
4 | K|Ca|Sc|Ti |V |Cr |Mn|Fe|Co|Ni|Cu|Zn|Ga|Ge|As|Se|Br |Kr
5 |Rb|Sr| Y [Zr [Nb|Mo|Tc |[Ru|Rh|Pd|Ag|Cd| In |Sn|Sb|Te| | [Xe
6 |Cs|Ba|Lu|Hf|Ta|W [Re|Os| Ir [Pt |Au|Hg| TI |Pb|Bi |Po|At |Rn

Key:

1 Major, essential, all life
=21 Major, cations, all life

= Major, anion, all life
——1Essential, trace, all life

=1 Specialized uses, some life

— Transported, reduced and/or
methylated, some microbes

1 Inert or unknown biological
function

[ Major biological transition
metals

Fig. 1. Periodic representation of elements. A. Conventional periodic table B. Spiral
representation of elements clustering prominent elements in biological systems

2.2 Metal Contaminated Environments

Mineral rock weathering and anthropogenic sources provide two of the main
types of metal inputs to soils. According to Ross (1994), the anthropogenic
sources of metal contamination can be divided into five major groups;
metalliferous mining and smelting, industrial source, atmospheric deposition,
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agriculture and waste disposal practices. In India, the contamination is mainly
due to industrial activities and indiscriminate waste disposal practices.

2.3 Microbial Transformations of Metals

Microbial transformation of metals serve various functions. Generally, microbial
transformations of metals occur either by redox conversions of inorganic forms or
conversions from inorganic to organic forms and vice versa (Tebo et al. 1997). On
the other hand, reduction of metals can occur through dissimilatory metal
reduction, where microbes utilize metals as terminal electron acceptors for
anaerobic respiration (Lovley and Coates 1997). In addition, microbes may
possess reduction mechanisms that are not coupled to respiration, but instead are
thought to impart metal resistance. For example, aerobic and anaerobic reduction
of Cr(V1) to Cr(lll) (Cifuentes et al. 1996; Fude et al. 1994; Ramasamy 2000),
reduction of Se(VI) to elemental Se (Lloyd et al. 2001), reduction of U(VI) to
U(IV) (Chang et al. 2001) and reduction of Hg(ll) to Hg(0) (Brim et al. 2000) are
widespread detoxification mechanisms among microbes. Microbial methylation
plays an important role, because methylated compounds are often volatile.
Mercury, Hg(Il) can be biomethylated by a number of different bacterial species
(Pseudomonas sp., Escherichia sp., Bacillus sp., Clostridium sp.) to gaseous
methyl mercury (Pongratz and Heumann 1999). This is the most toxic and most
accumulated form of Hg (Nikunen et al. 1990). Also biomethylation of arsenic to
gaseous arsines (Gao and Burau 1997), selenium to volatile dimethyl selenide
(Dungan and Frankenberger 2000) and lead to dimethyl lead has been observed in
various contaminated environments. In addition to redox-conversions and
methylation reactions, acidophilic iron and sulfur oxidizing bacteria are able to
leach high concentrations of As, Cd, Cu Co and Zn from contaminated soils. On
the other hand metals can be precipitated as insoluble sulfides indirectly by the
metabolic activity of sulphate reducing bacteria (White et al. 1997). Sulphate
reducing bacteria are anaerobic heterotrophs utilising a range of organic substrates
with SO,” as the terminal electron acceptor. The half reaction reduction potentials
are given in Table 1 which is of great significance in natural environments.

Table 1. Microbially significant half reaction reduction potentials

Redox pairs Eo (V)
O, + 4H" + 4¢ > 2H,0 +1.229
MnO, + 4H" +2¢° > Mn*" + 2H,0 +1.208
NO; +2H" +2¢° = NO, + H,0 +0.94
Fe¥" +¢ > Fe” +0.77
SO~ +4H" +2¢° > H,S0; + H,0 +0.20
2H" + 2¢° 2> H, 0.0

(Tinoko et al. 1985)
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In summary, microbial processes can either solubilise metals, thereby
increasing their bioavailability and potential toxicity or immobilize them and
thereby reduce the bioavailability of metals. These biotransformations are
important components of biogeochemical cycles of metals and may be exploited
in the bioremediation of metal contaminated soils (Lovley and Coates 1997,
Lloyd and Lovley 2001).

3. Microbial Processes Affecting Bioremediation of Metals

Bioremediation of metals is achieved through biotransformation. There are
atleast three major microbial processes that influence the bioremediation of
metals (Fig. 2).

- Biosorption and bioaccumulation

- Biologically catalysed immobilization and

- Biologically catalysed solubilisation

1. Biosorption Fe?* 34 5. Immobilisation
Metal cations sorbed Cd* r Metals ions get fixed to
to negatively Fe-oxides and get fixed
charged bacterial cell in organic colloids
surfaces Ut Cr(OH)3
a2t
i Fe3* U®* 4. Indirect
enzymatic
2. Bioaccumulation reduction
Metal ions enter inside + Metals ions get
the cells through 25 reduced during
proteins and get FeorS
accumulated oxidation
processes
6+ 6+
r,u 3. Direct
enzymatic
reduction
OX'dat'On of 3 Ut Metals ions are
organics reduced during the
oxidation of
organics

Fig. 2. Microbial processes used in bioremediation technologies

3.1 Biosorption and Bioaccumulation

Biosorption is the sequestration of the positively charged metal ions to the
negatively charged cell membranes and polysaccharides secreted in most of the
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bacteria on the outer surfaces through slime and capsule formation.
Bioaccumulation is the retention and concentration of a substance by an
organism. The metals are transported from the outside of the microbial cell
through the cell membrane and into the cell cytoplasm. The metal is sequestered
and becomes immobile inside the cell (Losi et al. 1994).

3.2 Biologically Catalysed Immobilization

Metal reducing microorganisms reduce a wide variety of metals. Direct
enzymatic reduction involves the use of oxidized form of metals as electron
acceptors {Cr(VI), U(VD}. The oxidized forms of these metals are highly
soluble and hence pose the danger of groundwater contamination. However,
the reduced forms are highly insoluble and precipitated. Studies have also
found that bioreduction of hexavalent chromium can occur in aerobic and
anaerobic conditions. A number of Cr(VI)-reducing microbial strains have
recently been isolated from chromate-contaminated waters, soils, and
sediments, including Oscillatoria sp., Arthrobacter sp., Agrobacter sp.,
Pseudomonas aeruginosa S128, Chlamydomonas sp. (algae), Chlorella
vulgaris (algae), Zoogloea ramigera, and anaerobic sulfate-reducing bacteria
(Kamaludeen et al. 2003). A wide range of bacteria, including Enterobacter
cloacea and all known metal reducing bacteria, reduce the highly soluble
chromate ion to Cr(l1l), which under appropriate conditions precipitates as
Cr(OH); (Komori et al. 1989 1990).

Metal-reducing organisms reduce uranyl carbonate, which is exceedingly
soluble in carbonate-bearing groundwater, to highly insoluble U(IV), which
precipitates from solution as the uranium oxide mineral uraninite. Recently,
scientists have had success in microbial binding of U(VI), which is then
converted by the living cells to U(1V) and precipitated intracellularly (Lovley et
al. 1993; Anderson et al. 2003, GNN 2003).

Although some microorganisms can enzymatically reduce heavy metals
directly, indirect reduction of soluble contaminants may be more feasible in
natural sedimentary and subsurface environments. This indirect immobilization
could be accomplished by metal-reducing and sulfate-reducing bacteria. This
can be achieved by coupling the oxidation of organic compounds or hydrogen
to the reduction of ferric iron [Fe(I11)], Mn(1V), or sulfate (SO,*) (Lovley and
Phillips 1988; Lovley et al. 1989). In this way, iron(lll) is reduced to iron(ll),
manganese(1V) to manganese (I1), and SO,* to hydrogen sulfide (H,S). The
reduced form then chemically interacts with the contaminants and forms
separate or multicomponent insoluble species. The most reactive of these
reduced forms are Fe(ll) and H,S. Ferrous iron [Fe(ll)], which is generated by
the enzymatic activity of iron reducing and some fermentative bacteria, can
reduce multivalent metals such as uranium and chromium. The use of Fe(ll) as
an electron donor for reduction and precipitation of chromium contaminated
soils have been widely studied using chemically iron barriers and also by using
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Fe-reducing bacteria (Buerge and Hug 1998; Wielenga et al. 2001). Sulfate-
reducing bacteria also may be stimulated to produce a chemically reactive redox
barrier. Hydrogen sulfide generated by sulfate-reducing bacteria could
chemically reduce the contaminant directly or indirectly in the case of sulfide
minerals such as pyrite that would be chemically stable for extended periods of
time.

3.3 Biologically Catalysed Solubilisation

Solubilization of biosorbed and co-precipitated metals also can occur by
direct or indirect microbial processes. However, the solubilization of toxic
heavy metals from co-precipitates requires at least partial solubilization of
the oxide mineral itself. Bacteria can catalyze the dissolution of iron oxide
minerals by direct and indirect mechanisms. As previously described, metal-
reducing bacteria enzymatically reduce and, under proper environmental
conditions, solubilize oxide minerals. Such dissolution reactions have been
shown to release cadmium, nickel, and zinc into solution during reduction of
goethite (a form of iron oxide) by an anaerobic Clostridium species. Direct
reduction of iron oxide precipitates by metal-reducing bacteria has been
shown to release soluble radium from uranium mine tailings. Metal-reducing
bacteria also can promote the mobilization of insoluble forms of some heavy
metals.

4. Bioremediation Options for Metal Contaminated Sites

In the recent years, there is tremendous increase in utilization of bioremediation
invariably for all types of pollutants starting from rare metals to radionuclides.
Native microorganisms in any contaminated site are acclimatized and were
capable of transforming the toxic metals to their oxides or hydroxides. Some of
the promising and successful bioremediation techniques are given as below:

4.1 Intrinsic Bioremediation

This technique has gained popularity, as the contaminant in the place itself and
cuts down the excavation cost. Intrinsic bioremediation is done in-situ and relies
on naturally occurring biological processes carried out by indigenous
microorganisms. Intrinsic bioremediation is a component of natural attenuation,
which includes physical and chemical processes (Hinchee and Wilson 1995).
This technique is very successful in organically polluted soil especially with
PAHs. However, promising results have been obtained with intrinsic
bioremediation of selenium polluted agricultural drainage water in marsh lands
(NABIR).
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4.2 Biostimulation

Biostimulation is the addition of nutrients (usually sources of carbon, nitrogen,
phosphorus), oxygen or other electron donors or acceptors. These amendments
serve to increase the number or activity of naturally occurring microorganisms
available for bioremediation. Amendments can be added in either liquid or
gaseous form, via injection. Liquids can be injected into shallow or deep
aquifers to stimulate the growth of microorganisms involved in the
bioremediation.

4.3 Bioaugmentation

Bioaugmentation is the addition of microorganisms that can biotransform or
biodegrade a particular contaminant. This process can be enhanced by the
continuous addition of microorganisms to a bioreactor for the above-ground
treatment of groundwaters. Commercial inoculants of enriched cultures
consisting of one or more microbial species have been successfully used to
colonize contaminated environments where the intrinsic microbial communities
act on metals.

Bioremediation depends on the presence of the appropriate microorganisms
in the correct amounts and in combinations and in the appropriate
environmental conditions. Microorganisms already living in contaminated
environments are often well adapted to survival in the presence of existing
contaminants and to the temperature, pH and Eh of the site. These indigenous
microbes tend to utilize the nutrients and electron acceptors that are available
in-situ, provided moisture is present. Presence of moisture acts as a vehicle to
transport both microbes and dissolved substances, including contaminants and
their breakdown products .

Bioremediation works either by transforming or degrading contaminants to
less hazardous chemicals or innocuous substances. In case of metal
contaminated sites, the microbes interact with metals and transform them from
one chemical form to another by changing their oxidation state through addition
or removal of electrons. In some bioremediation strategies, the solubility of the
transformed metal increases, thus increasing the mobility of the contaminant
and allowing it to be more easily flushed out of the environment. In other
strategies, the opposite will occur, and the transformed metal may precipitate
out of solution, leading to immobilization. Both kinds of transformation present
opportunities for bioremediation — either to immobilize them in place or
accelerate their removal. Microorganisms can also influence the contaminant
behaviour by changing the acidity of the system in the vicinity thereby altering
the extent of metal mobility.

Ex-situ bioremediation. Ex situ bioremediation usually refers to the above
ground treatment in which soils have been excavated and washed or sediments
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have been extracted from subsurface and then decontaminated. Ex-situ
bioremediation methods also try using genetically engineered microorganisms
recently.

Another key application of bioremediation is at the forefront of a
contaminant plume where a permeable biobarrier can be established.
Contaminated groundwater is pumped to the surface and mixed with nutrients,
then injected upgradient of the contaminant plume to biostimulate degradation
of the contaminant in-situ by the indigenous organisms.

4.4 Composting

Composting is another process used to soil biopiles that utilizes the heat
generated during composting (USACE 1998). Bulking agents like wood chips
and straw are added to enhance air movements through biopiles. This is widely
used technology for recycling solid waste in industries in India. Composting in
windrows, prepared beds holds a number of possibilities for bioremediation of
metals by degrading organic chelating agents, altering pH, redox potential and
production of surfactants.

4.5 Slurry Bioreactor and Sediment Washing

Slurry bioreactors are stirred tank within which biotransformation takes place in
an aerated environment (Agathos and Reineke 2002). Sediment washing relies
on reducing the volume of contaminated sediment by solubilising readily
desorbed contaminants. Through rinsing, excavated sediments are screened to
remove large debris and screened sediments are treated in bioreactor.

5. Bioremediation of Chromium Contaminated Soils

Remediation of soils, water and sediments, contaminated with metal and
organic pollutants, has been studied extensively in the last two to three decades
and several treatment techniques are available for remediation of soils
contaminated with chrome wastes. In Tamil Nadu, the problem due to tanneries
is very acute in the northern region. This is mainly due to crowding of hundreds
of tanneries located in nearby places. Studies reveal that the groundwater Cr(V1)
concentrations were > 20 mg/L in groundwater samples. A special case study
was done to remediate soils around this site. This section deals with the various
techniques available for Cr bioremediation and associated problems.

Traditional and innovative methods to manage Cr(VI) contaminated soils
have been reviewed (Higgins et al. 1997). The techniques chosen are mainly
based on the feasibility and cost at that particular location and the
concentration of Cr(VI) present in the polluted soils. Though the total Cr
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concentration is important, in remediation technologies, utmost consideration
is given to Cr(VI) levels, because of its carcinogenic nature. The risk-based
soil clean-up level guideline (USEPA 1996) is 390 mg Cr/kg based on the
ingestion pathway and the soil screening level is 270 mg Cr(VI) / kg for
human exposure by inhalation. But, there is no comparable soil screening
level for Cr(I11) as such. Also the permissible limit for Cr(\VI) in potable water
is 0.05 mg/L as per USEPA (1996).

The selection of the remediation depends on: 1) the size, location and
history of the site, 2) soil characteristics like structure, texture, pH etc., 3) the
type, physical and chemical state of the contaminants, 4) the degree of
contamination, 5) the desired final land use and 6) the technical and financial
means available.

Advances in understanding the chemistry and toxicity of Cr compounds have
led to efforts to remediate the Cr-contaminated soil. Some of the important
techniques used are excavation and disposal, soil washing, soil flushing,
solidification (ex situ and in situ), vitrification, chemical and biological
reduction and phytoremediation.

The advantages of using bioremediation over other methods are compared in
Table 2. All the methods listed have their own advantages and disadvantages.
The selection of the most appropriate technology is based on the concentration
of Cr(VI) present in the polluted soils, nature of contamination, feasibility and
cost at that particular location. Compared to all the methods, bioremediation
have been widely used, because they are economical and also do not generate
further waste into the environment. The main aim of current remediation
techniques is irreversible reduction of Cr(VI) to Cr(Ill) and its hydroxides.
Reduction of Cr(VI) can be achieved by incorporation of organic matter, Fe-
containing salts and organic acids (James et al. 1997). The Cr(VI) reduction
reactions are as under:

1. Reduction with Fe and Fe compounds

Fe+CrO,”+05H,0 —— Fe(OH); + 0.5 Cr,0;

6 Fe?* + 2 CrO,* + 13 H,0 — 6 Fe(OH); + Cr,0; + 8H"
2. Reduction by organic compounds (e.g., hydrogquinone)

1.6 C¢HgO, + CrO,” + 2H* —— 0.5 Cr,03 + 1.5 C¢H,0; + 2.5H,0

A wide range of microorganisms have been demonstrated to have Cr
reducing ability (cited in Kamaludeen et al. 2003). These properties are
harnessed in bioremediation, wherein the microbial strains are multiplied to
desired population and pumped into soil/sediments to promote Cr reduction.
The efficiency can be enhanced, if the organic matter content and nutrient
availability of the soil are sufficient to promote the growth of the introduced
microflora. In in situ techniques, nutrients will be pumped along with aeration
to promote the Cr reduction. Some of the Cr-reducing bacteria and algae have
been efficiently used in the treatment of Cr-rich waste water (Fude et al. 1994;
Losi et al. 1994a; Cifuentes 1996). However, success was limited in complex
soils.
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Table 2. Comparison of various methods available for remediation of chrome
contaminated soils

Method Advantages Disadvantages Cost
(Us ¢/
tonnes)

Excavationand  Appropriate for small Makes Cr(VI1) airborne and ~ 100-200

offsite disposal volumes of soil and hence related health hazard,

quick can be expensive especially
for deep materials

Soil washing Used where there is a Makes Cr(V1) airborne, 50-200

high concentration of Cr generates contaminated
water

Soil flushing In situ technique used Generates contaminated 75-200

for spills water

Solidification Relatively inexpensive  Cr (VI) should be reduced  40-100
first, may require soils

dewatering
Vitrification Reduces and Very expensive, high energy 350-400
immobilises Cr (V1) requirement
Chemical Mainly ex situ processes Requires high quantity of 75-100
reduction reducing agents, sometimes
generate lots of chemical
waste
Bioremediation In situ, applicable for Does not remove Cr, 20-100
sites where there is Cr  required controlled
(V1) leaching conditions and process is
slow
Phytoremediation In situ remediation Does not remove the Cr -

(Higgins et al. 1997)

Anaerobic sulphate reducing and methanogenic bacteria possess inherent
abilities to sorb more than 90% of chromium to its cell biomass. Small scale
bioreactors studies indicate the potential use of Methanosarcina and
Methanobacterium in reducing the Cr toxicity (Ramasamy 2000).

Recently, for treatment of Chromite Ore Processing Residue (COPR), a
technique involving the use of organic-rich acidic manure along with chrome
reducing microbes to effectively reduce the Cr(VI) in the waste has been
developed (Fig. 3). This layer acts as a sandwich and the Cr(V1), leaching out of
the waste, is effectively reduced in the organic layer, thereby preventing further
contamination of groundwater (James 1997; Higgins 1997).

As described by Losi et al. (1994), the bioremediation of the soil is achieved
by a direct or indirect biological reduction of Cr(VI). Most of the direct
microbial reduction would be expected on surface soils where aeration favours
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the enzymatic reduction. In the sub-surface layers, indirect biological reduction
of Cr(VI) involving H,S is predominant and very effective. The H,S, diffused
into inaccessible soil pores, promotes the reduction of Cr(VI) and also Mn
oxides, involved in reoxidation. In situ stimulation of sulphate reducing bacteria
may be achieved by addition of sulphate and nutrients. This method has shown
some promise for remediation of Cr(VI) contaminated soils when applied to an
anaerobic bioreactor system (Losi et al. 1994). Turick et al. (1996) have
confirmed the usefulness of anaerobic chromate reducing strains in the
reduction and sedimentation of tannery wastes. There is an evidence to suggest
that organic contaminants, such as aromatic compounds, are suitable electron
donors for Cr(VI) reduction (Shen et al. 1996). Chromium-reducing microbes
may then be able to simultaneously remediate organic contaminants as well.

Chromium rich waste

Organic acidic manure + MO

Leachate
Fig. 3. Bioremediation of COPR contaminated soil using organics and microorganisms

6. Future Thrust — Do We Really Need to Do More?

Harnessing the tremendous potential of microbes is a great task. Though, the
success of bioremediation has been assessed under laboratory conditions, there
is no conclusive evidence that bioremediation also works effectively under
natural environments. The success stories were very few under Indian
conditions. Most research examining metal microbes interactions is conducted
using laboratory strains and yet more fundamental questions remain unanswered
regarding natural populations of bacteria in contaminated sites.

e How do the bacteria behave under natural conditions with different metals in

the soil matrix ?
e How do the mixed microbial population sequester or release metals
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¢ Do the biotransformed metals remain immobile throughout ?

By improving the knowledge and understanding of the structure of natural
communities , scientists will be able to answer these issues and setbacks. Also,
the anaerobic scavengers were not tapped efficiently in the bioremediation field.
Since these archaebacteria can naturally thrive under extreme conditions, they
will have special mechanisms to clean-up even hazardous pollutants of globe.
The best example is Geobacter sp.

Future research is to be carried out to integrate the experimental approach
for data collection and mathematical modeling to achieve better prediction.
Experimental data generated by the scientists of different disciplines are
needed, for incorporation in different approaches to test their efficacy in
bioremediation.

7. Conclusion

Bioremediation has developed from the laboratory to a fully commercialised
technology over the last 30 years in many industrialised countries. However, the
rate and the extent of development has varied from country to country. A
successful bioremediation scheme relies on the management of soil microbial
populations capable of catabolising the contaminants. The role of soil
microbiota in the biochemical conversion of organic and inorganic
contaminants has been realised, priority research needs have been identified and
effort has been made to understand the ecological, biochemical and genetic
basis of microbial contaminant degradation, with a view to enhancing microbial
capabilities and thus designing more effective bioremediation processes.
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1. Introduction

The air, water and soil have been contaminated as a result of industrial
revolution and increased urbanization of the landscape. Excavation and
deposition of contaminated soil in depositories are of common occurrence and
physico-chemical methods are normally used for the remediation of
contaminants. Recently, bioremediation - the use of biological agents for
remediation of soils and solutions has received a lot of attention (Suresh and
Ravishankar 2004). In our laboratory, a variety of biological systems of
microbes and plant organs are being investigated for the treatment of heavy
metal and radionuclide waste (Bhainsa and D'Souza 1999; Sar and D'Souza
2001 2002; Melo and D'Souza 2003; Eapen et al. 2003). Phytoremediation - the
use of plants for environmental clean-up, offers an attractive, environmental
friendly and cost-effective approach to remediate metal and radionuclide
polluted solutions and soil (Entry et al. 1997, Zhu and Shaw 2000) (Table 1).
Plants have constitutive (present in most phenotypes) and adaptive (present only
in tolerant phenotypes) mechanisms for accumulation or tolerance of high
contaminant concentration in their rhizosphere. A phytoremediation system
capitalizes on the synergistic relationship among plants, micro-organisms, water
and soil that have evolved naturally in wetlands and upland sites over millions
of years. This approach makes use of the plant’s ability to extract, concentrate
and metabolize materials from air, water and soil (Salt et al. 1995). Plants can
be described as solar-driven pumping stations (Cunningham et al. 1995) and
possess homeostatic mechanisms to maintain the correct concentrations of
essential metal ions in different cellular compartments and to minimize the
damage from exposure to non-essential metal ions.

Phytoremediation is an umbrella term which covers several plant-based
approaches for cleaning up contaminated environments and includes
phytoextraction, the accumulation of high concentrations of metals in plant
biomass; rhizofiltration, removal of contaminants from aqueous wastestreams
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by adsorption into plant roots; phytovolatalization, which includes volatilization
into the air through plants, phytodetoxification, which involves the ability of
plants to change the chemical species to a less toxic form and
phytostabilization, where plants immobilize contaminants chemically and
physically at the site, thereby preventing their movement to the surrounding
areas.

Table 1. Advantages and disadvantages of Phytoremediation

Cost
- Low capital and operational costs
- Metal recycling in case of phytoextraction

Performance
- Not capable of 100% reduction
- Low concentration of waste- it is very effective
- May not be applicable to all types of waste
- Only applicable to surface soil

Others
- Aesthetically pleasing
- Environmentally non-destructive
- Public acceptance

2. Metals in Soils

Enhanced anthropogenic activities and increased industrialization like mining,
smelting, electroplating and agriculture have contributed to an increase in the
deposition of undesirable concentrations of metals such as Cd, Cr, Cu, Ni, Pb
and Zn in the soil and water (Singh et al. 2004). Metal concentrations in soil
range from < 1mg/kg to as high as 100,000 mg/kg, depending on the material
and deposition event. The risk and the regulatory limits for each metal varies
(Table 2). Solubility of metal is dependent on soil characterstics and is strongly
influenced by pH of the soil and degree of complexation with soluble ligands
(Norvell 1984). Different metals in soil can exist as discrete particles or be
associated with different soil components like exchangeable ions sorbed onto
inorganic select phase surfaces, non-exchangeable ions sorbed onto inorganic
solid phase surfaces, insoluble inorganic metal compounds (oxides, hydroxides,
phosphates, or carbonates), metal complexed with soluble or insoluble inorganic
material and metals bound in silicate materials.

Metal uptake is an essential component of the plant nutrition. Metals, which
are taken up by plants are those which exist as soluble components in the soil
solution or are easily desorbed or solubilized by root exudates. Only a small
portion of the total metal content in the soil is normally taken up by plants. For
effective phytoextraction, it is essential to have abundant source of soluble metal
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and conditions of soil can be altered to increase metal solubility and availability.
By decreasing the pH below 5.5, metal availability for plant roots can be
enhanced. However, growth of plants at low pH may be inhibited because of
increased Al solubility and subsequent toxicity. Lead in soil is normally
unavailable for plant uptake and solubilization through addition of chelating
agents like EDTA complexes the free metal ion in the solution, allowing further
dissolution of the sorbed or precipitated phases until an equilibrium between
complexed metal, free metal and insoluble phases occurs (Norwell 1991).

Table 2. Regulatory guidelines for metals and radionuclides

Element Concentration range Regulatory limit
(1grkg) (mgrkg)

Metals

Lead 1000-6,900,000 600

Cadmium 100-345,000 100

Arsenic 100-102,000 20

Chromium 5.1-3,950,000 100

Mercury 0.1-1,800,000 270

Copper 30-550,000 600

Zinc 150-5,000,000 1,500

Radionuclides

Uranium 0.2-16,000 (pg/g)

Cesium 0.2-46,900 (pg/g)

Plutonium 0.00011-3,500,000 pci’kg

Strontium 0.03-540,000 pci/kg

Plant species differ in their ability to accumulate metals from contaminated
soils and some plant species have an inherent ability to accumulate high levels
of toxic metals (Sinha et al. 2002). Plants are called as hyperaccumulators when
they can accumulate more than 0.1% Pb, Co, Cr or more than 1% Mn, Ni or Zn
in plant shoots when grown in their natural habitats (Brooks et al. 1979, 1980,
Baker and Brooks 1989). More than 400 plant species are so far known to be
hyperaccumulators of metals, belonging to Euphorbiaceae, Brassicaceae,
Asteraceae and Rubiaceae (Table 3).

Different species of Alyssum, such as A. bertolonii, A. murale and Thlaspi
goesingense and Hybanthus floribundus are known to take up high levels of Ni
(Minguzzi and Vergnano 1948, Doksopulo 1961, Severne and Brooks 1972),
while Viola sp., Thlaspi caerulescens and T. rotundifolium are recognized as
accumulators of zinc (Rascio 1977, Barry and Clark 1978). Thlaspi
caerulenscens has been also found to accumulate high concentrations of Cd.
Similarly, Crotolaria cobalticola accumulated high concentrations of Co from
cobalt rich soils of Zaire (Brooks et al. 1980). High concentration of Cr was
detected in the leaves of Diccoma nicolifera and Sutera fodina growing near a
chrome mine in Zimbabwe (Wild 1974). Astragalus species were found to
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accumulate high concentrations of selenium (Christopher et al. 2003) and
chinese brake fern Pteris vittata is known to take up high concentrations of
arsenic (Ma et al. 2001). However, many of these hyperaccumulator plants
show slow growth rate and low biomass and hence cannot be used for

commercial phytoextraction.

Table 3. Selected examples of hyperaccumulators of different metals

Concentration (mg/kg)

A. Nickel
Berkheya codii (Asteraceae)
Pentacalia spp. (Asteraceae)
Senecia spp. (Asteraceae)
Alyssium spp. (Brassicaceae)
Bornmuellera spp. (Brassicaceae)
Thlaspi spp. (Brassicaceae)
Psychotria coronata (Rubiaceae)

B. Zinc
Thlaspicaerulescence (Brassicaceae)
Thlaspi rotundifolium (Brassicaceae)

Dichopetalum gelonioides (Brassicaceae)

C. Cadmium
Thlaspi caerulescens (Brassicaceae)
D. Lead
Minuartia verna (Caryophyllaceae)
Agrostis tenuis (Poaceae)
Festuca ovina (Poaceae)
E. Cobalt
Haumaniastum robertii (Lamiaceae)
Aeollanthus subacaulis (Lamiaceae)
Crotolaria cobalticola (Fabaceae)
F. Copper
Ipomoea alpina (Convolvulaceae)
Aeollanthus subacaulis
G. Manganese
Maystenus bureaviana (Celastraceae)
Maystenus sebertiana (Celastraceae)
Macadania Neurophylla (Proteaceae)
H. Selenium
Astragalus racemosus (Leguminosae)
Lecithis ollaria (Lecithidiaceae)

11,600

16,600

11,000
1280-29,400
11,400-31,200
2000-31,000
25,540

43,710
18,500
30,000

2,130

20,000
13,490
1,750

10,232
4,300
30,100

12,300
13,700

19,230
22,500
55,200

1,49,200
18,200

3. Radionuclides

Radioactive contamination of the environment can be due to emissions and
accidental spills from operations typical of nuclear fuel cycle like mining
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(*®Rn), milling (U, #°Th, #Ra, *°Ph) and fall out from nuclear testing (**'1,
%gr, 1¥Cs, Pu) and accidents like Chernobyl disaster in Ukraine in 1986.
Naturally occurring radionuclides, such as U, Rn, Ra and Th, may be brought to
the surface of the Earth by extraction processes such as oil drilling. Problems
associated with remediation of soil, ground water and wastewater with
radionuclides are similar to those with metals. However, one of the important
factors is the radioactive decay component in the selection of appropriate
technology. Selection of suitable technology for the remediation of soil and
agueous streams contaminated with radionuclides is based on the environmental
chemistry of each element, type of deposition and the rate of radioactive decay.
A variety of physico-chemical methods for treatment of radionuclide
contamination include removal of top soil, soil washing, leaching with chelating
agents, flocculation and reverse osmosis-ultrafiltration. Recently, there has been
a spark of interest in the biological methods for radionuclide removal.
Phytoremediation, a novel plant-based technology, is being tested for a variety
of radioactive contaminated sites, especially for treatment of low level
radionuclides in large areas.

Phytoremediation is not commercially used for decontamination of
radioactive sites. However, it has been successfully tested for remediation of
uranium from wastewater in Ashtabula site and Fernald site, both at Ohio, USA.
Remediation of *¥'Cs from soil at Brookhaven National lab, NY and **Sr and
B’Cs from a pond near Chernobyl, Ukraine, through plants has also been
studied. While the technology can be used for removal of groundwater and
surface water contamination, radionuclides from soils are more difficult to be
decontaminated. Specific amendments and treatment of the soil may increase
the rate of transfer of radionuclide in to the plant available forms.

B’Cesium (half life 32 years) is one of the most important constituents of
fallouts and is also a consequence of spills and accidents. Cesium binds tightly
to soils and in the soil after Chernobyl accident, 60-90% of *¥'Cs was found to
be unavailable for plant uptake. Beet (Beta vulgaris), quinoa (Chenopodium
quinoa), red pigweed (Amaranthus retroflexus) and russian thistle (Salsola
kali) are known to remove **'Cs (Arthur 1982; Broadley and Willey 1997).
Water hyacinth (Eichornia crassipes) was found to take up **’Cs and a 60-fold
increase in medium activity resulted in a 17-fold increase in accumulation
levels (Jayaraman and Prabhakar 1982). Monterey pine and Pondorosa pine
seedlings grown on spiked medium were shown to take up 6-8% of **Cs in 4
weeks (Entry et al. 1993). Dushenkov et al. (1999) found a drastic reduction
in ¥'Cs in solutions in which sunflower plants were grown hydroponically.
37Cs could also be taken up by the leaf surface and transported to roots and
subsequently to the soil (Zehnder 1995). Studies in the ponds near the vicinity
of Chenobyl, Ukraine, showed that sunflower plants grown hydroponically in
the pond could take up 90% of *’Cs (from 80Bg/L “*’Cs) in 12 days. It was
estimated that 55 kg of dry sunflower biomass could remove the entire
radioactivity in the pond in the Chernobyl having 9.2x10° Bq “*'Cs and
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1.4x10® Bq *°Sr (Dushenkov et al. 1999). Amaranthus retroflexus was shown
to accumulate high concentrations of **'Cs from soil in experiment conducted
at Brookhaven National Laboratories (BNL), NY. Cornish et al. (1997)
conducted field trials at BNL soil and found that Indian mustard and corn
could remove high amounts of **'Cs. Studies at Argonne National Lab (ANL),
West site in Idaho showed that **'Cs removal using phytoremediation may
take upto 4-7 years for complete removal. Idaho National and environmental
laboratory used Kochia scoparia plants for soil contaminated with **’Cs and
the harvested plant matter was treated and disposed off at disposal facilities
(http://www.incl.gov/facilities/ant-w-status.shtml). Field and bench studies on
phytoremediation of Cs are shown in the Table 4.

Table 4. Studies on phytoremediation of cesium

Radionuclides  Sites Type of study Reference
B7cs Brookhaven, National ~ Bench, greenhouse, ~ Cornish et al.
lab N.Y .-soil field 1997; Lasat et al.
1997
Bcs Argonne National lab, Bench, greenhouse,  Idaho Dept. of
soil field Health and
Welfare 1998
B’Csand *°Sr  Chernobyl Ukraine, Greenhouse, field Dushenkov et al.
surface water 1999

Uranium is a naturally occurring radionuclide and consists of ?*U, ?*U and
%8 and is a key element of the nuclear fuel cycle. Nuclear reactor operations,
weapons research, nuclear fuel productions and waste reprocessing have
resulted in uranium concentration in surface soils and groundwater. Under
acidic conditions, uranyl (UO,?) is the prominent U species, while hydroxide
complexes such as UO,OH*, UO, (OH),*" and phosphate complexes form under
natural conditions (Langmuir 1978). Uranyl (UO,*") cation is taken up more
readily by plants compared to carbonate and U complexes (Ebbs et al. 1998).
Cornish et al. (1995) conducted experiments to phytoremediate U from soil at
the Fernald site in Ohio and at a uranium waste dumps in Montana, USA.
Chelating agents like citric acid, and other organic acids that are present in the
root exudates of plants have been shown to help in the uptake of uranium.
Huang et al. (1998) found that addition of 20 m mol/ kg citric acid increased the
uptake of U and its accumulation in shoots in Brassica species and Amaranth.
Ebbs et al. (1998) observed that tepary bean and beet showed the greatest
accumulation of uranium and addition of citric acid increased U accumulation
by a factor of 14. A commercial scale pilot rhizofiltration system set up at
Ashtabula site (Dushenkov et al. 1997) containing wastewater (20-870 pg/L),
considerably reduced the U concentration in wastewaters with 95% being
removed in 24 h. The bench and field studies on rhizofiltration of uranium is
given in Table 5.
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Table 5. Studies on remediation of Uranium

Site Type of study Reference

Ashtabula OH, Pilot Rhizofiltration Dushenkov et al. 1997
wastewater

Ashtabula OH, soil Bench Phytoextraction Huang et al. 1998
Ferland, OH, soil Green house Cornish et al. 1995

Strontium 90 (*Sr) — a fission product with a half life of 28 years is very
mobile and is available to plant uptake. Water hyacinth could take up *°Sr
depending on the pH (highest at 9 and lowest at 4) with 80-90% activity
confined to the roots (Jayaraman and Prabhakar 1982). Dushenkov et al. (1999)
found that hydroponically grown sunflower reduced Sr concentrations from 200
to 35 pg/l within 48 h and it was further reduced to 1pg/l. Plants such as Salsola
kali (Blanchfield and Hoffman 1984) and Atriplex (Wallace and Romney 1972),
are known to accumulate **Sr substantially. Monterey pine and Pondorosa pine
seedlings also accumulated high concentrations of *°Sr (Entry et al. 1993), when
grown on artificially contaminated medium. Studies by Phytotech Inc and
International Institute of Cell Biology, Kiev, showed that sunflower plants
could effectively remove strontium from ponds at Chernobyl with
bioaccumulation concentration of 600 for both shoots and roots. However, very
little information is available on the removal of Sr from soil of the site.

Plutonium isotopes are present in the environment as a consequence of
nuclear weapons testing, fuel reprocessing facilities and accidental releases and
include 29#%y, #'py and #*8Pu. North Atlantic Sargassum was shown to have
a high affinity for plutonium with a concentration factor of 21,000 over the
marine water (Noshkin 1972). Plutonium uptake by plants appears to vary with
plant species, tissue, age and soil characterstics (Garland et al. 1987).

Tritium (half life 12.3 years) occurs naturally when cosmic radiation reacts
with gases in the upper atmosphere. Natural tritium combines with oxygen to
form water and reaches earth’s surface as rain. Tritium also results as a
component of nuclear weapons, reactors and nuclear test explosions and
contaminates groundwater. Tritium, since it is directly incorporated into water, is
taken up by plants which later on release trace amounts of tritium through foliage.
Tritium incorporated in water is used by plants for transpiration (IAEA 1981).
The tritium phytoremediation project using trees has effectively reduced tritium
concentration in waste discharges at Argonne National Laboratory site in Illinois,
U.S. However, modeling studies are needed to assess the hazard posed by tritium.

4. Phytoextraction

Phytoextraction refers to the use of metal accumulating plants that translocate
and concentrate chemical elements from the soil to roots and finally in the
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above ground shoots and leaves. Phytoextraction exploits vascular plant’s
natural ability to take up a variety of chemical elements through the root
system, deliver these elements to the vascular tissues and to transport and
compartmentalize in different organs. Above-ground biomass loaded with
metals/radionuclides is harvested, processed for volume reduction and further
element concentrations and safely recycled to reclaim metals of economic
importance or disposed off as waste in the case of radionuclides.
Phytoextraction offers cost advantages over alternative schemes of soil
excavation and treatment or disposal. Major limiting factor for phytoextraction
are lower metal availability in soil and poor metal translocation from root to
shoots. Application of soil amendments could eliminate the limiting steps in
metal phytoextraction. Addition of soil amendments increased the metal
availability in solutions more than 10-fold for **'Cs and 100-fold for Pb and U
(Huang et al. 1997 1998). In order to use this practically, it is essential to have
vigorously growing plant (>3 tons dry matter/ha-yr) which cause easily
harvested and that accumulates large concentrations of metal in the harvestable
portions (> 1000mg/kg metal). This technique has been effectively used by
Phytotech Inc. (USA) for removal of Pb and Cd from contaminated soil.
Excessive selenium in agricultural soils is also successfully remediated by
plants using this technology (Banuelos 1993).

Successful phytoextraction of radionuclides depends on the bioavailability of
radionuclides in soil, the rate of uptake by the plant roots and efficiency of
radionuclide transport through the vascular system. However, not every site is
conducive to phytoremediation as a result of excessively high contaminant
concentration, which may be unsuitable for the plant growth. Only
phytoextraction of **'Cs, *Sr and **?®U is approaching field application
(Dushenkov et al. 1999, Huang et al. 1998), being an element specific and site
specific technology. It is possible to formulate a general approach to develop a
phytoextraction process for radionuclides, even though numerous challenges
have to be overcome to ensure a substantial flux of radionuclide from soil to the
aboveground biomass. The radionuclide uptake by plant roots need not
necessarily result in translocation to shoots. The majority of **’Cs taken up by
plants tends to be localized in the roots (Clint and Dighton 1992). Ebbs et al.
(1998) demonstrated in hydroponic U uptake studies at pH 5, that the uranyl
(UO,*") cations were more readily taken up and translocated by plants than
hydroxyl (pH 6) and carbonate (pH 8) U complexes. Formation of stable U-
phosphate complexes in roots may prevent U translocation to aboveground
plant parts. In contrast to Cs and U, almost 80% of “°Sr taken up the plant, is
usually localized in the shoots.

Radionuclides such as *Sr, ®*Nb, “Tc, '®Ru, *Ce, #°%°Ra, 2%y,
2Am, 2282022TR - 2cm and *'Np, were tested for phytoremediation
(Dushenkov 2003). A pilot scale phytoextraction project was conducted in the
Chernobyl Exclusion Zone (Dushenkov et al. 1999). Three sequential mustard
crops were used to obtain noticeable decrease in *¥Cs activity that was reduced
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from an average of 2558 Bg/kg to an average of 2239 Bg/kg. In one growing
season, areas having *'Cs levels>3000 Bg/kg decreased from 29.4% of the total
plot area before treatment to 7.7% after treatment. After the final harvest of the
phytoremediation crop, areas having **¥'Cs levels<2000 Bqg/kg increased to
33.3% compared to 27.4% before treatment. Some of the plants, which can be
used for phytoextraction are listed in Table 6.

Table 6. Plants with potential for the phytoextraction of various metals and
radionuclides

Metal Plant species Reference

Cd Brassica juncea Kumar et al. 1995; Huang et
al. 1997; Ebbs et al. 1997;
Salt et al. 1995

Cr B. juncea Kumar et al. 1995; Huang et
al. 1997

Bcs Amaranthus retroflexus L.; B. juncea, B.  Lasat et al. 1997, 1998;
oleracea L.; Phalaris arundinacea L.; Negri and Hinchman 2000
Phaseolus acutifolius A.Gray.

Cu B. juncea Ebbs and Kochian 1997

Ni B. juncea Ebbs and Kochian 1997

Pb B. campestris L.; B. carinata A. Br.; B. Begonia et al. 1998;

juncea; B. napus L.; B. nigra (L.) Koch.;  Blaylock et al. 1997; Ebbs
Helianthus annuus L.; Pisum sativum L.;  and Kochian 1998

Zea mays L.

Se B. napus L.; Festuca arundianacea Bafiuelos et al. 1997
Schreb; Hibiscus cannabinus L.

u B. chinensis L; B. juncea; B. narinosa L., Huang et al. 1998
Amaranthus spp.

Zn Avena sativa; B. juncea; B. napus L. Ebbs et al. 1997; Ebbs and
Hordeum vulgare, B. rapa Kochian 1998

5. Rhizofiltration

Rhizofiltration is the use of plant roots to sorb, concentrate or precipitate metal
contaminants from solutions. The ideal plant for rhizofiltration should have the
capacity to remove maximum amount of toxic metal from contaminated streams
coupled with easy handling. An ideal plant used for rhizofiltration should
produce significant amount of root biomass with large surface area when grown
hydroponically, should be able to take up high concentration of toxic metal and
tolerate high amount of toxic metal in roots. Nutrients can be supplied to the
plant through artificial soil mixture kept on the top of the hydroponic system
(feeder layer). Indian mustard plants were capable of removing Pb from aqueous
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solutions in the range of 4 to 500 mg/l (Dushenkov et al. 1995). The roots of
Indian mustard could effectively remove Cd, Cr, Cu, Ni and Zn. Sunflower
plants, tested in the batch experiments in a growth chamber significantly,
reduced the concentrations of Cd, Cr, Cu, Mn, Ni and Pb within an hour of
treatment. Most cationic species of toxic metals were removed from solutions at
least initially and more rapidly in comparison with anionic ones.

Rhizofiltration has been successfully employed by Phytotech Inc. using
sunflower at a US Dept of energy (DOE) pilot project with uranium wastes at
Ashtabula, Ohio and water from a pond near Chernobyl nuclear plant in
Ukraine. In batch experiments with hydroponically grown sunflower plants
(Dushenkov et al. 1997), it was shown that concentrations of Cs, U and Sr in
contaminated water were significantly reduced within a few hours. Uranium
concentration was reduced 10 fold in 1 h while Cs concentration showed a
decrease after 6 h and within 24 h, almost all the Cs was removed. Strontium
concentration was reduced to 35ug/l within 48 h and at the end of 4 days, it was
further reduced to 1ug/l. Sunflower roots concentrated uranium from solution
by upto 10,000 fold. Rhizofiltration is proved to be a feasible approach for
removing radionuclides from aqueous streams. However, it requires
optimization and economic evaluation against conventional technologies.

6. Phytostabilization

Phytostabilization is stabilizing process for contaminated soils and sediments in
place using vegetation, thus preventing the migration of toxic metals. This is
applicable for metal contaminants of waste sites where the best option is to
immobilize them in situ. Low level of radionuclides also can be maintained this
way. Metal cations are most tightly bound and form strong complexes with -H
groups on the surface of minerals and hydrous oxides in waste materials. Metals
can also bind to the organic material. Addition of manure, digested sewage sludge,
straw etc. to inorganic waste sites may help in binding of metals. Supplementation
of lime (Ca0O) and limestone (CaCO3) may help in neutralizing acid soils so as to
help in binding of cationic metals with inorganic wastes. Anions such as arsenate
and chromate can form surface complexes on hydrous oxides.

Unlike plants chosen for phytoextraction, candidate plants for
phytostabilization should be poor translocators of metal contaminants to above
ground tissues of plants. The plants should be capable of tolerating high level of
metal contaminants and should have efficient growth with dense root system
and canopies. Plants which are most suitable for soil conservation are suitable
for phytostabilization. Mine tailing at Superfund site in South Dakota with upto
1000 mg/kg of arsenic and also lower concentrations of cadmium and smelter in
Kansas with 200,000 mg/kg of zinc could be phytostabilized by decreasing
vertical migration of leachate to groundwater using hybrid poplar trees (Hse
1996).
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Phytostabilization is particularly suitable for radionuclide-contaminated
sites, where one of the alternatives is to hold contaminants in place to prevent
secondary contamination and exposure. Capturing radionuclides in situ is often
the best alternative at sites with low contamination levels or vast contaminated
areas where a large scale removal action or other in situ remediation is not
feasible. This can result in a considerable risk reduction, especially if
radionuclides with relatively short half —lives are involved. Plant roots also help
to minimize water percolation through soil, thus reducing radionuclide leaching.
Phytostabilization may be useful in controlling tailings in uranium mining areas.
However, phytostabilization does not remove the radioactivity from the site
which has the potential risk of radiation exposure to wild life and humans.

7. Phytovolatilization

Phytovolatilization exploits a plant’s ability to transpire large amounts of water
and is currently used for ®H remediation. Phytoremediation of *H through
irrigation of forest area has been investigated at Savannah River Site (SRS) for
consideration as part of a system to reduce the discharge of *H from the Burial
Ground Complex southwest plume. This system is a combination of hydraulic
control and enhanced evapotranspiration. Tritium contaminated water is
collected, moved to a location upgradient of the discharge point and used to
irrigate plants.

8. Design of Phytoremediation System

Design of a phytoremediation system will depend on the various parameters,
such as the type of contaminant, concentration, clean up required, condition of
the site and selection of plant. Phytoextraction has a different design
requirement compared to phytostabilization. Most important parameters will
include selection of suitable plants, planting density and pattern, contaminant
uptake, clean up time required, ground water capture zone and transpiration
rate.

Plants generally used for phytoextraction include sunflower and Indian
mustard for lead and sunflower and aquatic plants for radionuclides . Recovery
of metals from vegetation will depend on recovery from the ash or use of wet
extraction techniques. If the metal is for disposal, they will have to be
concentrated into a much smaller volume for ultimate disposal/ storage. Aquatic
plants include emergent, submerged and floating species. It is easier to harvest
emergent populations, while submerged species have more biomass in contact
with the solution. Some of the plants generally used for phytostabilization,
phytoextraction and rhizofiltration are given in Table 7 and the critical success
factors are included in Table 8.
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Table 7. Phytoremediation applications for metals and radionuclides

Application

Plants/Character

Phytostabilization

Phytoextraction

Rhizofiltration

Media Contaminants
Sediments, Soil  Pb, Cd, Zn, As,
Cu, Cr, Se, U
Sediments, Soil  Pb, Cd, Zn, Ni,
Cu, EDTA
addition for Pb,
Citric acid
addition for U
Groundwater, Pb, Cd, Zn, Ni,
Wastewater, Cu, *¥Cs, s,

Created wetland U

-Trees which
transpire large
amounts of water for
hydraulic control
-Grasses with fibrous
roots to stabilize soil
erosion

-Dense root systems
needed to sorb/bind

-Sunflower
-Indian mustard
-Rapeseed
-Amaranthus
-Chenopodium

-Sunflower

-Indian mustard
-Aquatic plants-
Emergent- water
hyacianth, Duckweed
Submerged plants-
Hydrilla,

Table 8. Critical success factors for Phytoremediation

Phytoremediation Critical Conditions for ~ Basis for Data Type of
process factors success success required plants
Phytostabi- Immobili-  Good roots & Roots hold  Fate and Trees,
lization zation biomass soil toxicity  Grasses,
Hydraulic  Immobile Immobilize Legumes
control chemicals metals
Soil
stabilization
Phytoextra-ction High > 3 tons dry Vigorous Fate and Terrestrial
biomass matter/acre/year growth toxicity  plants
Accumulati > 1000 mg/kg of Aguatic
onin metal plants
harvestable
portion of
plants
Rhizofiltration ~ Sorption/filt Plant densities Rootssorb  Fateand Aquatic
ration by 200-1000 gm/m? and toxicity  plants
roots immobilize -Submerged

contaminants

-Emergent
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8.1 Laboratory to Pilot Scale Studies

The sequence of information needed typically range from hydroponic studies to
small pot studies with soil from the site in a green house to plot studies
(15x15m). Different concentrations of contaminants can be used for toxicity
studies. In the last 5 years, about 20 projects, which include field applications of
phytoremediation of radionuclides were initiated in USA, Belarus, Ukraine,
UK, Yugoslavia, Czech Republic and China.

8.2 Plant Density and Pattern

Hybrid poplar-1000 to 2000 per acre are planted normally. Willow and
cottonwood belonging to Salix family can also be used for this purpose. The
average life time of hybrid poplar is about 30 years and every 4-6 years, the
above ground biomass can be cut and removed and new shoots will grow from
the cut stem.

8.3 Irrigation and Maintenance

Irrigation of the plants ensures a vigorous growth of the plant. Hydrologic
modeling may be required to estimate the rate of percolation to groundwater
under irrigated conditions. After initial irrigation, irrigation can be discontinued
provided the area receives sufficient rains. Agronomic inputs such as addition
of NPK, addition of soil conditioners like straw, manure etc should be taken
into account. Costs of fertilizer, monitoring of vegetation mowing, pruning,
harvesting and replanting should also be included. For phytostabilization,
phosphate fertilizers or rock phosphate are effective in binding lead and zinc. In
case of phytoextraction, chelates such as EDTA (0.5-10ug EDTA/kg soil) have
been added in soils to ensure effective plant uptake (Raskin 1996).

8.4 Cost

Phytoremediation is very cost-effective in comparison with other technologies.
It is aesthetically pleasing and public acceptance is high (Table 1). Although
phytoremediation offers cost advantages, the time period required for clean up
is important. Mathematical modeling and monitoring are necessary to
demonstrate the effectiveness of the technology to regulatory agencies.

9. Challenges for Phytoremediation

As the technology of phytoremediation emerges, so do its challenges. The
technology of phytoremediation is still in research and development phase and
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there are some technical barriers, which need to be addressed. Most heavy
metal accumulating plants have a small biomass and are slow growing. To
make phytoremediation a viable technology, there is a need to either find fast
growing (as yet undiscovered) hyperaccumulators or engineer common plants
with hyperaccumulator genes for higher metal accumulation. Conventional
breeding and biotechnology have been used to correct these shortcomings by
transferring desired traits from metal hyperaccumulator plants to selected high
biomass producing non accumulator species. For phytoremediation to be
possible, heavy metals must be within the plant’s root zone, biologically
adsorbed and bioavailable. Attempts are being made to maximize heavy metal
concentrations in the plant tissues that grow fast and to isolate genes for metal
uptake, which can be potentially transferred to other high yielding biomass
plants.

9.1 Genetic Engineering of Plants for Metal Tolerance and Accumulation

Several genes are involved in metal uptake, translocation, sequestration and
transfer of these genes into candidate plants will result in developing transgenic
plants with enhanced ability for metal uptake/accumulation.

Transfer of metallothionin genes have been achieved in several plants.
Transfer of human MT-2 gene to tobacco and oil seed rape resulted in plants
with enhanced Cd tolerance (Pan et al. 1994). Enhanced Cu accumulation was
obtained in Arabidopsis thaliana with a pea MT gene (Evans et al. 1992).
Transfer of yeast CUP1 gene resulted in 16-fold higher accumulation of
cadmium in cauliflower plants (Hasegawa et al. 1997). Similarly, ransfer of two
genes for production of y-glutamylcysteine synthase or glutathione synthase
showed enhanced tolerance/accumulation of Cd (Zhu et al. 1999a,b). De la
Fuenta et al. (1997) obtained plants with enhanced Al tolerance by
overexpression of citrate synthase which resulted in enhanced production of
metal chelator-citric acid. Introduction of metal transporter genes also enhances
accumulation of metals in plants as in case of A. thaliana having Zn-transporter-
ZAT gene from T. goesingense resulting in 2-fold accumulation of Zn in roots.
Likewise, increased Fe tolerance was obtained by overexpression of At
Nramp/gene (Curie et al. 2000).

Introduction of merA and merB genes resulted in transgenic A. thaliana
plants which could phytovolatalize mercury (Bizily et al. 2002). Dhankher et al.
(2002) also developed transgenic Arabidopsis plants which could take up
arsenate by introducing arsenic reductase and y-glutamyl cysteine synthetase
genes. Transport of oxyanion arsenate to above ground, reduction to arsenite
and sequestration to thiol peptide complexes by transfer of E. coli ars ¢ and y
ECS gene has been reported. Overexpression of oxidative stress enzymes such
as ACC aminase resulted in transgenic plants which accumulated a variety of
metals (Ezaki et al. 2000). Selected examples of transgenic plants developed for
phytoremediation are shown in Table 9.



Phytoremediation of Metals 203

Table 9. Selected examples of transgenic plants for phytoremediation

Gene transferred Plant Effect

MT-1 gene from human Tobacco, Seed rape  Cd toletrance

CUP-1 gene from yeast Cauliflower Cd accumulation

v-glutamy| cysteine synthetase gene Indian mustard Cd acumulation

from rice

At MTP-1 from Thlaspi goesingense Arabidopsis Zn accumulation

Arsenate reductase y-glutamyl cysteine  Indian mustard As tolerance

synthetase from E.coli

Mer A and Mer B gene Arabidopsis, Yellow Phytovolatilization
poplar of Hg

9.2 Field Testing of Transgenics and Risk Assessment

Transgenic mustard overexpressing phytochelatins were used for greenhouse
studies in Leadville, Colarado such plants were shown to accumulate significant
levels of Zn and Cd (Bennett et al. 2003). Some of the possible risks associated
with the transgenics are enhanced exposure risk to wild life and humans.
Suitable fencing off of the area and use of non-palatable species will prevent
grazing/ingestion by wild animals/birds. No transgenic has been commercially
used currently for phytoremediation, although mercury volatilizing plants pose
no risk (Lin et al. 2002). The risk of escape of genes from transgenic plants is
also negligible (Meagher et al. 2000).

10. Companies Developing Phytoremediation

In the last few years, several commercial companies on phytoremediation have
started springing up in US and Europe and is similar to microbial
bioremediation industries as listed in Table 10.

Dedicated companies exclusively working on phytoremediation are
developing plants for remediation of metals and radionuclides from soil and
water. Phytotech Inc., for example, has used Brassica species to remove lead
from soil and sunflower to remove uranium and cesium from aqueous waste
streams while Phytoworks Inc. is focusing on remediation of organics and
mercury by introducing transgenic plants which metabolize mercury. Another
company, Earthcare Inc., is working on phytoremediation of organic
contaminants using different plants. Similarly, phytokinetics is using grasses to
stimulate rhizospheric biodegradation of organics. A number of large industrial
companies, principally the oil ad chemical industry, are also conducting or
supporting phytoremediation. Phytoremediation is expected to have a large
market in future as reflected in Table 11 for USA alone.
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Table 10. Companies conducting Phytoremediation

1. Applied Natural Science (USA)

2. Aquaphyte Remediation (Canada)
3. BioPlanta (Germany)

4.  Consulagri (Italy)

5. Earthcare (USA)
6

7

8

9

Ecolotree (USA)
OEEL (UK)
Piccoplant (Germany)
. Phytotech (USA)
10. PhytoWorks (USA)
11. Plantechno (Italy)
12. Slater (UK)
13. Thomas Consultants (USA)
14. Verdant Technologies (USA)
15. Viridian Resources (USA)

Table 11. US Phytoremediation markets (2005) in millions of US Dollars*

Metals from soil 70-100
Metals from groundwater 1-3
Metals from wastewater 1-2
Radionuclides 40-80
Organics from groundwater 35-70
Others 65-115
Total 214-370

* Taken from Glass Associates Inc.

11. Regulatory Acceptance and Public Acceptance

Phytoremediation’s ability to make further strides will depend on how quickly
the regulators become convinced of the efficacy of the technology. The
regulatory agencies by nature are conservative and tend to have more
confidence in technologies longest known to them. The use of plants is
generally considered to be aesthetically pleasing means of remediating
contaminated sites and is preferable than excavation and other remedial
activities, which may involve environmental disruption, noise and frequent
worker activity.

12. Conclusion

Phytoremediation is an emerging technology for contaminated sites and is
attractive due to its low cost, high public acceptance and environmental
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friendliness nature. It is not a panacea for all waste problems, but a supplement
to the existing technologies. The technology has been demonstrated, but not yet
commercially exploited. More research background for development of plant
tailored for remediation needs use of genetic engineering. The concept of
manipulating plant genes for toxic metal uptake is today a cutting edge research
area. The likelihood of public acceptance of genetically engineered plants for
phytoremediation will be welcomed, since it will clean up the environment of
toxic metals. No doubt phytoremediation technology has attracted a great deal
of attention in recent years and it is expected that phytoremediation will capture
a significant share of the environmental market in the coming years.
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1. Introduction

Nanotechnology, a highly promising discipline in science and technology is the
emerging and novel trend that will redesign the future of several existing know-
how, which will change every aspect of our lives and lead to the generation of
uniqueness in all the streams of technology. The current revolution in
nanoscience is brought about by the concomitant development of several
advances in technology. Nanotechnology applies the techniques and processes
of microfabrication to build devices for studying bio-systems and has a wide
range of applications in variety of fields from space science to deep oceanic
research (Vincent 2003). Noria Taniguchi used the term ‘Nanotechnology’
while measuring precise machining tolerances of materials in the range of 0.1-
100 nanometer (Bhat 2003).

Biological synthesis of metal nanoparticles using microbes, such as bacteria,
yeasts, algae, actinnomycetes and fungi, is gaining momentum due to the eco-
friendly nature of the organisms which reduce toxic chemicals (Muralisastry et al.
2003). Metal-microbe interaction is very important in several biotechnological
applications, including in the fields of biomineralization, bioremediation,
bioleaching, and microbial corrosion (Joerger et al. 2001). Nano materials,
besides providing new research challenges, form the basis of a new class of
atomically engineered materials. Confluence of environmental biotechnology and
nanotechnology will lead to the most exciting progress in the development of
nano-devices having bio-capabilities in novel metal remediation strategies.

2. Nanotechnology - A New Scientific Frontier

The parentage of the modern subject of nanoparticles derives from the work of
Michel Faraday, who carried out studies on nanoscale gold particles in aqueous
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solution and established the first scientific basis (Thomas and Kulkarni 2003).
Nanotechnology is an enabling technology that leads to generation of new
capabilities, new products and new markets. Multiple events have converged to
provide a persuasive argument for supporting a focus in nanotechnology: i)
historical trends and a projected end of this trend in the absence of new
scientific principles ii) new research trends to explain relatively unknown
frontiers iii) discovery of new phenomena iv) superior products designed by
nature v) advanced computational methods coupled with massive computational
capabilities and vi) possibility of new high-performance products (Tolles and
Rath 2003). Nanomaterials research is now concentrating on the development of
materials that can be designed to have desired properties by manipulating and
attaching atoms in different ways.

3. Unique Properties of Nanoparticles

Nanocrystals cover a size range 1-100 nm and are intermediate to the molecular
size regime on one hand and the macroscopic bulk on the other. The
significance of nanophase particle is that the behavior is completely different
from the commonly accepted and familiar properties of the macro particles. The
physical, chemical and electronic properties of nanoparticles depend strongly on
the number, kind of atoms that make up the particle, interaction of crystal atoms
and atoms in the grain boundaries. Laws relating to physical, chemical,
biological, electrical, magnetic and other properties at the nano-scale are
different from those that apply to macro matter. Van der Waal’s forces, electron
resistance and magnetism are the more important governing forces of
nanoparticles instead of forces, such as gravity or inertia (Bhat 2003). The
unusual physicochemical and optoelectronic properties of nanoparticles are due
to confinement of electrons within particles of dimensions smaller than the bulk
electron delocalization length, termed quantum confinement. Because of the
special properties of the nanophase materials, there is great deal of interest in
the cost-effective synthesis.

4. Synthesis of Nanophase Materials

Many important nanostructures are composed of the group 1V elements Si or
Ge, type IlI-V semiconducting compounds, such as GaAs or type IlI-VI
semiconducting materials such as CdS (Poole and Owens 2003). The materials
used to form various types of nanostructures generally have bulk properties.
However, it is modified when their sizes are reduced to nanorange. Mechanical,
ferroelectric and ferromagnetic properties of materials change when
measurements are made in micrometer or nanometer range.
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Nanophase materials can be synthesized by low temperature and high
temperature methods (Komarneni 1995). Low temperature method includes
precipitation of solutions from room temperature to 100°C, hydrothermal
synthesis (>100°C and > 1 atmosphere pressure), inverse micelle method and
sol gel synthesis. The high temperature nanophase material synthesis includes
gas condensation, wire explosion and liquid aerosol thermolysis. Hydrothermal,
microwave-hydrothermal and microwave solvothermal are the conventional
techniques used for the preparation of nanophase materials of different sizes and
shapes (Komarneni 2003).

Fabrication of nanopowder/colloidal particles includes i) extensive ball
milling ii) condensation or precipitation iii) drawing glassy materials iv) self
assembly that includes biological fabrication v) forming materials
around/within templates, and vi) growth of a second material on a crystalline
lattice in which the lattice parameters don’t match.

Widely used method for the fabrication of nanostructures is lithography,
which makes use of a radiation-sensitive layer to form well-defined pattern on a
surface. Molecular-beam epitaxy and the growth of one crystalline material on
the surface of another, is a second technique that has been perfected. There are
also chemical methods: the utilization of self-assembly and the spontaneous
aggregation of molecular groups (Poole and Owens 2003). Gedanken (2003)
reported that 20 kHz, ultra sound radiation could rupture chemical bonds and
explained the role of few parameters in determining the yield of reaction and the
unique products that were obtained in the form of amorphous nanoparticles in
material science. These methods are cheaper because of less energy
consumption and are ideally suited for precise control of size and shape of
nanophases. However the main drawback with these techniques is the cost and
chemical contamination.

5. Instrumentation for Nanotechnology

Nanotechnology revolution is due to the improvement of old and the
introduction of new instrumentation systems for evaluating and characterizing
nanostructures. Research in this vast area has been possible only because of the
development of tools and instruments that are effective at nano levels. Many of
the systems are very large and expensive, often requiring specialists to operate
them. Whan (1986), in his review, described the instruments for determining the
position of atoms in materials, instruments for observing and characterizing the
surface of the structures, and various spectroscopic devices for obtaining
information of the properties of nanostructures. Electron beams provide
crystallographic information about nanoparticle surfaces and also produce
images of the surface.

In a transmission electron microscope (TEM), the electrons from source,
such as electron gun, enter the sample, are scattered as they pass through it, are
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focused by an objective lens, are amplified by a magnifying (projector) lens,
and finally produce the desired image. Field ion microscopy is another
technique in which the resolution approach is interatomic. The scanning
transmission electron microscope (SEM), the scanning tunneling microscope
(STM) and the atomic force microscope (AFM) are the efficient instrumentation
systems to obtain images of the surface of a specimen by scanning the surface
with an electron beam in a raster pattern.

Nanomaterials can be investigated and characterized using spectroscopic
techniques in the infrared and Raman region of the spectrum (frequencies from
10% to 4 x 10* Hz, wavelength A from 300 to 1um), as well as visible and
ultraviolet spectroscopy (frequencies from 4 x 10" to 1.5 x 10*°, A from 0.8 to
0.2 um). Emission spectroscopy can be studied by varying the frequency of the
incident light, by studying the frequency distribution of the emitted light, or by
combining both techniques (Poole and Owen 2003).

Photoluminescence excitation (PLE) is a standard one for obtaining
information on the nature of nanostructures, such as quantum dot. This
technique involves scanning the frequency of the excitation signal, and
recording the emission within a very narrow spectral range.
Thermoluminescence is another spectral technique that can provide information
on surface states, detrapping, and other processes involved in light emission
from nanoparticles. In this technique, the emission of light is brought about by
heating.

6. Application and Current Status of Nanotechnology

Nanotechnology is concerned with materials and systems whose structure and
components exhibit significantly improved physical, chemical and biological
properties and that enable the exploitation of novel phenomenon and processes
due to their nanoscale size. The unique chemical, electrical, magnetic, optical and
other properties of nanoscale particles have already led to their evaluation and use
in a broad range of industries, including biotechnology, catalysis, data storage,
energy storage, microelectronics and others. The possibility to modify existing
materials through technology has become a recipe for the preparation of advanced
materials (Komarneni 2003). The domain of this technology is not restricted to
only the realm of materials and applications, but also extends to life sciences.

7. Metal Pollution and its Impact

Contamination of heavy metals in the environment is a major global concern
because of their toxicity and threat to human life and environment (Ceribasi
2001). Urbanization, industrialization and modern agriculture activities are the
main reasons for heavy metal pollution. The group of heavy metals are about 65
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and are defined in a number of criteria, such as their cationic-hydroxide
formation, specific gravity greater than 5 g/ml, complex formation, hard-soft
acids and bases, and, more recently, association with eutrophication and
environmental toxicity. Metal concentration has been linked to birth defects,
cancer, skin lesions, retardation leading to disabilities, liver and kidney damage
and a host of other maladies (ATSOR 2001). Wastewater from various
industries, such as electroplating, cement, paint etc., discharge heavy metals,
such as cadmium, copper, lead, mercury, nickel, zinc and arsenic which are
highly toxic to living systems. Persistence and non-biodegradability of toxic
heavy metals with their hazardous effect cause serious threat to living
organisms. Changes in trace element profile of the soil cause physiological and
genetic changes in various life, such as plants, aquatic and benthic fauna,
insects, earthworms, fish, birds and mammals as evidenced by recent research
work (Mudakavi et al. 1998).

8. Current Strategies for Metal Remediation

Technologies involving physical, chemical or biological agents are available for
the remediation of heavy metal contaminated effluents and sludge (Table 1).
Microbe based technology presents an economic alternative for today’s mining,
mineral and waste water treatment industries. In the past few decades, new
metal treatment and recovery techniques, based on biosorption, have been
explored using both dead and living microbial biomass with remarkable
efficiency. Biological approach for metal detoxification offers high potential for
selective removal of toxic metals. It has an advantage of operation flexibility
and easy adaptability for in-situ and ex-situ application in a range of bioreactors
(Lloyd and Lovley 2001).

9. Bioremediation through Nanotechnology

Researchers in the field of nanoparticle synthesis and assembly have turned to
biological systems, since they have potential to control the shape, which is not
possible in conventional chemical synthesis. Muralisastry et al. (2004) reported
that an amalgamation of curiosity, environmental compulsions, and conviction,
that nature has evolved the best process for synthesis of inorganic materials on
nano and macro-length scales, has contributed to the development of a
relatively new and largely unexplored area of research based on the use of
microbes in the biosynthesis of nanomaterials. Organisms, synthesizing
inorganic materials, include magnetotactic bacteria, sillceous material
synthesizing diatoms and S- layer bacteria which produce gypsum and calcium
carbonate layers (Joerger et al. 2001). Advancement in nanoscience will achieve
the control of matter via controlled molecular assembly.
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Table 1. Comparison of conventional and bioremediation metal clean up strategies

Strategy Methods Disadvantage Remarks

Conventional:

Evaporation Single/multi stage or  Scaling or fouling High/
vapor compression commercial
evaporator

Distillation Packed column with  Scaling or fouling Medium/
heating and commercial
concentration device

Solvent extraction Standard process Required for the Moderately

processing high/
commercial

Adsorption Batch or continuous Limited to low Medium/
Adsorption beds concentration commercial

lon exchange Synthetic product Require pretreatment  High/

commercial

Membrane process Standard manufacture  Separation is imperfect Medium/
units commercial

Electrochemical DC power and plating Impurity upsets the Medium/

process apparatus process commercial

Starch xanthate Synthetic process Preparation is tedious ~ Medium/

process experimental

Bioremediation:
Bioaccumulation

Biosorption

Phytoremediation

Plant microbe
interaction

Live microbes/ideal
for genetic
manipulations.

Live or dead
microorganism

Live or dead plant
biomass

Plant and
microorganisms.

Emerging technology

Emerging technology

Emerging technology

Emerging technology

Lab level

Low cost/
commercial

Low cost/ex-
situ / in-situ
remediation
Low cost/ex-
situ remediation

Material scientists are viewing the uses of microbes in toxic heavy metal
bioremediation with interest for nanofabrication of environmentally useful
submicron scale particles. If we could build it in microbes, it is possible to use
them as eco-friendly and effective nanofactories for heavy metal remediation.
Formation of inorganic particles within microorganisms might become a central
discipline in biometric and bioengineering applications. Biological systems
provide many examples of specifically tailored, nanostructured molecules with
highly optimized properties and characteristics. Thus biological materials are
considered as a nanophase system in its own right and as the starting point for
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producing other novel nanophase systems (Table 2). The fungal and
actinomycete-mediated green chemistry approach towards the synthesis of
nanoparticles has many advantages, such as ease with which the process can be
scaled up, economic viability and possibility of easily covering large surface
areas by suitable growth of the mycelia, etc (Muralisastry et al. 2003).

Table 2. Microorganisms in nanoparticles synthesis

Organism Nanoparticle Mechanism  Size Reference
(nm)
Pseudomonas stutzeri Silver Intracellular 200 Joerger et al. (2001)
AG259
Verticillium sp Gold / Silver Intracellular  2-20 Muralisastry et al.
(2003)
Thermomonospora sp Gold / Silver  Extracellular - Muralisastry et al.
(2003)
Lactobacillus Gold/ Silver Intracellular - Nair & Pradeep (2002)
Torulla sp Lead Intracellular - Kowshick et al. (2002)
Schizosaccharomyces Cadmium Intracellular - Kowshick et al. (2002)
pombe
Fusarium oxysporium Gold / Silver Extracellular 2-50 Mukherjee (2001)
Magnetotactic Magneite / Intracellular/ 35-120  Joerger et al. (2001)
bacterium Greigite Extracellular
Diatoms Siliceous Intracellular/ - Joerger et al. (2001)
Extracellular
Rhodococcus sp Gold Intracellular  5-15 Ahmad et al. (2003)

10. Case Studies

Joerger et al. (2001) have shown that the bacteria Pseudomonas stutzeri AG259
isolated from silver mine, when placed in a concentrated aqueous solution of
AgNo;, resulted in the reduction of the Ag™ ions and the formation of silver
nanoparticles of well defined size and distinct morphology within the
periplasmic space of bacteria. Ahmad et al. (2003) reported an alkalotolerent
actinnomycetes (Rhodococcus sp) capable of synthesizing gold nanoparticles of
the dimension 5-15 nm with good monodispersity formed on the cell wall as
well as on the cytoplasmic membrane. However, the particles are more
concentrated on the cytoplasmic membrane than on the cell wall, possibly due
to reduction of the metal ions by the enzymes present in the cell wall and on the
cytoplasmic membrane. An acidophilus fungus, Verticillium sp isolated from
the Taxus plant when challenged with Ag" and AuCl, ions, led to their
reduction and accumulation as silver and gold nanoparticles. The growth of the
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silver nanoparticles occurred within the fungal biomass and the possible
mechanism could be the extracellular reduction of the Ag” ions in the solution,
followed by precipitation onto the cells (Muralisastry et al. 2003). A novel
alkalothermophilic  (extremophilic) actinomycete, Thermomonospora sp.,
isolated from self-heating compost exposed to AuCl,, completely reduced it to
AuUCl, ions producing gold nanoparticles, indicating that it secretes four distinct
proteins of molecular masses between 80 and 10 kDa.

11. Magnetotactic Bacteria

Alivisatos (2001) reported the presence of inorganic crystals in magnetotactic
(magnetic sensing) bacteria. The bacterium has fixed within it a chain of about
20 magnetic crystals with the size between 35 and 120 nm diameter. The chain
of magnetic crystals (magnetosomes) is visible in electron microscope and
imparts the bacterium with a magnetic dipole movement along its length. These
crystals constitute a miniature compass and it is a marvel of natural nanoscale
engineering. It is madeup of the perfect material-either magnetite or greigite,
both highly magnetic iron materials. The crystals align the bacteria with the
external magnetic field. In nature, this enables the bacteria to navigate with
respect to the earth’s magnetic field towards their ideal environment in the
upper micro-aerobic sediments of ponds and streams (magnetotaxis). The
magnetic separation of heavy metals and radionuclides in conjugation with
microbial accumulation by magnetotactic bacteria, can be applied to mineral
processing and environmental management of wastes. Magnetotactic bacteria
immobilize heavy metals from a surrounding solution and applying a low
intensity, focusing magnetic field and can easily separate them. This principle
can be extended to develop a treatment process for the removal of metals from
wastewater.

12. Comparison of Current Strategies with Nanotechnology

Material scientists have been viewing microbes as an eco-friendly nanofactories
for metal remediation though biotechnological applications employing
microbes, such as bacteria, yeast, algae, diatoms and actinnomycetes. However,
compared to bacteria, fungi and actinnomycetes are known to secrete much
higher amounts of proteins, thereby significantly increasing nanoparticles by
biosynthetic approach. Nanomaterial in vivo biosynthesis is the best option for
metal bioremediation, since biologically controlled mineralization process
produces materials with well-defined characteristics. The biominerals are
composite materials and consist of an inorganic component and a special
organic matrix; the organic matrix has a vital influence on the morphology of
the inorganic compound.
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Metal nanoparticles bring about halocarbon mineralization efficiently,
economically and eco-friendly. The reaction, studied with silver and gold
nanoparticles, results in the catalytic destruction of halocarbons forming silver
halide (silver chloride) and amorphous carbon.The reaction is more efficient
with silver nanoparticles in the size range of 2-150 nm (Nair and Pradeep 2003).
Many hydrocarbons are toxic, mutagenic and resistant to microbial degradation.
However, they can be catalytically destroyed by metal nanoparticles.
Application of this reaction in detection, extraction, and degradation of
environmentally significant halocarbons in general and pesticides in particular,
will be a promising and novel technology.

13. Future Prospects

The impact from advances emerging from nanotechnology developed over the
next 15-20 years has been estimated by National Science Foundation to be
approximately $ 1 trillion. In anticipation of this economic impact,
nanotechnology research programme in several countries has increased
substantially in recent years (Tolles and Rath 2003). Technological merits of
nanoparticles provide a vision for transmitting new discoveries into products. It
is possible to produce synthetic macroscopic ‘living-like’ organisms made of
nanoparticles that would remediate hazardous heavy metals from contaminated
environment. Attempts are being made to develop nano-thick particulate
coatings onto macroscopic and microscopic structures using a novel pulse laser
deposition technique. There have been other concerted efforts of integrating
microelectronics and molecular biology into a platform technology with a
number of potential commercial applications (Bhat 2003). Surface study of the
biogenic nanoparticles (i.e. nature of capping surfactants/peptides/proteins)
would lead to the possibility of genetically engineered microbes to overexpress
specific reducing molecules and capping agents and there by, control the size.
The rational use of constrained environment within cells, such as periplasmic
space and cytoplasmic vesicular compartments (e.g. magnetosomes) to
modulate nanoparticles size and shape, is an exciting possibility yet to be
explored (Muralisastry et al. 2003). Traditional metallurgical research, organic
matter, optical property optimization, biological materials and function are the
vital areas in nanotechnology that could be the inspiration to make eco-friendly
nanomaterials to remediate heavy metal pollution in the environment.

14. Conclusion
In future, modification and adaptation of nanotechnology will extend the quality

and length of life. The breath of anticipated opportunities, cross-disciplinary
nature, potential for innovation, historical track records and the impact of the
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potential gains of nanotechnology research have led to the recognization of this
area with special emphasis. The social benefits are significant from nano-
materials and the new products are applicable to information technology,
medicine, energy, and environment. An important challenge in nanotechnology
is to tailor optical, electric and electronic properties of nanoparticles by
controlling the size and shape. Utilization of microbe for
intracellular/extracellular synthesis of nanoparticles with different chemical
composition, size/shapes and controlled monodispersity can be a novel,
economically viable and eco-friendly strategy that can reduce toxic chemicals in
the conventional protocol.
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1. Introduction

The realization, that plants serve the mankind by cleanup of the toxic
contaminants, is quite old, but the problems of the contaminated land sites, water
bodies and ground water and spoiled air worldwide have increased many folds
due to anthropogenic activities during second half of the 20" century and hence
deserve special attention. The environmental concerns of government and non-
government agencies and the people at large have increased enormously, which
have paved the way for the establishment of a large number of research institutes
and commercial groups to develop new techniques and technologies for rapid
cleanup of the contaminants from the sites identified for alarming contaminations.
Phytoremediation, as a sustainable, cost effective and potential cleanup
technology over the conventional methods, has emerged very fast as an
alternative technology in the last decade (see Cunningham et al. 1995;
Cunningham and Ow 1996; Salt et al. 1998; Saxena et al. 1999; Macek et al.
2000; Baker et al. 2000; Morikawa and Takahashi 2000; Singh et al. 2001;
Morikawa et al. 2002; Kassal et al. 2002; Dhankhar et al. 2002; Maiti et al. 2004;
Prasad 2004; Datta and Sarkar 2004; Schwitzguébel 2004; Pan et al. 2005).
Phytoremediation technology can be implemented in situ or ex-situ to
cleanup a variety of the organic contaminants e.g.. petroleum hydrocarbons, gas
condensates, crude oil, chlorinated compounds, pesticides, herbicides, explosive
compounds as well as typical inorganic toxicants, such as heavy metals,
metalloids, radionuclides, etc. (Morikawa and Takahashi 2000). Air pollutants
like nitrogen and sulfur oxides, ozone and suspended particulate matters (SPMs)
can also be ameliorated by growing efficient naturally occurring plants as well
as more efficient genenetically modified plants (see Wellburn 1990; Morikawa
and Takahashi 2000; Takahashi et al. 2001; Schwitzguébel 2004; Morikawa et
al. 2005). Phytoremediation is considered as an aesthetically pleasing and solar
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energy driven cleanup technology, which causes minimal environmental
disruption and in situ treatment preserves the topsoil (Morikawa and Takahashi
2000). It is inexpensive (60-80% or even less costly than conventional physio-
chemical methods) and useful for treating a broad range of the environmental
contaminants, especially at sites with shallow or low levels of contaminants.
Possibly due to their static (hon-mobile) nature, plants had to evolve their
survival modes even in odd environments including sites contaminated with the
xenobiotic substances, which are non-essential or even harmful for them. The
natural adaptations and genetic mutations have evolved a wide range of
preferential or general tolerance to the toxic substances in plants. Naturally
occurring tolerance to plants is based on the mechanisms like phytostabilization,
rhizodegradation, phytoaccumulation, phytodegradation, phytovolatization and
evapotranspiration etc. which facilitate plants various means to avoid, escape,
partition or remove the toxic contaminants as an adaptation measure. Such
naturally evolved potential of plants, on the other hand, can be used for cleanup
purposes. Bioprospecting of the suitable plant species and genotypes having
higher tolerance, agroclimatic fitness, higher biomass and faster growth cycle is
needed for various kinds of the contaminants.

In addition, to commercially exploite those naturally occurring plants
selected for the remediation of the pollutants, some biotechnological approaches
such as rhizosphere manipulations to increase bioavailability or biodegradation
of the contaminants for higher uptake and rapid removal by the phytoremediator
(Vassil et al. 1998; Chaudhary et al. 1998; de Souza et al. 1999; Singh et al.
2003; Saxena et al. 1999; Morikawa and Takashashi 2000; Geebelen et al.
2002; Piechalak et al. 2003; Thangavel and Subburaam 2004) and genetic
engineering of plants to increase uptake, transport, partitioning, tolerance, in
situ degradation, volatization or evaporation etc (Rugh et al. 1998; Zhu et al.
1999,a,b; Pilon Smits et al. 1999; Gleba et al. 1999; Zaal et al. 1999; Saxena et
al. 1999; Morikawa and Takahashi 2000; Hirschi et al. 2000; Bizily et al. 2000;
Hannink et al. 2001; Singh et al. 2001; Takahashi et al. 2001; Dhanker et al.
2002; Lee et al. 2003a,b; Pilon et al. 2003; Singh and Jaiwal 2003; Maiti et al.
2004; Datta and Sarkar 2004; Marikawa et al. 2002 2005; Pan et al. 2005) have
been persued to increase the phtoremediation efficiency.

Such biotechnological efforts are also made to resolve the specific problems
for the improvement of a phytoremediator to suit to the specific contaminant(s)
and site(s) to make it commercially successful. This review is an attempt to
analyse such approaches and efforts in the light of the present challenges
towards the alarming contaminations of toxic heavy metals, major gaseous
pollutants like nitrogen oxides, sulfur oxides and organic pollutants of
agrochemicals and industrial origin (Fig. 1). We have confined our discussions
largely on the higher plants and focused on the need to understand the key
regulatory steps and mechanisms to produce superhyperaccumualtors of
commercial grade by gene technologies. We have also discussed the needs of
rhizosphere manipulations of plants for their better performance.
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2. Phytoremediation: The Processes, Potentials and
Limitations

Phytoremediation is based on the fact that a living plant can be considered as a
solar driven pump, which can extract, concentrate, degrade, volatize or vaporize
soluble toxic substances from the soil, water or air through their natural water
and mineral uptake, transport, partitioning, assimilation and transpiration
systems. In addition, plants need to survive in several odd environments, and
hence they posses more flexible metabolic systems evolved genetically or
adopted physiologically to avoid, partition, degrade, store or exclude various
undesired and toxic substances. They have developed various specific and
general adaptation mechanisms to protect them from the abiotic and biotic
stresses. The biotechnological approaches focus to exploit these evolved
potentialities of the plants and other associated organisms and to modify their
characteristics with some needed alterations in favour of the human needs.
Cleanup of the toxic substances from the contaminated sites using the principles
of phytoremediation can be achieved in many ways (see Table 1). The details of
these processes have been discussed in many past and recent reviews (Brooks et
al. 1979; Baker and Brooks 1989; Raskin et al. 1997; Salt et al. 1998; Saxena et
al. 1999; Baker et al. 2000; Maiti et al. 2001; Raskin and Ensley 2000;
Morikawa and Takahashi 2000; Prasad 2004; Thangavel and Subburaam 2004;
Schwitzguébel 2004) and also in this chapter. The popularity of this technology
is increasing with increase in the awareness for a need of sustainable
environment around us. The remediation of soil pollution may involve a cost of
300 billion of dollars (Raskin et al. 1997; Maiti et al. 2004). Phytoremediation
and other bioremediation techniques are not only significantly cost effective
over the physical and chemical means of the soil, water or air remediations, they
also reduce the risk from exposure to the hazardous constituents at waste and
spill sites (Salt and Rauser 1995; Salt et al. 1995; Salt 2001; Raskin et al. 1994;
Cunningham and Ow 1996).

The efforts to understand the physiological and molecular mechanisms
involved in the processes of the phytoremediation by plants have come to the
focus of attention more precisely with a view point to apply these in situ
processes to enhance the phytoremediation potentials using biological and
engineering strategies designed to optimise and improve the process
(Schwitzguébel 2004). Several plant species have been explored and the
treatment systems for decontamination of the toxicants from sites have been set
up, but, most of them were used without exact understanding of the mechanisms
involved. Certain woody plant species, shrubs, other perennials, and annual
herbs including crop plants have been found suitable for the phytoremediation
techniques (Table 2).

In addition to pulling out the toxic contaminants from the soil to metabolize,
concentrate or evaporate, the phytoremediation techniques involve extensive pull
out and evaporation of water from the plant covered sites. This high consumption
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Table 1. Biotechnological approaches for the various modes of phytoremediation

enhancement.

Mode Meaning Target Possible
Phytoremediation
Enhancement
strateies

Phytoextraction ~ The extraction of Toxic metals Overexpression or

Phytoaccumulation

Phytodegradation
(Phytotrans-
formation)

Phytovolatilization

Evapotranspiration

Phytostabilization

pollutants from soil,
water or air and its
higher accumulation
and compartmentaion in
harvestable plant parts

The uptake and
concentration of the
contaminants within the
roots or aboveground
portions of the plants

The partial or total
degradation of complex
organic molecules
within the plants

The uptake, transport
and volatilization of
volatile organics
through stomata

The uptake, transport
and evaporation of
pollutants through the
transpiration pathways.

The reducing mobility
of pollutants towards
ground water or its
dispersion in soil or
water by enhancing
precipitation or
sequestering to the roots

-do-

Organic pollutants

Volatile pollutants
or pollutants
producing volatile
products on
catabolism

Contaminants
reached to deeper
sites or at wet,
marshy sites

To avoid leaching
or dispersal and to
concentrate
pollutants in the
rhizosphere of
plants

insertion of uptake,
transport, partitioning
storage and binding
related genes
(including regulatory
transcription factors
and organ specific
promoters)

-do-

Overexpression or
insertion of uptake,
transport,
degradation and
metabolism related
genes and
transcription factors.

Insertion and
overexpression of
uptake, transport,
degradation,
metabolism and
volatilization related
genes and
transcription.

Gene manipulation to
increase water uptake
and transpiration rate

Amendments of
binders/sequesters
and microbial
population suitable
for the purpose
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Tree as pump The use of trees to Deep rooted Genetic engineering
evaporate water and to  pollutants from for higher water
extract pollutants from wasteland not uptake and enhanced
soil expected to be used transpiration rates

shortly

Phytostimulation  The release of plant Ex-situ degradation Over expression

(Rhizodegration)  exudates/enzymes into of organic /insertion of genes
the rhizosphere which  pollutants in producing such
stimulates the microbial rhizosphere of microbial stimulants

and fungal degradations plants
of organic pollutants

Rhizofiltartion The use of plant roots  Clean-up of Manipulation for
to absorb or adsorb shallow desired and extensive
pollutants from water ~ waterlogged areas root systems and
and aqueous waste or for municipal  higher uptake of the
stream waste water pollutants
treatment

and recycling of water can also prevents pollutant wash out and slows down the
possible migration of toxic compounds through the soil and into the
groundwater. In many cases, associated microflora play a important, if not the
decisive, role in the treatment of the polluted sites (Siciliano and Germida 1998;
Schwitzguébel 2004).

Though several plants have been identified from the natural plant
populations as hyperaccumulators of toxic heavy metals (Prasad 2004 for a
recent review), oxides of nitrogen (Morikawa et al. 2002, 2005) and organic
pollutants (see Schwitzguébel 2004), bioprospecting for the natural
phytoremediators has not been done adequately. For example, phytodiversity
and the polluted sites are enormous in India, and many other developing
countries, but-there have not been adequate work on biodiversity prospecting
for the exploration of minerals and other natural resources and for the
environmental cleanup (see Prasad 2004). Most of the knowledge generated on
the different kinds of phytoremediation, improvements in phytoremediation
potentials by engineering and biotechnological approaches and its
commercialization, belongs to the countries which are more planned and
environmentally careful, though many of them posses less plant diversity.
Bioprospecting of the natural plant diversity for the environmental cleanup
potentials will not only provide insights to use more appropriate
phytoremediators, which are cheapest, sustainable and most acceptable in the
public domain, but it will also provide very significant informations for gene
pool available to produce superior quality genetically manipulated plants, more
suitable for the commercial viability as phytoremediation systems. Generally
fast growing plants with high biomass and different kinds of root system
suitable to be used to cleanup the pollutants at different depth are considered as
ideal phytoremediators. However, they should be tolerant enough for the target
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Table 2. Some case studies and commercial phytoremediation field project based on
websites  (http:/www.mobot.org/jwcross/phytoremediation/phytorem-sponsors-corp.htm;
Saxena et al. 1999; Morikawa and Takahashi 2000; Schwitzguébel 2004)

Contaminant

Plant species and technique

Institution/Industr - Site name

used y/Company /Location
Removal of Poplar tree planting CH2M HILL, Mill Greek, USA
nitrogen Potland, OR, USA
Treatment of oily  Rhizosphere amendants with  -do- Texaco,
waste through land rotation of grass, grains and Anacortes,
application clover crops on the sites two Washington, USA

times each year .The crops are

seasonally plowed into the

soil with the applied waste to

provide a stabilizing “green

manure” nutrient source
Remediation of ~ Cultivation of grass and -do- Daishowa paper
diesel clover and rhizosphere Muill, Port
contaminated soil  bioremediation Angeles,Washingt

on,USA

Remediation of  Planting of native -do- Union Pacific
wood preservative cottonwood, willow, alfalfa Railroad,
wastes through and several grasses in 1999 to Laramine,
plant cultivation 2001 added with rhizosphere WyominG, USA
(contaminants bioremediation (140 Acre site)
included
pentachlorophenol
(PCP) and PAH s)
Soil and ground  Hybrid poplar trees, buried  Ecolotree, Inc., Milwaukee,

water
contamination
with petroleum
related organics,
PAHSs and
chlorinated
organics released
by accidental spills
in year 2000

Fertilizer and
pesticide

Treated 80,000
gallons per day of
municiple sewage
contaning

upto 10 feet below the surface
and a sub-surface aeration
system (to encourage deep
rooting into ground water)

440,12-18 feet tall bare root
hybrid poplar were planted
into 6’deep trenches

South Burlington’s Living
Machine

lowa city, 10, Wisconsin, USA

USA (Ecolotree (r)

cap (Ecap) and

Ecolotree (r)

Buffer (EBuffer)

-do- Illinois, USA
(April, 1999)

Living Lake Champlain,

Technologies, USA (1995)

Taos, NM, USA

(Living

Machines®)
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Trichloroethanol

Heavy metals

Uranium soil
contamination
47mg/kg

Arsenic

89/90 Sr

(radionuclide)

137CS
(radionuclide)

Hybrid poplar

Indian mustard and sunflo-
wers (the patented plants can
take up heavy metals more
than 3.5% of their dry weight)

Sunflower (Accumulation in
plants 764 mg/kg-1669mg/kg)

Fern P. vittata (brake fern).
Phytoextraction in above
ground part by more than
upto 200 fold higher than
other plants

Specially selected Indian
mustard (**° Sr in plants was
more than 10-15 fold higher
that than in soil); Phyto-
extraction +soil amendments

-do-

Organic pollutants Mixed native species e.g.
including dichloro- Willows and Poplars (13,000

benzidine (a

human carcinogen)

Ground water
treatment of

trees)

Poplar & willow trees (1000);
‘Pump and treat’ system

chlorinated volatile (Evapotranspiration of conta-

organic

PATHSs, heavy
metals

Contaminations

minated water)+ Enhanced
rhizosphere degradation

Various

Perennial rye grass (Lolium

with wood presser- perenne)

vatives including
pentachlorophenol
& polyaro-matic
hydrocarbons

Occidental
Petroleum Corp.,
Los Angles, CA
USA& University
of Washington;
USA

Edenspace system
carporation,
Reston, VA, USA

-do-

.-do-

-do-

-do-

Phytokinetics,
Inc. North Logan,
uT

Solvent Recovery
Services of New
England (SRSNE)

Stockholm
University

R.P. Singh et al.

Various sites in
USA

Various sites in
USA

US Army site in
Aberdeen,
Maryland, USA

1.5 Acre site in
New Jersey, North
Carolina, USA
(2001)

Fort Greely,
Alaska, USA

Chernobyl
Nuclear Power
Plant accident in
1986 in Ukraine

Bofors-Nobel
Superfund site,
USA 20 Acre site)

Superfund site in
Southington,
Connecticut, USA
(1998)

Old gasworks site
(Husarviken,
Sweden)

Mc Cormick and
Baxter Superfund
site, USA (1996-
1998)
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Cadmium, zinc,
lead

Alpine pennycress (Thlaspi
caerulescens) Take up
Zn@125Kg/ha per year and
Cd @ 2Kg/ha per year with
optimum growth condition;
Phytoextraction

B¥7Cs and ®° Sr Indian mustard and redroot
pigweed (Amaranthus

retroflexus); Phytoextration

Lead and Indian mustard (Brassica
Cadmium juncea)

Zinc and Salix viminalis (willow)
Cadmium

Nickel,copper,zinc Salix species

,cadmium

Zinc H.annuus, Z.mays, C.halleri
Copper, zinc, Improved tobacco
cadmium

Zinc, copper, lead, Grasses for
cadmium phytostabilization

Zinc, copper, lead, Grasses for
cadmium phytostabilization

Zinc, copper, lead, B. napus for phytoextraction
cadmium

Lead, cadmium,
zinc, copper, Ti,
Sh, As

Various plants

Dr Chaney and
coworkers

Phytotech, Florida
State University,
IETU

Swiss Federal
Institute of
Technology

University of
Glasgow

International
Graduate School
Zittau

Several institutes

Limburgs
University

Limburgs
University

Limburgs
University

Several institutes
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Pig’s Eye landfill
site in St Paul,
Minnesota, USA

Brookhaver
National Lab
New Jersy and in
Ashtabula Ohio,
USA

Czechowice oil
refinery
(Katowice,
Poland)

Former landfill
(Switzerland)

Sewage disposal
site (United
Kingdom)

Zinc waste
landfill
(Hlemyzdi, Czech
Republic)
Zinc/Copper
(Dornach,
Switzerland)

Zinc smelter site
(Lommel,
Belgium)

Contaminated
playing ground
(Overpelt,
Belgium)

Zinc / Cadmium
contaminated
soil (Balen,
Belgium)
Guadiamar river
area, Donana
National Park
(Aznalcollar
mine, Spain)
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Lead

Lead

Lead

BTEX

Chlorinated
organics

Gasoline and
diesel compounds

Cyanide, BTEX,
PAHs and oil

Pesticides

Successive crops of sunflower -do-
and indian mustard planted in
24" deep ex-situ treatment
cell on an impermeable
concrete base .The single
season phytoremediation
treatment achieved the
regulatory goal of 900 mg/kg.
Total cost of
phytoremediation treatment
was less than $50 per cubic
yard, which saved more that
$1.1 million comparedto the
estimated cost of excavation
and disposal.

Sunflower and indian mustard -do-
were planted. A combined
phytoextraction and
Phytostabilization treatment

for three years costed less

than $40 per cubic yard of

treated soil

Indian mustard, -do-
Phytoextraction + rhizosphere
amendments with EDTA

Populus x Canadensis Limburgs
(poplar) University
Various Stockholm
University
Poplars and willow Technical

University of

Denmark

Poplars and willow Technical

University of

Denmark

Poplars
of Sciences,

Kornik ISTEA-
CNR Bologna

Polish Academy

R.P. Singh et al.

Daimler Chysler’s
Detroit Forge Site,
USA. (4300 cubic
younds of soil
with Pb*? ranging
from 75-3,450
mg/kg soil) in
1998

Industrial facility
in Connecticut,
USA (1997-2000)

A Site at Trenton,
NJ, USA(1996-
1997)

BTEX
contaminated
groundwater
(Genk, Belgium)

Eka Chemicals
site, (Bohus,
mercury Sweden)

Old gas filling
station (Axelved
Denmark)

Former municipal
gasworks site

Resort pollution
by pesticides
stored in bunkers
(Niedwiady,
Poland)

toxicant(s) to survive with prosperous vegetative growth on the contaminated
site(s) and should be suitable for the agro-climatic conditions of the area under
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cleanup. It will be best to search out a naturally evolved phytoremediator with
all such positive characters during the phytoprospecting, but it is likely that one
may need to incorporate one or more character(s) artificially by genetic
manipulations to achieve such goals.

3. Commercial Viability of Phytoremediation Projects

Phytoremediation has been carried out commercially or demonstrated at pilot
scale at nearly 200 sites in USA involving all the contaminant categories (Glass
1999; Shekhar et al. 2004). A growing concern over the safe and sustainable
environment has created a huge space globally for such eco-friendly techniques
within a viable commercial set up. Several universities, research institutes,
government bodies and private companies are collaborating to develop large
scale economically viable projects for cleanup of the notorios toxicants
contaminating various sites accidentally or slowly (Table 2). Such efforts and
practices are, however, confined to developed countries which are getting better
public perception and pressure for the sustainable eco-friendly developmental
projects. Other parts of the world including most of the developing countries are
yet to be adequately sensitized to the cause of the environmental cleanup and a
central focus on the sustainable development which is a task ahead. It is evident,
that phytoremediation, as a technology, will gain momentum throughout the
world, as we don’t have better options to treat the contaminated water, air and
land sites which are creating a high risk health hazards to human and live stocks
and damaging green cover and plant productivity enormously.

Large scale phytoremediation of the contaminated sites has been achieved
for heavy metals, organic xenobiotics and radionuclides (Table 2. Glass 1999,
Dietz and Schnoor 2001; Schwitzguébel et al. 2002; Schwitzguébel 2004).
Developing a commercial phytoremediation strategy needs attention to both
pre-harvest (e.g. contaminant level monitoring, plant selection,
decontamination rates, agro-climatic suitability of phytoremediator,
groundwater capture zone, transpiration rate and required cleanup time etc.) and
post harvest processing (e.g. harvestable biomass collection, leftovers and
underground residues disposal and treatment removal of the contaminated plant
materials etc.) steps. With minimal environmental disturbances, the
phytoremediation techniques can be applied to a broad range of toxicants,
which generate less secondary air or water waste as compared to other
traditional methods. The organic pollutants may ideally be degraded to CO, and
H,0, reducing environmental toxicity. It is always beneficial for treating large
volumes of water, air or land having low to moderate concentration of the
contaminants. During land reclamation using phytoremediation, the topsoil is
left in usable condition and may be developed for agricultural use as the soil
remains intact at the site after contaminants are removed in contrast to
conventional methods.
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Rhizosphere amendments with chelators, bacteria and mycorrhizae have
been used to enhance bioavailability of the contaminants to the remediating
plants for large scale remediation strategies (Table 2. Chaudhary et al. 1998;
Khan et al. 2000; Thangavel and Subburaam 2004; Schwitzguébel 2004).
Rhizosphere manipulations to deal with various layers/depth of the
contaminants and to provide sub-surface aeration etc. have been provided in
some systems developed by companies dealing with this technology. Though
hybrid poplar willows (Salix sp.), clover, alpine pennycress (Thlaspi sp.),
grasses, Indian mustard, sunflower, geraniums, fern (Pteris vittala), perennial
ryegrass, redroot pigweed etc. have been plants of choice for many commercial
phytoremediation systems (Table 2), several new plants with higher efficiency
and better suitability for phytoremediation can be searched out with the
extensive phytoprospecting of new sites. In addition, genetically modified
superior quality phytoremediators can be developed to handle specific
situations. A large number of large scale demonstration/ treatment projects have
established the commercial viability of phytoremediation as a sustainable and
viable cleanup technology of present and for the future.

4. Rhizosphere Manipulations for Enhanced Bioavailability of
the Toxic Substances

Amongst the major factors that can make a phytoremediation successful and
commercial, rhizosphere manipulations for increased bioavailability of toxic
substances have been a focus of attention in the recent past. In addition to
genetic ability of the phytoremediating species /cultivars, optimal agronomic
(soil and crop management) practices can increase the efficiency of the system
(Li et al. 2000; Khan et al. 2000; Thangavel and Subburaam 2004; Datta and
Sarkar 2004).

Heavy metals are one very significant category of the industrial
contaminants, which are unique being selectively toxic, persistent and non-
biodegradable (Baker and Brooks 1989; Bharti and Singh 1993, 1994; Kumar
et al. 1993; Singh et al. 1994a,b, 1996, 1997a,b,c, 2001, 2003; Dabas et al.
1995; Bharti et al. 1996). The United States Environmental Protection Agency
(USEPA) has indicated recently that the sites polluted with toxic heavy metals
should receive priority for cleanup during the next few years (Eccles 1998).
The contaminated land sites may consist of a heterogeneous mixture of
different minerals, organic, organomineral substance and other solid
components. The binding mechanisms of the heavy metals are, therefore,
complex and vary with the composition of soil, soil acidity and redox
conditions (Thangavel and Subburaam 2004). The bioavailability and mobility
of heavy metals in soils is dependent upon the redistribution processes
between solution and solid phases and among solid phase components. The
rates of redistribution of metals and their binding intensity in soils were
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affected by the metal species, loading levels, ageing and soil properties
(Eccles 1998; Han et al. 2003). The slow desorption of heavy metals in soil
has been a major impediment to the successful phytoextraction of the metal
contaminated sites (Thangavel and Subburaam 2004). Generally, only a
fraction of soil metal is readily available (bioavaialable) for the plant uptake.
The bulk of the metal in soil is commonly found as insoluble compounds
unavailable for transport into roots from the aqueous phase. Cadmium and
zinc are considered as easily mobile heavy metals as they occur primarily as
soluble or exchangeable, readily bioavailable forms (Thangavel and
Subburaam 2004). Copper, molybdenum and chromium are mainly bound in
silicates and thus are slightly mobile. Lead occurs as insoluble precipiate
(phosphates, carbonate and hydroxy-oxides), which are largely unavailable for
plant uptake (Pitchel et al. 1999). It appears, therefore, that soluble,
exchangeable and chelated species of trace elements are the most mobile in
soils and these properties of the metals govern their migration and
phytoavilability (Kabata-Pendias 1997). Binding and immobilization of the
toxic metals within the soil matrix can significantly restrict their uptake and
removal from the site. The bioavailability of the metals and other toxic
substances, however, can be enhanced by manipulating the rhizosphere of the
potential remediator plants by changing soil pH (lowering of pH is
recommended to increase the bioavailability of heavy metals), adding
chelating agents, using appropriate fertilizers (ammonium containing
fertilizers), altering soil ion composition, adding adequate consortia of soil
microbes and phytosiderophores and soil exudates managements (Table 3.
Singh et al. 1996, 1999, 2001; Chaudhary et al. 1998; Khan et al. 2000;
Thangavel and Subburaam 2004; Schwitzguébel 2004; Datta and Sarkar
2004).

Amendments of soil with ammonium containing fertilizers, organic and
inorganic acids and elemental sulfur, HNO; and CaCO; lower the soil pH and
enhance phytoaccumualtion of the toxic metals (Huang et al. 1997; Cristofaro et
al. 1998; Chaney et al. 2000; Gao et al. 2003; Thangavel and Subburaam 2004),
however, contrary reports are also available (Singh et al. 1996; Khan et al.
2000). Therefore, more precise and focused studies are needed to evaluate the
independent effect of soil pH and soil amendments on hyperaccumulators yield
and metal removal efficiency.

Artificial chelates e.g.. EDTA has been studied to enhance the heavy metal
bioavailability and subsequent uptake and translocation to the shoots (Table 3.
Fuentes 1997; Huang et al. 1997; Khan et al. 2000; Kayser et al. 2000). The
chelates may be added at once a few days before harvest or gradually during the
entire growth period. The uptake of Fe, Mn and Cu by maize plants was
increased when EDTA or DTPA (1g/kg soil) was added in the soil prior to
planting (Fuentes Bolomey 1997). Biosurfactants have also been shown to
enhance the metal bioavailability in contaminated soil and sediments (Mulligan
et al. 2001).
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Table 3. Changes in bioavailability of the environmental contaminants especially heavy
metals in rhizosphere and their uptake and accumulation by plants leading to altered

phytoremediation efficiency due to rhizosphere amendments

The toxic Rhizosphere Plant Response Reference
contaminant ~ Amendments
Cadmium Iron Thlaspi Decrease uptake by Lombi et al.
caerulescens 3 folds (2002)
Cadmium and Root exudates by Thlaspi Enhanced metal ~ Zhao et al.
Zinc the plant (organic caerulescens accumulation (2001)
legands)
Cadmium, Iron Bacillus sp., Brassica juncea Enhanced metal  Salt et al.
and Manganese Pseudomonas sp. accumulation (1995);
(Exude organic Shekhar et al.
compounds) (2004)
Iron, EDTA Zea mays Enhance metal Fuentes
Manganese and uptake (1997)
Copper
Iron, Phytosiderophores Graminaceous  Enhance metal Khan et al.
Manganese and species accumulation (2000);
Copper Treeby et al.
(1989); Ma
and Nomoto
(1996)
Lead EDTA (0.5-1 Pisum sativum 2 fold increase in  Piechalak et
mM) accumulation al. (2003)
Lead EDTA (0.25 mM) Brassica juncea 75 fold higher Pb  Vassil et al.
inplantsthanin  (1998)
hydroponics
solution
Lead EDTA (1 g/Kg Garcinia Increased Sekhar et al.
soil) cambogia accumulation by  (2004)
1.5 fold
Lead NaCl (6-12 EC)  Vigna radiata Decreased Singh et al.
accumulation by (2003
3.5to 5 fold
Lead K,HPO, (10 mM), Vigna radiata Decreased metal ~ Singh et al.
CaCl, (10 mM), accumulationin  (1994b)
KNO; (10 mM) roots and leaves
Nickel NPK fertilizers  Alyssum Enhanced biomass Bennett et al.
bertolonii, with same (1998)
Thlaspi concentration of
caerulescens, nickel in aerial
Streptanthus parts

polygaloids
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Selenium Rhizosphere Brassica juncea 4-5 fold higher Se  de Souza et
bacteria accumulationand  al. (1999)
volatilization
Trace metals  Mycorrhizae Many plants Enhance uptake,  Chaudhary et
and organic phytostabilization al. (1998);
pollutants and Biodegradation Schwitzguéb
of contaminants  el, (2004)
Zinc Lime stone, cattle Zea mays Reduced Pierzynski
manure and bioavailability and Schwab
poultry litter (1993)
Zinc Phytosiderophores Triticum Increased uptake  Zhang et al.
aestivum (1991)

Another approach to enhance the rate of phytoremediation relates to the
better agronomical management, which may yields an enhanced harvestable
biomass of the remediating plants. Application of N-fertilizers (Bennett et al.
1998) to Alyssum bertolonii, Streptanthus polygaloides and Thlaspi
careulescens have been shown to increase biomass very significantly without
reducing the shoot nickel concentration. Addition of phosphate to soil may
also help extract ion of Cr, Se and As by competing for the binding sites and
thereby increasing bioavailability of the metals (Thangavel and Subburaam
2004).

Soil microbes have been found suitable to enhance the bioavailability and
phytoremediation potential by complimenting the processes in many ways.
Microbial activity in the rhizosphere of plants is several folds higher than in
the bulk soil. Chemolithotrophic bacteria have been shown to enhance metal
availability (Kelley and Tuovinen 1988). Several strains of Bacillus and
Pseudomonas have been reported to increase cadmium accumulation by
Brassica juncea (Salt et al. 1995). Naturally occurring rhizobacteria were
found to promote Se and Hg accumulation in plants growing in wetland (de
Souza et al. 1999). These microbes can grow more well, if organic manures
are added to the soil. The mechanisms by which they increase the
bioavailability and uptake of the heavy metals is not adequately elucidated
yet, however, the possible mechanisms might include soil acidification and
changes in the solubility of the metal complexes through their exudates
(organic compounds exude from soil bacteria). The soil microbes may degrade
organic pollutants and supply nutrients to plants for enhanced
phytoremediation of the site.

It is generally considered that the majority of plants growing under natural
conditions have symbiosis with mycorrhizae in roots, which result in increase
in root surface area and nutrient acquisition (Khan et al. 2000). Mycorrhizal
fungi have been reported in plants growing on heavy metal contaminated sites
indicating its heavy metal tolerance and a potential role in the heavy metal
phytoremediation (Table 3. Shetty et al. 1995; Weissenhorn and Leyval 1995;
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Pawlawska et al. 1996; Chaudhary et al. 1998; Khan et al. 2000;
Schwitzguébel 2004). Mycorrhizal fungal taxa, such as species like Glomus,
Gigaspora and Entrophospora, have been reported to be associated with most
of the plants growing in the heavy metal polluted habitats (Khan et al. 1990).
The transport of the toxic metals absorbed by the mycorrhizal surface to the
aerial part of the remediating plants is an obvious mechanism, which can
enhance the total uptake and transport of the toxic metals in a defined period
due to an increased surface area of the rhizosphere by the mycorrhizal
associations.

Phytosiderophores (a class of organic compounds e.g. mugineic and avenic
acids) exudated by roots of the many plants especially graminaceous species
have been reported to enhance bioavailability of soil metals e.g.. Fe, Cu, Zn
and Mn etc (Treeby et al. 1989; Thangavel and Subburaam 2004). Other kinds
of root exudates can also reduce the rhizosphere soil pH and thus modulate the
metal availability for uptake by the plants (Thangavel and Subburaam 2004),
however, no direct evidence that indicates the involvement of root exudates in
the phytoremediation has been documented.

5. Molecular Mechanisms of Uptake, Detoxification, Transport
and Accumulation of Toxic Substances by Plants and Genetic
Engineering for Enhanced Phytoremediation

Uptake of the toxic substances by the remediating plants is a pre-requisite
for the phytoremediation. Following its bioavilability in the rhizosphere,
their enhanced uptake and transport to the sink or metabolism sites can
increase the efficiency of the phytoremediation of a selected plant. Transport
proteins and intracellular high-affinity binding sites mediate the uptake of
the metals and other substances across the plasma membrane. Many metal
transporters genes have been cloned recently (Table 4. Datta and Sarkar
2004). Maser et al. (2001) have cloned genes of ZIP (Zn-regulated
transporter/Fe-regulated transporter like proteins) family e.g.. ZNT1 and
ZNT2, from Thlaspi careulescens, which are highly expressed in roots of the
accumulator plants, but their expression are not responsive to Zn status of
the plants. Through functional complementation in yeast, it has been shown,
however, that ZNT1 protein mediates high affinity uptake of Zn and low-
affinity uptake of Zn'? and Cd*)(Pence et al. 2000). The transcription
(factors) activators, such as Zn-responsive element, have been suggested to
play an important role in Zn hyperaccumulation in T. careulescens (Pence et
al. 2000). An increased uptake of Cd by T. careulescens and A. thaliana by
enhanced expression of IRT1 gene, which is essential for Fe uptake has been
demonstrated (Lombi et al. 2002; Vert et al. 2002; Connolly et al. 2002;
Datta and Sarkar 2004).
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The metal transporters e.g. metal (or CPx-type) ATPases, that are involved
in the overall metal ion homeostasis and tolerance in plants and natural
resistance associated macrophase (Nramp) family of proteins and cation
diffusion facilitator (CDF) family of proteins have been characterized in a wide
range of organisms including plants (Belouchi et al. 1997; Tabata et al. 1997;
Alonso et al. 1999; Guerinot and Eide 1999; Thomine et al. 1999; van der Zaal
et al. 1999; Williams et al. 2000; Datta and Sarkar 2004). CPx-type metal
ATPases have been implicated in the transport of essential as well potentially
toxic metals like Cu, Zn, Cd and Pb etc across the cell membranes (Williams et
al. 2000). They share a common feature of a conserved intra-membranous
cystein-proline-cystein, cystein-proline-histidine or cystein-proline-serine(CPXx)
motif, which is thought to function in the metal transduction. These transporters
use ATP to pump a variety of charged substrates across the cell membranes and
are distinguished by the formation of a charged intermediate during the reaction
cycle. Arabidopsis P-type ATPases (PAAL) was the first CPx-ATPases reported
in the higher plants (Tabata et al. 1997; Datta and Sarkar 2004).

Though the physiological role of the metal ATPases in higher plants is not
precisely demonstrated, most CPx —type ATPases identified have been involved
in the Cu or Cd transport. Since Arabidopsis CPx-ATPases show fairly low
similarities to each other, they are specific for transporting different substrates
(Datta and Sarkar 2004). The ATPases located in plasma membrane may
function as efflux pumps removing potentially toxic metals from the cytoplasm,
or may also be present at the various intracellular membranes and be
responsible for the compartmentalization of the metals, e.g. sequestration in the
vacuoles, golgi or endoplasmic recticulum (Datta and Sarkar 2004). To control
the intracellular levels of the metals, regulation of transporters, which could
occur in higher plants, similarly as has been observed in the bacteria and yeast,
at the transcriptional level (control on initiation rates, mRNA stability,
differential mMRNA splicing) or at the post translational level (control on
targeting and/or stability) have been postulated, though the precise mechanisms
for the regulation of the metal transport by CPx-ATPases in higher plants is not
known (Williams et al. 2000; Datta and Sarkar 2004).

Another divalent metal ion transporters of Nramp family, encoded by Nramp
genes, have been identified in rice and Arabidopsis (Belouchi et al. 1997;
Alonso et al. 1999). Cation diffusion facilitator (CDF) proteins have also been
involved in the transport of Zn, Co, Cu and Cd in bacteria and plants e.g..
poplar (Blaudez et al. 2003). Related Zn transporters ZAT1, which may have a
role in Zn sequestration in plants, have been reported in Arabidopsis (van der
Zaal et al. 1999). Enhanced Zn resistance has been demonstrated in transgenic
plants overexpressing ZAT1. constitutively throughout. Zinc transporter (ZIP)
proteins have also been found to be involved in Zn and Fe uptake (Guerinot and
Eide 1999). The metal uptake which may lead to an enhanced phytoremediation
efficiency can be increased by increasing number of uptake sites, specific
transporters and regulators of the transport system, intracellular high affinity
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binding sites by incorporating/over-expressing the target genes in the plants by
genetic engineering (Table 4). However, a comprehensive understanding of the
metal transport processes in plants is essential for formulating the effective
strategies to develop genetically engineered plants that can be used
commercially for rapid cleanup of the contaminated sites.

The toxic heavy metal detoxification mechanisms involve chelation of
metals by a ligand, followed by the sequestration of the metal-ligand complexes
into the vacuoles. Intracellular metal complex formations have been reported
with peptide and protein legands, such as metallothioneins (MTs) and
phytochelatins (PCs). Metallothineins are first identified in mammalian tissues
as Cd -binding peptides and subsequently in the plants (Murphy and Taiz 1995;
Foley et al. 1997; de Borne et al. 1998; Garcia-Hernandez et al. 1998; Salt et al.
1998; Datta and Sarkar 2004). Phytochelatins are a family of sulfur rich
peptides, first identified in yeast and subsequently in a wide variety of plant
species including angiosperms (both monocots and dicots), gymnosperms,
algae, fungi and marine diatoms but not in animals (Rauser 1995; Cobett 2000;
Vatamaniuk et al. 2002; Datta and Sarkar 2004 and references therein).
Molecular-genetic studies on yeast and Arabidopsis PCs have revealed
significant insights during the last decade (Rauser 1995; Cobbett 2000). PCs are
induced rapidly in cells and tissues on exposure to a range of metal ions
(cations), such as Cd, Ni, Cu, Zn, Ag, Hg and Pb and anions, such as arsenate
and selenite (Rauser 1995, 1999; Friederich et al. 1998; Ha et al. 1999; Leopold
et al. 1999; Cobbett 2000; Hartley-Whitaker et al. 2001; Cosio et al. 2004;
Hussain et al. 2004; Kipper et al. 2004; Raab et al. 2004; Song et al. 2004;
Datta and Sarkar 2004).

The PCs are synthesized from glutathione by adding a terminal glycine (gly)
into the dipeptides (y-Glu-Cys), by the action of enzyme phytochelatin
synthase. PCs form a family of structures with increasing repetitions of the vy-
Glu-Cys dipeptide, followed by a terminal Gly;(y-Glu-Cys),-Gly, where , has
been reported as being as high as 11, but is generally in a range of 2-5 (Cobbett
2000).

It has been demonstrated that GSH deficient mutants of Arabidopsis are
deficient in PCs and are found Cd-sensitive (Cobbett et al. 1998). Metal ion
induced and GSH dependent PC synthase activity that related to the metal
tolerance has been shown in Silene cucubalis (Grill et al. 1989), tomato (Chen
et al. 1997), pea (Klapheck et al. 1995) and Arabidopsis (Howden et al.
19953a,b). In Azuki beans (Vigna angularis), an essentiality of PC synthase for
Cd tolerance has been demonstrated (Inouhe et al. 2000). PC synthase genes
AtPCS1 in Arabidopsis, whose expression mediated an increased Cd
accumulation (Vatamaniuk et al. 1999) and TaPCS1 in wheat that increased Cd-
resistance and accumulation (Clemens et al. 1999) were reported
simultaneously. Both AtPCS1 and TaPCS1 mediated Cd tolerance has been
found GSH dependent and function in vacuole-deficient mutants, suggesting a
cytosolic localization. These genes mediate in vivo PC biosynthesis in yeast
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(Datta and Sarkar 2004). The role of GSH and PCs in hyperaccumulation of the
heavy metals in plants has been demonstrated using transgenic approach in few
plants (Table 4).

The availability of amino acids, especially that of sulfur amino acids and
regulation of PC synthase activity, is considered as the most important
regulatory mechanism of the PC biosynthetic pathways. Another important
molecular event that regulates hyperaccumulation of toxic heavy metals in
plants relates to sequestration of the metals in the vacuoles. The PC-metal
complexes are driven by various membrane transporters (Cobbett 2000;
Blaudez et al. 2003; Kipper et al. 2004; Cosio et al. 2004; Raab et al. 2004:
Datta and Sarkar 2004). These membrane transporters include CPx-type
ATPases, Nramp family of proteins and CDF family proteins as discussed
earlier. More detailed insights on the characterization, isolation, cloning and
regulation of transport of the PC-metal complexes from source to sink are
needed to achieve better phytoremediation efficiency of the heavy metals using
biotechnological approaches. Free histidine (His) has been reported to be Ni-
chelator in Alyssum lesbiacum and Brassica juncea and it has been found to
enhance release of Ni into the xylem during its transport to aerial parts (Kerkeb
and Krdmmer 2003). However, Persans et al. (1999) have reported that the Ni-
hyperaccumulation phenotype in Thlaspi goesingense could not be related to the
overproduction of His in response to nickel.

The phytoremediation mechanisms for most of the heavy metals thus seem
to be governed by the ion transport and hyperaccumulation in the vacuolar sinks
of the tolerant plants. Phytodegradation and phytovolatilization are the preferred
mechanisms for the cleanup of organic xenobiotics (Morikawa and Takahashi
2000; Schwitzguébel 2004). These processes, however, also rely on the
movement of the pollutants into plant roots and subsequent translocation into
other tissues and parts of the plants, where the detoxification and metabolization
take place (Schroeder et al. 2002). Higher plants have evolved many genes and
enzymes, which have potentials to metabolize or degrade different kinds of
xenobiotic compounds. Xenobiotic metabolism in plant cells proceeds through
different partially linked stages (Schwitzguébel 2004 for a recent review). The
reductive, oxidative and hydrolytic enzymes introduce functional groups (-OH,
-NH,, -SH) into lipophilic substrates in phase I reactions. Hydrolytic reactions,
catalysed by esterases or amidases, are quite common and the multiple isoforms
of substrate inducible enzymes have been reported. The oxidation reactions
(epoxidation, O- or N-dealkylation, aryl- or alkylhydroxylation, N-or S-
oxidation) appear to be catalysed by the cytochrome P450 mono-oxygenases.
This process seems to be the most important in xenobiotics, phytoremediation.
These enzymes are microsomal in localization and have been characterized well
in mammalian systems. In plants, they are induced by wounding, pathogenesis
and chemical stresses e.g. organic xenobiotic compounds. The wide range of
transferases catalyze removal of glucosyl moieties, amino acids, malonic acid or
glutathione residues in Phase II reaction. The herbicide and other xenobiotics



Biotechnological Approaches in Phytoremediation 247

metabolites containing these residues can be deposited as “bound residues” in
the extracellular matrix/cell wall, or stored as water soluble metabolites in the
vacuoles (Phase III) (Schwitzguébel 2004).

One of the major limitations in the phytoremediation of the organic
pollutants, especially for the soil contaminants, has been realized as the poor
understanding of the soil chemistry of these pollutants, their mobilization in
the rhizosphere, their uptake and the transport within the plants (Cunningham
et al. 1996; Sicilano and Germida 1998; Trapp and Karlson 2001;
Mehmannavaz et al. 2002; Campanella et al. 2002; Harvey et al. 2002;
Muratova et al. 2003; Schwitzguébel 2004). Rhizosphere microbes can play
an important role in enhancing the bioavailability of the organic pollutants for
the plant uptake. Uptake of hydrophobic xenobiotics of larger size can be
facilitated by the primary microbial biodegradations in the rhizosphere. The
hydrophobic persistent organic pollutants like polychlororinated dibenzo-p-
dioxins and furans (PCDD/Fs) and 2,3,7,8-tetrachlorodibenzo-p-dioxin
(TCDD) with present log K, value above 4 are taken up by roots and
transported to shoots by the transpiration stream of plants like Zucchini
(Cucurbita pepo) (Campanella and Paul 2000). A proteinaceous molecule able
to increase apparent aqueous solubility and binding during transport of such
organic compounds have been found in the xylem sap and leaf extracts
(Campanella and Paul 2000; Campanella et al. 2002).Hybrid poplar (Populus
species) have also been demonstrated to remediate organic pollutants
including trichloroethylene (TCE), a potential carcinogen commonly found in
ground water and the contaminated sites (Kassel et al. 2002). Although many
organic pollutants are metabolized or degraded to less toxic substances and
accumulated in the phytoremediating plants, certain volatile organic
chlorinated compounds e.g. BTEX (benzene, toluene, ethylbenzene, xylene),
and MTBE (methyl tert-butyl ether) etc. can be released to the atmosphere.
However, volatilization undermines the merits for phytoremediation for these
applications (Schwitzguébel 2004). For such problems, rhizodegradation is
usually attempted as a solution. However, large root absorption area, big root
tip mass, high biomass with high enzymatic capabilities can make plants as
ideal cleaning system of soil-based organic pollutants too, if bioavailability,
uptake, transport and its metabolism can be regulated upto the desired extent.
Though some success have been achieved to develop large scale commercial
phytoremediation projects for cleanup of the sites or groundwater
contaminated with organic xenobiotics (Table 2. Glass 1999; Trapp and
Karlson 2001; Schwitzguébel 2004), but still this area needs more attention in
the future.

Isolation, characterization and cloning of most appropriate genes from the
organisms across the taxonomic boundaries, adequate promoters and
regulatory genes (e.g. transcription factors), efficient genetic transformation
and in vitro regeneration protocols can be seen as biotechnological approaches
to resolve such problems of persistent organic pollutant, contamination. Plant
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genetic engineering has emerged as a technology which can create new
potential character in a plant from a distantly related organism (beyond
taxonomic boundaries) or even using synthetic genes and promoters. Many
appropriate genes of foreign origin have been transferred in the plants like
Arabidopsis thaliana, Nicotiana tabaccum, Brassica juncea, Brassica
oleracea var botrytis, Lycopersicon esculeutum etc. to enhance the
phytoremediation efficiency of these plants (Table 4. Raskin 1996; Rugh et al.
1996; Arazi et al. 1999; Arisi et al. 2000; Meagher 2000; Nedelkoska and
Doran 2000; Assuncao et al. 2001). The genes of choice are related to the
regulatory genes of sulfur metabolism, glutathione biosynthesis for the
synthesis of binding peptide and proteins, uptake and transport proteins for the
partitioning, targeting and metabolizing proteins/enzymes etc. which have
enhanced significantly the potential of the phytoremediation using transgenic
plants. Transgenic plants so far have been developed for the
hyperaccumulation of toxic heavy metals e.g. Hg, As, Pb, Cd, Co, Ni, Zn, Cu
etc. air pollutants e.g. NO, and SO, and organic pollutants e.g. 2,4,6-
trinitrotoluene and organomercurials etc. The literature available on the
genetic engineering of plants for phytoremediation indicate clearly that this
technology can be used successfully to enhance rhizosphere degradation,
bioavailbility, uptake, transport, targeting, partitioning, storage and
hyperaccumulation of toxic pollutants of various kinds and also to resolve the
problems associated with post harvest, management and recycling of the
contaminated phytomass. It can combine the various characters of ideal
phytoremediation in one plant which has fast growth, higher biomass,
suitability for easy post harvest, agroclimatic adaptations and desired root size
and root depth alongwith high efficiency to remediate specific contaminants
as well as mixture of many contaminants. Rhizosphere management can also
be enhanced by introducing genes for required plant exudates and microbial
strains for better potential for supplementing phytoremediation by enhancing
bioavailbility and solubility of the pollutants.

A lot of challenges are to be addressed, by the biotechnologists to meet out
the commercial needs and to utilize an optimal potential of this technology.
The major limitations of plant genetic engineering as a technology have been
the availability of most appropriate genes based on wider prospecting of huge
biodiversity, novel promoters and transcription regulators (transcription
factors regulating larger metabolic pathways), genes for factors regulating
post translation modification, targeting and transport proteins and peptides
and the factors for the storage management of the metabolites etc. In addition,
removal of non-required or deleterious associated genes (e.g. selectable and
visible markers) and avoidance of pollen mediated flow of foreign gene e.g.
chloroplast transformation etc. will be a focal attention in the recent future.
Addressing these challenges environmental safer, free from any health
hazards, high potentials economic phytoremediation can be developed using
extensive bioprospecting and genetic engineering in recent future.
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6. Conclusion

Phytoremediation is an eco-friendly cost-effective technology, as compared to
classical physical, chemical and even to the microorganisms-based
bioremediation techniques. It is useful for the remediation of sites contaminated
with non-biodegradable toxic heavy metals, hazardous air pollutants like oxides
of nitrogen and sulfur, and photoxidants like ozone, recalcitrant organic
pollutants, like chlorinated pesticides, organophosphate, insecticides, petroleum
hydrocarbons, polynuclear aromatic hydrocarbons (PAHSs), sulphonated
biphenyl (PCBs) and chlororinated solvents (TCE, PCE) etc.

Amongst the major limitations of the technique, tolerance level of plants to
high contamination zones, treatment of only bioavailable fraction of the
contaminants and remediation of the contaminants largely from within a meter
of the surface of the soil and within a few meters of the surface of the
groundwater can be counted. The agro-climatic and hydrological conditions
may also limit the plant growth on the treatment site and chances of entering of
the contaminants in food chain through animals /insects that eat plant material
containing the contaminants need to be attended while advocating for this
technology. Plant biomass and agricultural vegetable wastes can also be used as
adsorbant systems for the remediation of waterbodies from organic and
inorganic pollutant’s contaminations. Due to the low cost of the technique, the
low disturbance in the in situ treatments, a higher probability for the public
acceptance and an easy handling, this technology indicates a strong potential as
a natural, or improved, solar energy driven remediation approach for the
treatments of the various kinds of the pollutants.
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