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Abstract Pollution of the biosphere by the toxic metals is

a global threat that has accelerated dramatically since the

beginning of industrial revolution. The primary source of

this pollution includes the industrial operations such as

mining, smelting, metal forging, combustion of fossil fuels

and sewage sludge application in agronomic practices. The

metals released from these sources accumulate in soil and

in turn, adversely affect the microbial population density

and physico-chemical properties of soils, leading to the loss

of soil fertility and yield of crops. The heavy metals in

general cannot be biologically degraded to more or less

toxic products and hence, persist in the environment.

Conventional methods used for metal detoxification pro-

duce large quantities of toxic products and are cost-

effective. The advent of bioremediation technology has

provided an alternative to conventional methods for re-

mediating the metal-poisoned soils. In metal-contaminated

soils, the natural role of metal-tolerant plant growth pro-

moting rhizobacteria in maintaining soil fertility is more

important than in conventional agriculture, where greater

use of agrochemicals minimize their significance. Besides

their role in metal detoxification/removal, rhizobacteria

also promote the growth of plants by other mechanisms

such as production of growth promoting substances and

siderophores. Phytoremediation is another emerging low-

cost in situ technology employed to remove pollutants from

the contaminated soils. The efficiency of phytoremediation

can be enhanced by the judicious and careful application of

appropriate heavy-metal tolerant, plant growth promoting

rhizobacteria including symbiotic nitrogen-fixing organ-

isms. This review presents the results of studies on the

recent developments in the utilization of plant growth

promoting rhizobacteria for direct application in soils

contaminated with heavy metals under a wide range of

agro-ecological conditions with a view to restore contam-

inated soils and consequently, promote crop productivity in

metal-polluted soils across the globe and their significance

in phytoremediation.
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Introduction

Release of heavy metals from various industrial sources,

agrochemicals and sewage sludge present a major threat

to the soil environment. Generally, heavy metals are not

degraded biologically and persist in the environment

indefinitely. Once accumulated in the soils, the toxic metals

inversely affect the microbial compositions, including plant

growth promoting rhizobacteria (PGPR) in the rhizosphere,

and their metabolic activities. In addition, the elevated

concentration of metals in soils and their uptake by plants

adversely affect the growth, symbiosis and consequently

the yields of crops (Moftah 2000; Wani et al. 2007a, 2008a)

by disintegrating cell organelles, and disrupting the

membranes (Sresty and Madhava Rao 1999), acting as

genotoxic substance (Sharma and Talukdar 1987) disrupt-

ing the physiological process, such as, photosynthesis

(Van Assche and Clijstersters 1990; Wani et al. 2007b),

or by inactivating the respiration, protein synthesis and
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carbohydrate metabolism (Shakolnik 1984). The remedia-

tion of metal-contaminated soils thus becomes important,

as these soils usually cover large areas that are rendered

unsuitable for sustainable agriculture.

To circumvent the metal stress, microorganisms of

agronomic importance have evolved a number of mecha-

nisms, which they use to tolerate the uptake of heavy metal

ions. Such mechanisms include (1) the pumping of metal

ions exterior to the cell (2) accumulation and sequestera-

tion of the metal ions inside the cell (3) transformation of

toxic metal to less toxic forms (Wani et al. 2008b) and

adsorption/desorption of metals (Mamaril et al. 1997). Due

to these properties, when plant growth promoting rhizo-

bacteria including nitrogen fixers, used as seed inoulant,

were applied to soil, either treated/amended intentionally

with metals or already contaminated, have shown a

substantial reduction in the toxicity of metals and con-

comitantly improved the overall growth and yield of

chickpea (Cicer arietinum) (Gupta et al. 2004), greengram

(Vigna radiata L. wilczek) (Wani et al. 2007a) and pea

(Pisum sativum) (Wani et al. 2007c). Besides their role in

protecting the plants from metal toxicity, the plant growth

promoting rhizobacteria are also well known for their role

in enhancing the soil fertility and promoting crop produc-

tivity by providing essential nutrients (Zaidi et al. 2003,

2004; Zaidi and Khan 2006) and growth regulators (Wani

et al. 2007d, e). They also promote the growth of plants by

alleviating the stress induced by ethylene-mediated impact

on plants (Glick et al. 2002) by synthesizing 1-aminocy-

clopropane-1-carboxylate (ACC) deaminase (Ma et al.

2003; Uchiumi et al. 2004; Belimov et al. 2005). The use

of such microbes possessing multiple properties of metal

resistance/reduction and ability to promote plant growth

through different mechanisms in metal-contaminated soils

make them one of the most suitable choices for bioreme-

diation studies.

The other alternative approach used to clean up the

contaminated soils includes the plants, the innovative

technique being known as phytoremediation (Brooks

1998). This technology involves the use of metal-accu-

mulating plants to remove, transfer, or stabilize the

contaminants from soils; but this technique is time

consuming (Wenzel et al. 1999). The efficiency of phyto-

remediation technique is, however, influenced by the

activity of rhizosphere microbes and the speciation and

concentration of metals deposited into soil (Wang et al.

1989; Khan 2005a, b). For instance, use of plant growth

promoting rhizobacteria Pseudomonad and Acinetobacter

have shown to enhance phytoremediation abilities of

non-hyperaccumulating maize (Zea mays L.) plants by

increasing their growth and biomass (Lippmann et al.

1995). Also, plants growing in metal-stressed soils can

protect themselves from metal toxicity by synthesizing

antioxidant enzymes, which scavenges the toxicity of

reactive oxygen species generated by plants (Cardoso et al.

2005) and by associative bacteria (Corticeiro et al. 2006)

under metal stress.

Growth promotion by plant growth promoting

rhizobacteria

The rhizosphere bacteria capable of aggressively coloniz-

ing plant roots and promoting plant growth are generally

called as plant growth promoting rhizobacteria (Kloepper

and Schroth 1978). Broadly, plant growth promoting rhi-

zobacteria can be divided into two major groups according

to their relationship with the host plants: (1) symbiotic

rhizobacteria and (2) free-living rhizobacteria (Khan

2005a, b), which could invade the interior of cells and

survive inside intracellular PGPR (e.g., nodule bacteria), or

remain outside the plant cells, extracellular PGPR (e.g.,

Bacillus, Pseudomonas, Azotobacter etc.). These organ-

isms affect plant growth in three different ways—(1) by

synthesizing and providing particular compounds to the

plants (Glick 1995) (2) facilitating the uptake of certain

nutrients from environment (Çakmakçi et al. 2006) and (3)

protecting plants from certain diseases (Khan et al. 2002).

Generally, rhizobacteria improves plant growth by syn-

thesizing phytohormones precursors (Perveen et al. 2002;

Ahmad et al. 2008), vitamins, enzymes, siderophores,

antibiotics (Burd et al. 2000; Glick 2001) and inhibiting

ethylene synthesis. In addition, the rhizobacterial strains

can solubilize inorganic P (Zaidi and Khan 2005, 2007;

Khan and Zaidi 2007), mineralizing organic P (Ponmur-

ugan 2006; Khan et al. 2007), improve plant stress

tolerance to drought, salinity and metal toxicity, leading

thereby to increased plant growth. The growth promoting

substances synthesized by various rhizobacteria are sum-

marized in Table 1. Moreover, the plant growth promoting

rhizobacteria also increase the growth of plants through the

synthesis of specific enzymes, which induce physiological

changes in plants. For example, ethylene plays a critical

role in various developmental processes, such as leaf

senescence, leaf abscission, epinasty and fruit ripening

(Vogel et al. 1998). Also, ethylene regulates node factor

signaling and nodule formation and has primary functions

in plant defense systems. Moreover, ethylene production

increases as a result of plant infection by rhizobacteria

(Schmidt et al. 1999). At higher concentrations, ethylene

inhibits growth and development of plants (Grichko and

Glick 2001); however, bacterial 1-aminocyclopropane-1-

carboxylate (ACC) deaminase synthesized by plant growth

promoting rhizobacteria (Belimov et al. 2005; Safronova

et al. 2006; Madhaiyan et al. 2006; Rajkumar et al. 2006)

alleviates the stress induced by ethylene-mediated impact
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on plants (Glick et al. 2002). The ACC of roots is metab-

olized by ACC deaminase to ketobutyrate and ammonia

(Penrose and Glick 2001). The bacteria utilize the NH3

evolved from ACC as a source of N and thereby restrict the

accumulation of ethylene within the plant, which otherwise

inhibits plant growth (Yang and Hoffman 1986; Belimov

et al. 2002).

Among other plant growth promoting rhizobacteria, the

symbiotic nitrogen fixers enhance the growth of legumes

by the following: (1) providing N to the plants through N2

fixation (Zaidi et al. 2004) (2) increasing the availability of

nutrients in the rhizosphere (3) inducing increases in root

surface area (4) enhancing other beneficial symbioses of

the host (5) reducing or preventing the deleterious effects

of phyto-pathogenic organisms (Khan et al. 2002) and (6)

by the combination of modes of action. As an example of

plant growth promoter, indoleacetic acid (IAA), phyto-

hormone of the auxin series produced by many rhizobia

(Abd-Alla 1994; Wani et al. 2007f, 2007g, 2008b), and

its metabolically related precursor, anthranilic acid, can

reductively solubilize soil Fe (III), and increase its avail-

ability via a mechanism different from that involving

siderophores (Kamnev 1998; Kamnev et al. 1999b). In a

study, Leinhos and Bergmann (1995) and Lippmann et al.

(1995) reported that the addition of IAA to soil enhanced

the uptake of iron and other elements (e.g. zinc, calcium

etc.) in plant roots. Another growth promoting substance,

siderophores, is a specific Fe (III)-chelating agent that

makes the chelated iron unavailable to pathogenic micro-

organisms (Briat 1992; Braun 1997) and leads to an

increase in plant health (Wang et al. 1993). Microbial

siderophores are known to regulate the availability of Fe in

the plant rhizosphere (Loper and Henkels 1999) and it has

been found that competition for iron in the rhizosphere is

controlled by the affinity of the siderophores for iron.

Interestingly, the binding affinity of phyto-siderophores for

iron is less than the affinity of microbial siderophores, but

plants require a lower iron concentration for normal growth

than do microbes (Meyer 2000). Though, several rhizobial

species are known to produce growth promoting substances

Table 1 Growth regulators produced by plant growth promoting rhizobacteria

Organisms Growth regulators References

Azotobacter, Fluorescent pseudomona, and Bacillus IAA, siderophore, ammonia, HCN, P-solubilization Ahmad et al. (2008)

Bacillus spp. IAA, P solubilization, siderophores, HCN, ammonia Wani et al. (2007d)

Bacillus spp. IAA, P solubilization, siderophores, HCN, ammonia Wani et al. (2007e)

Azotobacter chroococcum IAA, siderophores, HCN, ammonia Wani et al. (2007d)

Pseudomonas and Bacillus Siderophores, IAA, P-solubilization Rajkumar et al. (2006)

Brevibacillus sp. IAA Vivas et al. (2006)

Bravibacterium sp. Siderophore Noordman et al. (2006)

Xanthomonas sp. RJ3, Azomonas sp. RJ4,

Pseudomonas sp. RJ10, Bacillus sp. RJ31
IAA Sheng and Xia (2006)

Bacillus subtilis IAA and P-solubilization Zaidi et al. (2006)

Bacillus sp. P-solubilization Canbolat et al. (2006)

Variovorax paradoxus, Rhodococcus sp. and

Flavobacterium (Cd tolerant)

IAA and siderophores Belimov et al. (2005)

Kluyvera ascorbata Siderophore Burd et al. (2000)

Pseudomonas fluorescens IAA, siderophore and P-solubilization Gupta et al. (2005)

Pseudomonas putida Siderophore Tripathi et al. (2005)

Sphingomonas sp, Mycobacterium sp, Bacillus sp,

Rhodococcus sp, Cellulomonas sp. and

Pseudomonas sp.

IAA Tsavkelova et al. (2005)

Azotobacter, Fluorescen tpseudomonas IAA Ahmad et al. (2005)

Seratia spp, Pseudomonas spp and Bacillus spp. IAA, P-solubilization Wani et al. (2005)

Bacillus and Azospirillum sp. IAA, P-solubilization Yasmin et al. (2004)

Micrococcus luteus IAA, P-solubilization Antoun et al. (2004)

Bacillus, Pseudomons, Azotobacter, and
Azospirillum

P-solubilization and IAA Tank and Saraf (2003)

Pseudomonas sp. IAA, siderophore and P-solubilization Gupta et al. (2002)

Pseudomonas fluorescence Siderophore Khan et al. (2002)

Azotobacter chroococcum Gibberellin, kinetin, IAA Verma et al. (2001)

Azotobacter chroococcum P-solubilization Kumar et al. (2001)
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under metal-free environment, the synthesis of these

compounds by metal-tolerant rhizobia are limited. Never-

theless, there has been certain evidence where metals at

lower concentrations either exert no harmful effect on the

rhizobia or even stimulate plant growth promoting activi-

ties. For instance, Bradyrhizobium strain RM8, tolerant to

nickel and zinc; Rhizobium sp. RL9, isolated from lentil

nodules, tolerant to zinc; and Rhizobium sp. RP5, isolated

from pea nodules, tolerant to zinc and nickel, produced

substantial amounts of IAA (Wani et al. 2007c, f, g). The

production of growth-promoting substances by metal-tol-

erant and natural rhizobial strains is presented in Table 2.

Biological availability of metals in soil

Heavy metals such as lead, arsenic, cadmium, copper,

zinc, nickel, and mercury are discharged from industrial

operations such as smelting, mining, metal forging,

manufacturing of alkaline storage batteries, and combus-

tion of fossil fuel. Moreover, the agricultural activities

like application of agrochemicals, and long-term usage of

sewage sludge in agricultural practices also add signifi-

cant amounts of metals to the soils (Giller et al. 1989;

McGrath et al. 1995). These metals exist in bioavailable

and non-bioavailable forms (Sposito 2000) whose mobil-

ity depends on two factors: (1) the metallic element that

precipitates as positively charged ions (cations) and (2)

the one, which makes up negatively charged component

of salt. Physico-chemical properties of soils, such as

cation exchange capacity (CEC), organic matter, clay

minerals and hydrous metal oxides, pH and buffering

capacity, redox potential and extent of aeration, water

content and temperature, together with root exudates and

microbial activities determines the metal availability in

soils (Brown et al. 1999; Traina and Laperche 1999;

Krishnamurthy 2000). The toxicity of metals within soils

with high CEC is generally low even at high total metal

concentrations (Roane and Pepper 2000). Under oxidized

and aerobic conditions, metals are usually found in sol-

uble cationic forms while in reduced or anaerobic

conditions, as sulphide or carbonate precipitates. At low

soil pH, the metal bioavailability increases due to its free

ionic species, while at high soil pH it decreases due to

insoluble metal mineral phosphate and carbonate forma-

tion. The mobility and bioavailability of certain metals in

soils is usually in the order: Zn [ Cu [ Cd [ Ni (Lena

and Rao 1997). However, the concentration of heavy

metals within all components of the ecosystems varies

considerably. Coexistence and persistence of metals in

soils as multiple contaminants facilitate the entry and

accumulation of these pollutants into food webs and

ultimately into the human diets. Contamination of agro-

nomic soils with heavy metals (both by single or

combination of metals) has thus become a global threat to

the sustainability of the agro-ecosystems and therefore,

is receiving considerable attention from the environ-

mentalists. Therefore, the assessment of heavy metal

bioavailability and uptake of metals by plants help in -(1)

evaluating the impact of metals on beneficial rhizospheric

Table 2 Plant growth promoting substances produced by symbiotic nitrogen fixers both in metal free and metal stressed environment

Symbiotic N2 fixers Heavy metal Plant growth promoting substances References

Rhizobium, Bradyrhizobium – P-solubilization Abd-Alla (1994)

Bradyrhizobium japonicum – Siderophore Wittenberg et al. (1996)

Rhizobium leguminosarum – Cytokinin Noel et al. (1996)

Rhizobium ciceri – Siderophopre Berraho et al. (1997)

Bradyrhizobium, Rhizobium – Siderophore Duhan et al. (1998)

Bradyrhizobium, Rhizobium – IAA Antoun et al. (1998)

Rhizobium meliloti – Siderophore Arora et al. (2001)

Mesorhizobium, Bradyrhizobium sp. (vigna) – Siderophore Khan et al. (2002)

Rhizobium – HCN, siderophore Deshwal et al. (2003)

Bradyrhizobium (Arachis) – Siderophore, IAA and P-solubilization Deshwal et al. (2003)

Rhizobium – P-solubilization and IAA Tank and Saraf (2003)

Bradyrhizobium, Rhizobium – IAA, P-solubilization Antoun et al. (2004)

Bradyrhizobium japonicum – IAA Shaharoona et al. (2006)

Bradyrhizobium sp. RM8 Nickel, zinc IAA, siderophore, ammonia, HCN Wani et.al. (2007f)

Rhizobium sp. RP5 Nickel, zinc IAA, siderophore Wani et.al. (2007c))

Rhizobium sp. RL9 Zinc IAA, siderophore, ammonia, HCN Wani et.al. (2007g)

Mesorhizobium sp. RC3 Chromium (vi) IAA, siderophore Wani et.al. (2008b)

Mesorhizobium – IAA, siderophore, ammonia, HCN, P-solubilization Ahmad et al. (2008)
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microbes and crops grown in metal-stressed soils and (2)

in predicting the application of bioremediation technolo-

gies that could be used to clean up metals from the

polluted soils. The remediation of such soils therefore,

requires urgent attention, so that the sustainability of

crops and in turn, the food security across the globe,

could be protected.

How plant growth promoting rhizobacteria combat

heavy-metal stress?

Accumulation of heavy metals in the soil environment and

their uptake by both plant growth promoting rhizobacteria

and plants is a matter of growing environmental concern.

Unlike many other pollutants, which can undergo biodeg-

radation and produce less toxic, less mobile and/or less

bio-available products, heavy metals are difficult to be

removed from contaminated environment. These metals

cannot be degraded biologically, and are ultimately inde-

structible, though the speciation and bioavailability of

metals may change with variation in the environmental

factors. Some metals such as, zinc, copper, nickel and

chromium are essential or beneficial micronutrients for

plants, animals and microorganisms (Olson et al. 2001[t3])

while others (e.g., cadmium, mercury and lead) have no

known biological and/or physiological functions (Gadd

1992). However, the higher concentration of these metals

has great effects on the microbial communities in soils

in several ways- (1) it may lead to a reduction of total

microbial biomass (Giller et al. 1998) (2) it decreases

numbers of specific populations (Chaudri et al. 1993) or (3)

it may change microbial community structure (Gray and

Smith 2005). Thus, at high concentrations, metal ions can

either completely inhibit the microbial population by

inhibiting their various metabolic activities (Fig. 1) or

organisms can develop resistance or tolerance to the ele-

vated levels of metals. The ability to grow even at high

metal concentration is found in many rhizospheric micro-

organisms including symbiotic N2 fixing bacteria (Lakzian

et al. 2002) and may be the result of intrinsic or induced

mechanism (Giller et al. 1998). Tolerance may be defined

as the ability to cope with metal toxicity by means of

intrinsic properties of the microorganisms, while resistance

is the ability of microbes to survive in higher concentra-

tions of toxic metals by detoxification mechanisms,

activated in direct response to the presence of heavy metals

(Ledin 2000). Toxic heavy metals therefore, need to be

either completely removed from the contaminated soil,

transformed or to be immobilized, producing much less or

non-toxic species. However, in order to survive and pro-

liferate in metal contaminated soils, tolerance has to be

present both in microbes and their associative hosts. For

survival under metal-stressed environment, plant growth

promoting rhizobacteria have evolved several mechanisms

by which they can immobilize, mobilize or transform

metals rendering them inactive to tolerate the uptake of

heavy metal ions (Nies 1999). These mechanisms include

(1) exclusion—the metal ions are kept away from the target

sites (2) extrusion—the metals are pushed out of the

cell through chromosomal/plasmid mediated events (3)

accommodation—metals form complex with the metal-

binding proteins (e.g. metallothienins, a low molecular

weight proteins) (Kao et al. 2006; Umrania 2006) or other

cell components (4) bio-transformation—toxic metal is

reduced to less toxic forms and (5) methylation and

demethylation. One or more of these defense mechanisms

allows these microorganisms to function metabolically in

environment polluted by metals. These mechanisms could

be constitutive or inducible. The bacterial resistance

mechanisms are encoded generally on plasmids and

transposons, and it is probably by gene transfer or

Microorganisms

Cell membrane disruption 
(Hg, Pb, Zn, Ni, Cu and Cd) 

Inhibition of cell division 
(Pb, Cd, Hg and Ni) 

Protein denaturation 
(Hg, Pb and Cd) 

Inhibition of enzyme activity 
(Hg, Pb, Zn, Ni, Cu and Cd) 

Transcription inhibition (Hg)

DNA        mRNA          Protein synthesis 

DNA damage          Transcription inhibition 
(Hg, Pb, Cd and As)         (Hg, Pb and Cd) 

Fig. 1 Heavy metal toxicity

mechanisms to microbes
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spontaneous mutation that bacteria acquire their resistance

to heavy metals. For example, in Gram-negative bacteria

(e.g. Ralstonia eutropha), the czc system is responsible for

the resistance to cadmium, zinc and cobalt. The czc-genes

encode for a cation-proton antiporter (CzcABC), which

exports these metals (Nies 1999). A similar mechanism,

called ncc system, has been found in Alcaligenes xylos-

oxidans, which provides resistant against nickel, cadmium

and cobalt. On the contrary, the cadmium resistance

mechanism in Gram-positive bacteria (e.g. Staphylococcus,

Bacillus or Listeria) is through Cd-efflux ATPase. Plasmid-

encoded energy dependent metal efflux systems involving

ATPases and chemiosmotic ion/proton pumps are also

reported for arsenic, chromium and cadmium resistance in

other plant growth promoting rhizobacteria (Roane and

Pepper 2000). The exploitation of these bacterial properties

for the remediation of heavy metal-contaminated sites has

been shown to be a promising bioremediation alternative

(Lovley and Coates 1997; Lloyd and Lovley 2001).

Though, the threshold limit of metal toxicity to soil

microorganisms is not conclusive, yet the interaction

between heavy metals and microbes do occur in nature.

Microorganisms can interact with metals via many mech-

anisms (Fig. 2), some of which may be used as the basis of

potential bioremediation strategies.

Bioremediation: a natural method for the restoration

of derelict soils

Conventional approaches employed for the remediation of

metals from contaminated sites are presented in Fig. 3.

These methods include, (1) land filling—the excavation,

transport and deposition of contaminated soil in a permitted

hazardous waste land (2) fixation—the chemical processing

of soil to immobilize the metals, usually followed by

treatment of the soil surface to eliminate penetration by

water and (3) leaching—using acid solutions as proprietary

leaching agent to distort and leach metals from soil

followed by the return of clean soil residue to site

(Krishnamurthy 2000). The applications of these processes

are sometimes restricted, due to the technological or eco-

nomical constrains. Therefore, the search for alternative

methods to restore polluted soils in an inexpensive, less

labor intensive, safe and environment friendly manner is

required. Such an alternative method is bioremediation,

which is defined as the action of microbes or other

biological systems to degrade/transform environmental

pollutants under controlled conditions to an innocuous

state, or to levels below concentration limits established by

regulatory authorities (Muller et al. 1996). Bioremediation

can be applied in situ without the removal and transport of

contaminated soils and without the disturbance of soil

matrix or can be applied ex situ to soil at the site, which has

been removed from the site via excavation.

Therefore, managing the microbial populations in the

rhizosphere by using microbial inoculum consisting of a

consortium of plant growth promoting rhizobacteria and

symbiotic nitrogen fixers as allied colonizers and biofer-

tilizers, could provide plants with benefits crucial for

ecosystem restoration on derelict lands (Khan 2004). These

microorganisms may be indigenous to a contaminated area

(intrinsic bioremediation) or can be isolated from else-

where and then introduced into the contaminated sites

Fig. 2 Metal–microbe

interactions affecting

bioremediation (Tabak et al.

2005)
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(bioaugmentation). Bioremediation depends on the func-

tionality of organisms in the rhizosphere and the

environmental conditions amenable for their growth.

Advances in understanding the role of microorganisms in

such processes, together with the ability to fine-tune their

activities using the tools of molecular biology, has led to

the development of novel or improved metal bioremedia-

tion processes.

Advantages and limitations of bioremediation

Bioremediation is an option that offers the possibility to

destroy or render harmless various contaminants using

natural biological activity. As such, it is inexpensive, low-

technology technique, which generally has a high public

acceptance and can consistently be carried out on con-

taminated sites, often without affecting the fertility of soils

or the metabolic activities of microbes. This property of

remediation help to avoid the transport of waste, off site

and consequently the potential threats to human health and

the environment that could arise during transportation.

Furthermore, bioremediation can be useful for remediation

of variety of contaminants leading to the complete

destruction and when the contaminants are transformed/

degraded, the toxicity of contaminants declines. Bioreme-

diation technologies also have certain disadvantages, like

the products of biodegradation may be more persistent or

toxic than the parent compound; since biological processes

are often specific, they require active and specific microbial

communities whose success depends on nutrient status of

soil, and levels of contaminants in the sites to be remedi-

ated; it is a time-consuming process and has problems

in transferring of success from lab to field environment.

Since, bioremediation seems to be a good alternative to

conventional clean up technologies, research in this field is

rapidly increasing. However, there is still urgent need of

molecular engineering of microbes, so that they could be

manipulated for better performance and wider application

under diverse agro-climatic conditions.

Plant growth promoting rhizobacteria-assisted

remediation of heavy metals

Rhizosphere, with high concentration of nutrients exuded

from the roots, attracts more bacteria compared to non-

rhizosphere soils (Penrose and Glick 2001). These bacteria

including plant growth promoting rhizobacteria, in turn

facilitate the growth of the plant and this phyto-bacteria

system has been proved to be more effective in minimizing

the bioavailability and biotoxicity of heavy metals (Khan

2005a, b; Wani et al. 2008b). The plant growth promoting

rhizobacteria, though, has been used largely as a growth-

promoting agent in agronomic practices; substantial

Removal/ detoxification 
of heavy metals 

Biological Approach 
(Bioremediation)

Phytovolatization

Physico-Chemical
Approach

Bacteria

Plant Assisted 
(Phytoremediation)

Microbes Assisted 

AlgaeYeastFungi

Phytostabilization PhytodegredationRhizofiltrationPhytoextraction

LandfillExcavation Electro
reclamation

LeachingThermal
treatment

Fig. 3 Approaches employed

for the remediation of heavy

metals from contaminated soil
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emphasis is being placed on them in order to exploit their

bioremediation potential as well. The removal of metals

from contaminated soils by plant growth promoting rhi-

zobacteria can be carried out by artificial introduction of

viable population to contaminated sites (bioaugumenta-

tion), stimulation of viable native microbial population

(biostimulation), biotransformation, bioreduction, bioac-

cumulation, and biosorption. In recent times, new metal

treatment and recovery techniques based on biosorption

have been explored using both dead and living microbial

biomass with considerable success. Generally, prokaryotic

microbes accumulate metals by binding them as cations

to the cell surface in a passive process. In this context,

biosorption of metals by the plant growth promoting rhi-

zobacterial strains has been studied extensively (Volesky

and Holan 1995; Lloyd and Macaskie 2000). For example,

Hernandez et al. (1998), isolated three species of bacteria

belonging to family enterobacteriaceae, which were capa-

ble of accumulating nickel and vanadium. Other potential

alternative technologies currently in use involving surface

complexation for metal removal include ion exchange and

microprecipitation. In a study, cadmium, copper, selenium

and zinc were reported to be biosorbed by Streptococcus

faecalis, Streptococcus aureus, Bacillus subtilis, Bacillus

licheniformis, Pseudomonas aeruginosa, Proteus vulgaris

and Serratia marscecens, in the mixtures of Gram positive

and Gram negative bacteria. Generally, in Gram-positive

bacteria, surface complexation occurs between organic

P groups in cell surface teichoic acid and metal contami-

nants. For example, uranium (VI) phosphate solids are

the least soluble of all the uranium (VI) solid phases. By

contrast, Gram-negative bacteria appear to have a lesser

ability to sorb uranium, possibly because they lack these

cell-surface organic P groups. One of the most common

surface structures found both in bacteria and archaea is a

crystalline proteinaceous surface layer called the S-layer,

which attenuates the sorption ability of Gram-positive

bacteria.

Furthermore, heavy metals in general, cannot be

destroyed biologically and hence, persist in the environ-

ment. However, microorganisms can transform a wide

variety of multivalent metals that pose major threat to the

environment. In this regard, numerous strains of plant

growth promoting rhizobacteria possessing metal reducing

ability have been identified (Faisal and Hasnain 2005). As

an example, among the different forms of chromium, the

hexavalent form of chromium is more toxic and carcino-

genic (McLean and Beveridge 2001) due to its high

solubility in water, rapid permeability through biological

membranes and subsequent interaction with intracellular

macromolecules (Kamaludeen et al. 2003). Reduction of

toxic hexavalent chromium to trivalent form of chromium

is considered as a useful process for remediation of

chromium contaminated soil environments. The reduction/

detoxification of hexavalent chromium by microbes is a

low cost process and environmentally safe approach and

provides a viable option to protect the soil environment

from chromium toxicity. In this regard, numerous chro-

mium reducing plant growth promoting rhizobacteria, for

example, Ochrobacterium intermedium (Faisal and Hasn-

ain 2005), Pseudomonas sp. (Rahman et al. 2007), Bacillus

spp. (Wani et al. 2007h) and Mesorhizobium sp. (Wani

et al. 2008b) have been reported.

Recently, the inoculation effects of plant growth pro-

moting rhizobactera Methylobacterium oryzae strain

CMBM20 and Burkholderia sp. strain CMBM40, isolated

from rice (Oryza sativa) tissues, on toato (Solanum

tuberosum), grown in nickel and cadmium-treated soil was

studied (Madhaiyan et al. 2007). These bacterial strains

significantly reduced the toxicity of both metals in tomato

and promoted the plant growth under gnotobiotic and pot

culture conditions. It was concluded from this study that,

the bacterial strains reduced the uptake and consequent

translocation of these metals to shoots and also synthesized

phytohormones and ACC deaminase, which together

accounted for increased growth of the test plant. In other

study, a strain of Pseudomonas maltophilio transformed the

mobile and toxic form of chromium (Cr VI) to non-toxic

and immobile form (Cr III) and also minimized the

mobility of other toxic ions, such as Hg2+, Pb2+ and Cd2+

(Blake et al. 1993; Park et al. 1999). From these and other

studies, it seems reasonable to believe that the plant growth

promoting rhizobacteria could be developed as inoculants

to increase plant biomass and thereby to stabilize, re-veg-

etate and re-mediate metal-polluted soils. Recent examples

of the bioremediation of heavy metals by plant growth

promoting rhizobacteria are shown in Table 3. Despite all

these, there are certain issues that need to be addressed.

These are, (1) how do microorganisms induce changes in

the rhizosphere and influene metal accumulation? (2) How

do microbes select a particular metal for removal/detoxi-

fication from a pool of multiple metals in the contaminated

sites? and, (3) how do microorganisms mobilize and affect

the transfer of metals to different organs of plants?

Rhizoremediation by symbiotic nitrogen fixing

organisms

The use of plants for rehabilitation of heavy-metal-con-

taminated soil is an emerging area of interest because

it provides an ecologically sound and safe method for

restoration and remediation of polluted soils. Although

numerous plant species are capable of hyperaccumulation

of heavy metals, the technology is not adequate for reme-

diating sites with multiple contaminants. A meaningful
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solution could be to combine the advantages of microbe-

plant symbiosis within the plant rhizosphere into an

effective cleanup technology. Symbiosis between plants,

especially legumes and their symbionts (rhizobia) has long

been studied by rhizobiologists. The rhizosphere is an area

encircling the plant root system, which is characterized by

enhanced biomass productivity. The exudation of nutrients

by plant roots creates a nutrient-rich environment in which

microbial activity is increased. Rhizosphere bacteria obtain

nutrients such as, organic acids, enzymes, amino acids, and

complex carbohydrates, exuded from roots. In addition, the

mucigel secreted by root cells, lost root cap cells, or the

decay of complete roots provides nutrients to rhizosphere

microbes. In return, the bacteria convert nutrients into

available forms of mineral for uptake by plants. For

example, chickpea (C. arietinum) inoculated with phos-

phate-solubilizing bacteria and Mesorhizobium ciceri were

demonstrated to have increased growth, symbiosis and

yield through enhanced solubilization of phosphate and

availability of sufficient quantity of N to the legume (Zaidi

Table 3 Examples of plant growth promoting rhizobacteria used in bioremediation studies

Bacteria Plant Heavy

metals

Conditions Role of PGPR References

Methylobacterium oryzae,
Berknolderia sp.

Lycopersicon
esculentom

Ni, Cd Gnotobiotic and pot

culture experiments

Madhaiyan et al.

(2007)

Azotobacter chroococcum
HKN-5

Brassica Juncea Pb, Zn Experiments in

greenhouse

Stimulated plant growth Wu et al.

(2006a)

Bacillus megaterium HKP-

1

Brassica Juncea Pb, Zn Experiments in

greenhouse

Protected plant from metal toxicity Wu et al.

(2006a)

Bacillus mucillaginosus
HKK-1

Brassica Juncea Pb, Zn Experiments in

greenhouse

Protected plant from metal toxicity Wu et al.

(2006a)

Bacillus subtilis SJ-101 Brassica Juncea Ni Experiments in growth

chamber

Facilitated Ni accumulation Zaidi et al.

(2006)

Xanthomonas sp. RJ3,
Azomonas sp.
RJ4,Pseudomonas sp.
RJ10, Bacillus sp. RJ31

Brassica napus Cd Experiment in pots Stimulated plant growth and

increased cadmium

accumulation

Sheng and Xia

(2006)

Pseudomonas sp, Bacillus
sp.

Mustard Cr (VI) Pot experiment Stimulated plant growth and

decreased Cr (VI) content

Rajkumar et al.

(2006)

Ochrobactrum, Bacillus
cereus

Mungbean Cr (VI) Experiment in pots Lowers the toxicity of chromium

to seedlings by reducing Cr (VI)

to Cr (III)

Faisal and

Hasnain

(2006)

Kluyvera ascorbata
SUD165

Kluyvera ascorbata
SUD165

Indian mustard,

canola, tomato

Ni, Pb, Zn Experiments in growth

chamber

Both strains decreased some plant

growth inhibition by heavy

metals, No increase of metal

uptake with either strain over

non-inoculated plants

Burd et al.

(2000)

Brevundimonas Kro13 None Cd Culture media Sequestered cadmium directly

from solution

Robinson et al.

(2001)

Brevibacillus Trifolium repens Zn Pot experiment Enhanced plant growth and

nutrition of plants and decreased

zinc concentration in plant

tissues

Vivas et al.

(2006)

Variovox paradoxus,
Rhodococcus sp,

Flavobacterium

Brassica juncea Cd Experiment in Petri

dishes

Stimulating root elongation Belimov et al.

(2005)

Pseudomas fluorescens Soybean Hg Experiment in

greenhouse

Increased plant growth Gupta et al.

(2005)

Ochrobactrum intermedium Sunflower Cr (VI) Experiment in pots Increased plant growth and

decreased Cr(VI) uptake

Faisal and

Hasnain

(2005)

Pseudomonas sp. Soybean, mungbean,

wheat

Ni, Cd, Cr Experiment in pots Promotes growth of plants Gupta et al.

(2002)

Brevundimonas Kro13 None Cd Culture media Sequestered cadmium directly

from solution

Robinson et al.

(2001)
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and Khan 2007; Wani et al. 2007e). Furthermore, the root

tips provide a steady-state redox condition and a structural

surface for bacterial colonization. Researchers have

exploited this symbiotic relationship for rhizoremediation

technologies. The combination of bioaugmentation and

phytoremediation resulting in rhizoremediation (Anderson

et al. 1993) could solve some of the problems of derelict

land, encountered during the application of both techniques

individually. In this process, the root exudates released

from various plants stimulate the growth and metabolic

activities of nodule bacteria that in turn very effectively

remove the contaminants from polluted sites (Glick 2004;

Zhuang et al. 2007). Through various studies, it has

conclusively been proved that the rhizobial population

acquires resistance, when grown in the soils contaminated

heavily with metals (Pereira et al. 2006), though the

information on metal tolerance by rhizobia at the molecular

and cellular levels is limited. However, in recent times the

interest in rhizobia for their role in remediation of heavy

metals has greatly increased due to the fact that it influence

the solubility, bioavailability and mobility of metals in both

rhizosphere and within their legume host and help to

maintain N pool of soils and legumes.

Rhizobia grow slowly for long periods in soil, but if they

infect compatible legume hosts, they can grow rapidly and

successful infection by a single bacterium can lead to the

formation of a nitrogen-fixing nodule on the root of

legumes. Moreover, once symbiosis is established, metals

may accumulate in nodules. This would be an alternative

and less expensive method to remove metals from the soil.

The use of Rhizobium legume symbiotic interaction has

therefore, been suggested as a tool for rhizoremediation

of metals in derelict soils (Nie et al. 2002), because the

symbiotic relationship between leguminous plants and

rhizobia could be exploited for the improvement of plant

abilities by introducing genetically engineered rhizobia to

plant roots. Recombinant rhizobia in each nodule on a root

of a legume are advantageous for the expression of foreign

genes that help to sequester metals in contaminated soil.

For example, Mesorhizobium huakuii subsp. rengei strain

B3 (Murooka et al. 1993; Nuswantara et al. 1999) is the N2

fixing bacterium that establishes a symbiotic relationship

with Astragalus sinicus, the legume that has been used as

green manure in rice (O. sativa) fields in China and Japan,

and formed nitrogen-fixing root nodules (Chen et al. 1991).

It would be advantageous if this plant could be used to

increase N and, at the same time, to remove metals from

soil. In other studies, the gene encoding metal-binding

protein, tetrameric metallothionein (MTL4) (Hong et al.

2000) or arabidopsis phytochelatin synthase (PCS) (Rauser

1995; Zenk 1996; Cobbett 2000), was introduced into

M. huakuii subsp. Rengei strain B3 (Sriprang et al. 2002,

2003) which expressed under the control of a bacteroid-

specific promoter, nifH or nolB (Ruvkun et al. 1982; Perret

et al. 1999). Resultant recombinant strain enhanced the

accumulation of cadmium in free-living cells. In another

study, the most suitable plant species for rhizoremediation

showed that leguminous plant such as alfalfa is suitable

(Shann and Boyle 1994). This is probably due to their

ability to harbor large number of bacteria on their root

systems. Rhizoremediation, however, depends on factors

such as primary and secondary metabolites and coloniza-

tion and establishment of rhizobia, survival and ecological

interaction with other organisms in the rhizosphere.

Yet in another study, when greengram plants inoculated

with metal tolerant Bradyrhizobium was grown in sandy

clay loam soils exposed to different levels of nickel and

zinc, the bioinoculant significantly enhanced the plant

growth and symbiosis and reduced the uptake of nickel and

zinc by plant organs (Wani et al. 2007f). Thus, the overall

increase in inoculated greengram plants in metal-contam-

inated soils was suggested to be possibly due to the

reduction in the toxicity of metals, or by the sufficient

availability of N and phytohormones synthesized by the

inoculants strain, to the plants. Moreover, the phytohor-

mone (e.g., giberellin) is reported to reduce the effect of

high concentration of certain metals (e.g., cadmium) on the

growth of non-inoculated soybean (Glycine max) (Ghorb-

anli et al. 1999). In a similar study, the application of

metal-tolerant rhizobia as a seed bioinoculant reduced

metal toxicity and through their PGP activities promoted

the growth of lentil (Lens esculentum) (Wani et al. 2007g),

and chickpea (Wani et al. 2008b) in metal treated soils. In a

recent study, Rhizobium sp. RP5, tolerant to nickel and zinc

was reported to protect pea (Wani et al. 2007c) plants from

nickel (Fig. 4) and zinc (Fig. 5) toxicity without affecting

the metal uptake by roots, shoots and grains. The plant

growth promoting effect in the presence of metals was

suggested to be due to the reasons as discussed earlier, in

addition to their metal-reducing potential through adsorp-

tion/desorption mechanism (Mamaril et al. 1997).

Exposure of heavy metals and other adverse environ-

mental factors can disrupt cellular homeostasis and

enhance the production of several activated species of

oxygen such as, superoxide, singlet-oxygen, H2O2 and

hydroxyl radicals, which constitute an important aspect of

the oxygen problem in different organs of legumes. For

instance, nodules have a high capacity to produce these

damaging chemicals because of the high rates of respira-

tion, the strong reducing conditions required to reduce N2,

the tendency of leghaemoglobin to auto-oxidize and the

likely ability of nitrogenase to directly reduce oxygen

(Dalton 1995). Moreover, plants and nitrogen-fixing rhi-

zobia possess the efficient defense system that allows the

scavenging of reactive oxygen species. One such enzyme is

the glutathione reductase, which detoxifies the H2O2 via
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the ascorbate-glutathione cycle (Azevedo et al. 1998). In

this context, the glutathione reductase activity has been

detected in the roots and nodules of inoculated pea plants,

grown in soils treated with nickel (Fig. 6) and zinc (Fig. 7).

Generally, concentration-dependent increase in glutathione

reductase activity of roots and nodules was observed for

nickel and zinc in inoculated and non-inoculated plants

(Wani et al. 2007c). However, the glutathione activity in

general, was found more in roots of both rhizobium inoc-

ulated and un-inoculated plants grown in nickel and zinc-

stressed soil suggesting that the higher concentration of

these metals has probably induced the oxidative stress and

generation of reactive species of oxygen , leading to the

synthesis of antioxidant enzymes, which might have played

a pivotal role in protecting the pea plants from the oxida-

tive stress, as also reported for other legumes (Cardoso

et al. 2005; Ana et al. 2006; Lima et al. 2006). Further-

more, the enhanced growth of inoculated legumes under

metal stress could also be due to the synthesis of gluta-

thione reductase or other detoxifying agents by rhizobia

(Figueira et al. 2005; Corticeiro et al. 2006). These results

could play an important role in developing biotechnologi-

cal strategies for metal bioremediation procedures and

open novel prospective for the restoration of polluted soil

using legume-Rhizobium symbiosis.

Phytoremediation

Phytoremediation is an environment friendly and visually

attractive technology that involves the use of plants to

clean up pollutants from the contaminated soil environment

(Cunningham et al. 1995). The sensitivity or tolerance of

plants toward metals is influenced greatly by plant species

and genotypes. Broadly, plants can be grouped into three

categories: (1) excluders (2) indicators and (3) accumula-

tors (Fig. 8). Among these, the plants belonging to

excluder groups are sensitive to metals over a wide range

of soil concentrations and survive through restriction

mechanisms while indicators show poor control over metal

uptake and transport processes and correspondingly

respond to metal concentrations in soils. Grasses (e.g.,

Fig. 4 Concentration of nickel

in (a) roots and (b) shoots at 90

and (c) grains at 120 days after

seeding pea in the absence

(filled circle) and presence

(open circle) of bioinoculant

strain RP5 with different levels

of nickel. The values indicate

the mean ± SD of three

replicates

Fig. 5 Concentration of zinc in

(a) roots and (b) shoots at 90

and (c) grains at 120 days after

seeding pea in the absence

(filled circle) and presence

(open circle) of bioinoculant

strain RP5 with different levels

of zinc. The values indicate the

mean ± SD of three replicates
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sudangrass, bromegrass, fescue, etc.) and grain and cereal

crops (e.g. corn, soybean, wheat, oats, etc.) are included in

the excluder and indicator groups, respectively. Plants

in the accumulator group do not prevent metals from

entering the roots and hence, have evolved specific

mechanisms for detoxifying high concentrations of metal

accumulated in the cells. Common plants included in this

group are tobacco (Nicotiana tabacum L.), the mustard

(Brassica campestris) and members of compositae families

(e.g. lettuce, spinach, etc.). Among these accumulators

there are certain plants, which possess exceptionally high

metal-accumulating capacity, hyper-accumulators that

allow them to survive and even thrive in heavily contam-

inated soils. The term hyper-accumulator was introduced

for the first time by Brooks et al. (1977) to describe plants

which in their natural habitats were capable of accumu-

lating more than 1,000 mg Ni kg-1 dry weight of shoots.

This limit of metal accumulation is also applied to other

metals (e.g., cobalt, copper and lead), whereas for cad-

mium and zinc, the threshold limit is about 100 and

10,000 mg kg-1 shoots dry weight (Brooks 1998; Baker

et al. 2000). Most of the commonly known heavy metal

accumulators belong to the brassicaceae or fabaceae family

(Kumar et al. 1995). However, currently more than 400

plant species have been reported as hyper-accumulator

plants and a considerable number of species show the

capacity to accumulate two or more elements (Zayad et al.

1998; Chaudhry et al. 1998; Hayes et al. 2003). Among the

metal-accumulating plants, Indian mustard (Brassica jun-

cea L. Czern) is one of the most promising species, which

has attracted considerable attention because of its ability to

grow in heavily polluted soil together with its capacity for

metal ion accumulation (Blaylock and Huang 2000).

Generally, hyper-accumulator plants accumulate one to
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threefold higher concentrations of metals than do the non-

hyper-accumulator plants (Baker et al. 1994; Shen et al.

1997). Phytoremediation technology has certain advanta-

ges and disadvantages as well. The advantages include the

following: (1) it is a low cost and low energy and envi-

ronment friendly ecotechnology (2) it is far less disruptive

to the soil environment (3) it avoids excavation and is

socially acceptable and (4) since it involves the use of

plants, it is easy to implement and maintain. The following

are the disadvantages: (1) it is time-consuming due to slow

growth rate of plants (2) it is affected by the change

in agro-climatic conditions (3) plant biomass after

remediation requires proper disposal (4) the contaminants

may enter again into soil due to litter formation by the

metal accumulating plants and (5) the root exudates of

hyper accumulators may enhance the solubility of pollu-

tants and consequently may increase the distribution of

metals in the soil environment. Thus, to make phyto-

remediation a viable technology, we need to search for

plants which grow faster with extensive root system, have a

capacity to produce high amount of biomass, have lower

level contaminant uptake ability, and is capable to accu-

mulate higher amounts of contaminants or engineer

common plants with hyperaccumulating genes.

How plants help to restore degraded soil?

Roots are the first organ of plants to come in contact with

heavy metals in contaminated soils and after uptake by the

roots, metals are translocated to different organs of plants

(Fig. 9). In soils heavily contaminated with metals, plants

suffer various injuries leading to the death of plants (Rout

and Das 2003; Wani et al. 2006) by inactivation of pho-

tosynthesis (Wani et al. 2007b), synthesis of proteins and

DNA (Asada 1994), stomatal action and generation of free

radicals (Breen and Murphy 1995), as presented in Fig. 10.

However, in order to survive in the metal polluted soils,

plants could accumulate, sequester, or synthesize metal-

binding complexes and phytochelatins; a simple c-glutamyl

peptides (Grill et al. 1985) whose formation in response to

Fig. 8 Strategies of metal uptake by plants depending on the

concentration of metal in soil (adapted from Adriano 2001)
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the challenge of heavy metals is one of the few truly

adaptive stress responses observed in plants. Generally,

plants adopt one or combination of the following mecha-

nisms in order to protect themselves from metal toxicity.

Such process could be—(1) phytoextraction—this is a low-

cost technique through which metal is removed or con-

centrated in to plant parts. This process produces a mass

of plants and contaminants (usually metals) that can be

transported for disposal or recycling (2) phytodegradation

or rhizodegradation—metals are degraded by the proteins

or enzymes produced by plants and their associated

microbes (3) rhizofiltration—metal is absorbed by plant

roots (4) phytostabilization—in this technique, metals are

immobilized and the mobility and bioavailability of metals

to plant roots are reduced. Leachable constituents are

adsorbed and form a stable complex with plant struc-

ture from which the contaminants will not re-enter

the environment and (5) phytovolatization—volatization

of pollutants by plants from the soil in to atmosphere.

Phytoremediation techniques in general, are applied to a

large field sites where the cost of other remediation

methods are high or not practicable.

Plant growth promoting rhizobacteria affecting

phytoremediation

Contaminated soils are often nutrient poor or sometimes

nutrient deficient, due to the loss of beneficial microbes.

However, such soils can be made nutrient rich by applying

metal-tolerant microbes, especially the plant growth pro-

moting rhizobacteria, which would provide not only the

essential nutrients to the plants growing in the contami-

nated sites but would also play a major role in detoxifying

heavy metals (Mayak et al. 2004) and thus help plants

capable of remediating heavy metals (Glick 2003). For

example, plant growth promoting rhizobacterium Kluyvera

ascorbata SUD165 isolated from metal contaminated

wetland near Sudbury, Ontario, Canada, when applied to
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soils amended with nickel, zinc, lead and chromate have

shown to increase the growth of canola (Brasica rapa)

while protecting the plants from nickel toxicity (Burd et al.

1998). Similarly, nickel resistant K. ascorbata protected

tomato (Lycopersicon esculentum L.), Indian mustard (B.

campestris) and canola plants when grown in soils sup-

plemented with nickel lead and zinc (Burd et al. 2000).

Moreover, the growth promoting rhizobacteria Variovorax

paradoxus, Rhodococcus sp. and Flavobacterium sp.

stimulated root elongation of Indian mustard seedlings

either in the presence or absence of toxic cadmium (Beli-

mov et al. 2005) suggesting that these bacterial strains

could be develop as inoculants to improve growth of the

metal-accumulating Indian mustard in the presence of toxic

cadmium concentration and for the development of plant

inoculant systems useful for phytoremediation of polluted

soils. Similarly, the canola plants inoculated with Entero-

bacter cloacae, when grown in the presence of arsenates,

grew to a significantly greater extent than non-transformed

canola plants (Nie et al. 2002). In yet other studies,

O. intermedium and Bacillus cereus protected greengram

plants against chromium toxicity (Faisal and Hasnain

2006) while inoculation of O. intermedium improved the

overall growth of sunflower (Helianthus annus), when

grown in metal amended soils (Faisal and Hasnain 2005).

In other studies, metal tolerant growth promoting rhizo-

bacteria has also shown a substantial protection to plants

against metal toxicity, and consequently improved the

growth, symbiosis and seed yield of plants (Chaudri et al.

2000; Wani et al. 2007c; Wani et al. 2008b). The increase

in the growth of agronomically important crops grown in

metal-stressed soils by applying metal tolerant rhizobac-

teria was attributed to the ability of rhizobacterial strains to

mitigate the toxic effects of metals using mechanisms as

discussed earlier besides providing plants with the suffi-

cient amounts of growth promoting substances. It may

therefore, be advisable for growers to inoculate plants with

such rhizobacterial microbes in order to increase plant

biomass and thereby stabilize, revegetate and restore/

remediate heavy metal polluted soils.

Conclusion

Remediation of metal-polluted soils using biological sys-

tems (both microbes and plants) is an emerging area of

interest and has shown a substantial progress in situ, which

needs to be further consolidated through field trials under

different agro-climatic zones of the world. Understanding

the mechanistic basis of the physical, chemical and bio-

logical rhizosphere processes and the interactions between

hyperaccumulators and non-accumulators and plant growth

promoting rhizobacteria will be important in modeling

better the full impact of phytoremediation in the restoration

of derelict lands. Furthermore, the remediation of heavy

metal contaminated sites using rhizobacteria is an exciting

area of research, since these organisms can easily and

inexpensively be mass-produced. Therefore, the molecular

engineering of both microbes and plants with desired

genes would help immensely to enhance the efficiency of

growth promoting rhizobacteria mediated or plant-based

remediation of contaminated soils. However, to make

bioremediation a successful option for the remediation

of contaminated soils, some of the problems need to be

critically addressed. Such problems are—(1) why do plant

growth promoting rhizobacteria fail to perform in

comparatively extreme environments? (2) How do rhizo-

bacteria colonize plant roots and interact selectively with

other indigenous microflora? (3) How do the remediation

effects will change under field conditions? (4) Research is

needed to investigate various aspects of metal accumula-

tion by plant organs and, (5) we also need to understand the

mechanisms involved in mobilization and transfer of met-

als in order to develop further strategies and optimize the

phytoremediation process. These are some of the chal-

lenges, which need urgent attention of the scientists before

the potential of bioremediation in remediating the metal

polluted soils could be appreciated.
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