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ABSTRACT 
The study of plant roots and the diversity of soil microbiota, such as bacteria, fungi and microfauna 
associated with them are important for understanding the ecological complexities between diverse 
plants, microbes, soil and climates. Plant-associated bacteria, such as endophytic bacteria (non-
pathogenic bacteria that occur naturally in plants) and rhizospheric bacteria (that live on and near the 
root of plants) have been shown to contribute to biodegradation of toxic organic compounds in 
contaminated soils and could have potential for improving phytoremediation.The combination of 
bioaugmentation and phytoremediation, resulting in rhizoremediation, could solve some of the 
problems encountered during the application of both individual techniques. The inoculation of 
pollutant degrading bacteria on plant seed can be an important additive to improve the efficiency of 
phytoremediation or bioaugmentation. Genetic engineering of endophytic and rhizospheric bacteria 
for use in plant associated degradation of toxic compounds in soil is considered one of the most 
promising new technologies for remediation of contaminated environmental sites. We discuss how 
genetic engineering has been used to develop plants with enhanced efficiencies for phytoextraction 
and phytovolatilization.Transgenic plants exhibiting biodegradation capabilities of microorganisms 
bring the promise of an efficient and environmental-friendly technology for cleaning up polluted 
soils. 
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INTRODUCTION 

Heavy metals and metalloids, such as Cadmium 
(Cd), Lead (Pb), Mercury (Hg), Chromium (Cr), 
Copper (Cu) and Selenium (Se) are released into 
the environment by mining, industry and 
agriculture, threatening the environment and 
human health. Due to the acute toxicity of these 
contaminants, there is an urgent need to develop 
low-cost, effective and sustainable methods to 
remove them from the environment or to 
detoxify them.1 Plants play an important but an 
indirect role in that they supply fixed carbon and 
other nutrients to rhizosphere microbes 
responsible for the uptake and detoxification of 
contaminants.2 Therefore, now a day there is a 
considerable interest in developing cost-effective 
alternatives based on microorganisms  or   plants.  

Bioremediation is the application of biological 
processes for cleanup of the hazardous 
chemicals present in the environment.3 It uses 
naturally occurring bacteria and fungi or plants 
to degrade or detoxify substances hazardous to 
human health. Plants play a more direct role in 
remediation of upland soil. Plants may be used 
to accumulate metals/metalloids in their 
harvestable biomass (phytoextraction).Plants 
can also convert and release certain 
metals/metalloids in a volatile form which is 
known as phytovolatilization.We have 
focussed how genetic engineering has been 
used to develop plants with enhanced 
efficiency for phytoextraction and 
phytovolatilization. Improved analytical 
techniques are being used to elucidate the 
mechanisms by which plants detoxify trace 
element   contaminants.4   This   knowledge   is  *Author for correspondence 
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crucial for optimizing new genetic engineering 
strategies. Finally, new strategies are required 
to improve the acceptability of using 
genetically engineered plants for remediation. 

DISCUSSION 
Justification and objectives of this review 
The general subject of phytoremediation and 
particular phytoremediation processes such as 
phytoextraction of metals have been reviewed in 
numerous journal articles and book chapters. 
Plant–bacterial interactions and their role in 
phytodegradation of organic pollutants were 
reviewed by Siciliano and Germida. Plant-
microbe toxicant interaction in soils will permit 
the more rapid realization of plant assisted 
bioremediation.5,6 The present paper aims to 
contribute towards this goal by examining the 
current concepts of genetically engineered 
organisms with novel pathways will generate 
new or improved activities hold a great potential 
for enhanced bioremediation.7 PGPR (Plant 
Growth Promoting Rhizobacteria) activated 
genetically engineered microbes are generally 
relevant to the establishment of vital, functioning 
phytoremediation crops irrespective which 
particular technology (e.g. phytoextraction) 
considered.8 The concluding section summarises 
that plant-microbe interaction can be an effective 
method for removing and detoxifying heavy 
metals and metalloids from heavy metal 
contaminated soil. The identification of unique 
genes from natural hyper accumulators and their 
subsequent transfer to fast growing species is 
another promising approach as demonstrated by 
our recent success with some transgenic plant.9 
Microbial genomes may provide another 
reservoir of candidate genes for use in genetic 
engineering strategies.  
Genetically engineered microbes for enhanced 
bioremediation 
The bacteria capable of degrading certain kind 
of organic pollutant, such as polychlorinated 
biphenyls (PCBs) have been isolated from a 
range of sites and the pathways and encoding 
genes have also been well studied. But most of 
these bacteria cannot survive in the near-
starvation conditions found in the rhizosphere. 
Several effective methods have been developed 
to improve the degradation efficiency and the 
tolerance  of  bacteria  to  contaminants  in soils.  

Using biotechnology, bacterial strains can be 
engineered to produce specific enzymes capable 
of degrading toxic organic substances. 
Decontamination of contaminated sites by 
Genetically Engineered bacteria may be 
preferred over the conventional approaches 
because of the special attributes of 
microorganisms, involving design metabolic 
pathways, to bioremediate the numerous mix 
environmental pollutants without producing 
toxic intermediates. Mostly pesticide 
degradation genes present have been shown to 
reside on plasmids, a common location for 
degradation genes. The first described 
organophosphorus degrading (OPD) gene was 
found in Pseudomonas diminuta and was shown 
to be present on a plasmid. An 
organophosphate-degrading gene (OPD) was 
isolated from various organisms and diverse 
geographic locations. In most of the studies, 
OPD genes were found to be plasmid based and 
had similar DNA sequences. Another crucial 
problem to be solved is to select a suitable strain 
for gene recombination and inoculation into the 
rhizosphere. The following criteria should be 
considered (1) the strain should be stable after 
cloning and the target gene should have a high 
expression; (2) the strain should be tolerant or 
insensitive to the contaminant and (3) some 
strains can survive only in several specific plant 
rhizospheres . The GEMs (Genetically 
Engineered Microorganisms) can be equipped 
with new metabolic routes by over expression 
of certain genes or operons.10 The enhanced 
expression of a bacterial gene for pesticide 
degradation was found in a common soil 
fungus.11 Several hybrid strains have been 
engineered in recent years by conjugative 
matings of appropriate organisms or by 
introduction of the bph genes into 
chlorobenzoate degraders, usually using a 
degradative pathway for chlorobenzoates via the 
corresponding chlorocatechols. By cloning and 
expressing the genes encoding enzymes for 
ortho- and para-dechlorination of 
chlorobenzoates in the biphenyl-degrading and 
chlorinated biphenyls co-metabolizing strain 
Comamonas testosterone strain VP44, 
derivatives capable of growing on and 
completely dechlorinating 2- and 4-
chlorobiphenyl were obtained.  
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Transgenic plants 
The biotechnological potential of plant–microbe 
relationships for use in phytoremediation has 
included research on transgenic plants. Much of 
this research has focused on terrestrial plants, and 
many engineered plant systems for 
phytoremediation have been used to degrade 
organic contaminants.12 Engineered transgenic 
cottonwood trees (Populus deltoids) were able  to 
express bacterial merB genes, and that plants 
were more resistant to organic Hg compounds 
than wild-type plants. Hussein et al. found that 
engineered transgenic tobacco plants through the 
chloroplast genome with both merA and merB 
genes, and saw fewer toxic effects of Hg and 
more Hg accumulation than in wild-type plants.13 
Plant–microbe symbioses also have been 
exploited in transgenic. A synthetic phytochelatin 
analog that was expressed in Pseudomonas 
putida to increase Cd binding and this engineered 
bacterium was then added to sunflower roots to 
increase Cd accumulation and lessen Cd toxicity 
in plants.1 
Enzyme technology 
In most of the cases, each enzyme has only one 
specific function such as to lower the activation 
energy for the degradation of an intermolecular 
bond but some are able to affect a wide range of 
different substrates. Enzymes with broad range 
specificity are mostly used for bioremediation 
purpose. In other cases, extracellular enzymes are 
able to increase the degradation rate of already 
biodegradable substances, such as activated 
sludge, allowing for more efficient treatment 
processes.14 A wide variety of enzymes can be 
used for bioremediation, depending on what 
reactions need to occur and which contaminant 
needs to be degraded. Lower molecular weight 
PAHs (Polycyclic Aromatic Hydrocarbons) are 
readily biodegradable by many microbes such as 
Pseudomonas, Aeromonas, Alcaligenes, 
Micrococcus, Beijerinckia, Nocardia, Vibrio and 
Flavobacterium 41 but higher PAHs with four or 
more aromatic rings, tend to be quite recalcitrant 
and toxic. Microbes will often first metabolize 
those compounds that are easiest for them to 
degrade before degrading more resilient 
compounds. They will only degrade a specific 
target compound even if more easily degradable 
compounds are present. If there are several 
different   contaminants   present,   there    is   the  

potential for less specific enzymes to be used to 
degrade several contaminants concurrently. For 
example, laccase has been shown to degrade 
phenol, polycyclic aromatic hydrocarbons, 
polychlorinated biphenyls, herbicides and dyes.15 
Alternatively, sequence alignments can help in 
identifying residues critical for enzyme activity 
and substrate specificity and a rational design can 
lead to improved biocatalysts. Besides such site-
directed approaches, various DNA-shuffling 
methods have been developed which allow the 
creation of a vast range of chimeric proteins and 
protein variants. 
Mechanisms of plant–microbe interactions 
which affect phytoremediation processes 
While many plants and bacteria have their own 
mechanisms for dealing with heavy metal 
contaminants, the interaction of plants and 
microorganisms may increase or decrease heavy 
metal accumulation in plants, depending on the 
nature of the plant–microbe interaction. Because 
phytoremediation is a relatively new technology, 
understanding mechanisms of plant–microbe 
interactions in removing contaminants from the 
environment is still not well characterized. De 
Souza proposed several possible mechanisms, 
including bacterial stimulation of plant metal 
uptake compounds such as siderophores; 
bacterial root growth promotion increasing the 
root surface area bacterial transformation of 
elements into more soluble forms or bacterial 
stimulation of plant transporters that may 
transport essential elements as well as heavy 
metals in the case of selenate, the sulphate 
transporter .Van der Lelie related the basis of this 
plant–microbe interaction to bacterial metal 
resistance, since the bioavailability of metals 
could be altered by bacterial expression of 
resistance systems . 
Bacterial metal resistance/chelation/EPS 
(Extracellular Polymeric Substances) 
Metal resistance has been described as a 
necessity for plant-associated bacteria in 
contaminated environments.16 Van der Lelie 
related plant metal uptake to bacterial metal 
resistance, since the bioavailability of metals 
could be altered by expression of bacterial metal 
resistance systems. Many researchers are  
inoculated sunflower plants with Cr resistant 
bacteria and found that plant growth in Cr was 
improved by inoculation, although inoculated 
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plants accumulated less Cr than uninoculated 
plants. Kunito examined rhizosphere bacteria 
from phragmites grown in Cu. They found EPS 
production was greater for rhizosphere bacteria 
compared to nonrhizosphere bacteria. Because of 
Cu binding to bacterial EPS, rhizosphere soil 
may become less toxic to bacteria and also to 
plants. 
Alteration of rhizosphere pH 
Another possibility could be the lowering of pH 
in the rhizosphere by bacteria, which would 
make metals more soluble. The rhizosphere pH 
could be lowered by processes plant growth 
promotion or other mechanisms, such as 
bacterial metal resistance systems. Rhizosphere 
pH can also be raised by biological activity in 
extremely low pH environments, roots alkalized 
the rhizosphere, making Cu less bioavailable. 
Narang  hypothesized that rhizosphere bacteria 
of Alyssum murale lowered rhizosphere pH, 
solubilising metal for hyper accumulation of Ni 
by the plant. 
Phytoprotection 
There are two possibilities may exist for plant– 
microbe interactions in relation to metals. 
Bacterial mechanisms could lead to increased 
accumulation of metals in plants or bacteria may 
keep metals from being accumulated by plants at 
high concentrations that are toxic to the plant. 
This may be the case for chelation or EPS 
production by bacteria. Salt suggested that 
rhizobacteria promote precipitation of Cd at the 
root surface, causing plants to take up less metal . 
Genetic modification of plants to enhance 
phytoremediation     
Recent research of Ruiz has shown that genetic 
modification of plants can increase their 
phytoremediation efficiency. Identifying 
candidate genes for transfer and/or over 
expression is critical. One useful approach is to 
over express enzymes catalyzing the rate-limiting 
steps; for example, ATP sulfurylase (APS), 
which facilitates the reduction of selenate to 
selenite, is rate limiting with respect to the 
production of reduced, organic Se compounds. 
Indian mustard plants over expressing APS have 
increased tolerance and accumulation of 
selenium. However, APS Indian mustard does 
not volatilize more Se than wild type. This is 
likely due to additional  downstream rate-limiting  

steps in the S/Se assimilation pathway. Indeed, 
Se volatilization rates from Indian mustard are 
similar from selenocysteine (SeCys) and selenite, 
while volatilization from selenomethionine 
(SeMet) is many-fold faster. This suggests the 
involvement of a rate-limiting step in the synt-
hesis of SeMet from SeCys. To test this hypot-
hesis, Indian mustard plants over expres-sing 
cystathioninec synthase (CGS) were developed.17 
The CGS Indian mustard had enhanced tolerance 
to selenite and volatilized Se two to three times 
faster than wild type, while at the same time 
accumulating less Se in roots and shoots. 
Key genes from natural hyper accumulators 
Some plants naturally hyper accumulate metals, 
meaning that they are able to accumulate metals 
to ppm levels in the order of thousands in their 
shoots.18 The phytoremediation efficiency of 
most metal hyper accumulators is limited by their 
slow growth rate and low biomass.18 One such 
gene is selenocysteine methyltransferase (SMT), 
cloned from the Se hyperaccumulator Astragalus 
bisulcatus . SMT converts the amino acid SeCys 
(selenocysteine) to the non-protein amino acid 
MetSeCys (methyl selenocysteine amino acid). 
By doing so, it diverts the flow of Se from the Se 
amino acids that may otherwise be incorporated 
into protein, leading to alterations in enzyme 
structure, function and toxicity.19 Transgenic 
plants over expressing SMT show enhanced 
tolerance to Se, particularly selenite and 
produced 3- to 7-fold more biomass than wild 
type and 3-fold longer root lengths. The SMT 
plants accumulated up to 4-fold more Se than 
wild type with higher proportions in the form of 
MetSeCys.20 
Analytical techniques 
The successful use of genetic engineering to 
optimize plant for phytoremediation depends on 
a thorough knowledge of the uptake and 
metabolism of trace element contaminants of 
interest. Elucidating the genetic and biochemical 
basis for metal/metalloid tolerance and 
accumulation strategies is often hampered by the 
difficulty in determining the levels of and 
positively identifying, intermediate metabolites 
and complexes. Fortunately, technologies are 
being developed and improved that should shed 
new light on these metabolic pathways. For 
example, recent work with HPLC-ICPMS (High 
Performance  liquid chromatography-Inductively  
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coupled plasma mass spectrometry) and HPLC-
ESI-MS(High Performance liquid chromate 
graphy-electrospray ionization mass spectro 
metry)  has identified selenomethyl methionine 
(SeMM) as the predominant Se species in 
Brassica juncea roots supplied with SeMet 
(selenomethionine).21 This work provides 
chemical evidence for the view that Se-Met is 
methylated to SeMM. Similar techniques have 
also shown promise in elucidating the fate of As 
in plants, which is less well understood. As (V), 
an analog of phosphate is readily taken up by 
plants and reduced to the more toxic and less 
bioavailable form, As (III). However, As (III) is 
more readily detoxified because of its affinity 
for thiols.22 Indeed, co-expression of two 
bacterial genes, an arsenate reductase and 
ECS(Environment Control System), to produce 
more GSH (Glutathione) and PCs 
(Phytochelatin), in Arabidopsis resulted in 
plants with greater tolerance to As(V). Although 
thiol-PC complexes have been identified in As-
treated plants, direct evidence for As-PC 
complexes is lacking.23 In a recent study, 
HPLC-ICP-MS was used to analyze As 
metabolites in As-treated Indian mustard. 
Arsenic species were found bound to thiols. The 
ESI-Q-TOF (electrospray ionization-
electrospray ionization-quadrupole-time of 
flight-mass spectrometry) results strongly 
suggest the presence of As bound to PC2 
(Physical Containment Leve ), PC3 and PC4.24 
Chloroplast engineering 
Identifying key genes, transforming plants, and 
evaluating their phytoremediation potential in the 
laboratory and greenhouse experiments, there are 
still regulatory barriers to overcome in getting 
transgenic plants in the field, remediating 
contaminated sites. One such technique is the use 
of chloroplast transformation, the use of which 
prevents the escape of transgenes via pollen to 
related weeds and crops. This method was 
recently used to stably integrate the bacterial 
merAB operon into the chloroplast genome of 
tobacco. Other important advantages of 
chloroplast transformation include the fact that 
codon optimization is not required to improve 
expression of bacterial transgenes,very high 
levels of transgene expression (up to 46% w/w of 
total protein), absence of gene silencing ,absence 
of  positioning  effect,  ability to express multiple  

genes in a single transformation event and 
sequestration of foreign proteins in the organelle, 
preventing adverse interactions with 
cytoplasm.25,26 
Future prospects 
In the coming years, projects involving potential 
plant– microbe interactions for the removal of 
heavy metal contaminants may become 
increasingly viable options, especially in and 
heavy metal contaminated environments. 
Significant progress in phytoremediation has 
been made with metals and radionuclide. This 
process involves raising plants hydroponically 
and transplanting them into metal-polluted 
waters where they absorb and concentrate metals 
in their roots and shoots and can be harvested for 
disposal. Root exudates lead to selective 
recruitment and accumulation of a diverse range 
of bacterial species associated with plants. 
Review reported in this literature, indicates that 
plant–microbial associations can significantly 
increase metal uptake and accumulation. Large, 
areas with low levels of contamination are ideal 
sites for these techniques and use of transgenic 
plants and microbes may allow plants not only to 
survive but also to accumulate metals in areas 
with higher levels of contaminants. 

CONCLUSION 
Plant-microbe interaction with enhanced 
phytoremediation process is a promising 
approach to restore contaminated sites. 
Limitations to this technology do exist and must 
also be considered.Environmental factors like 
light, salinity, temperature, pH and the presence 
of multiple heavy metals may affect the metal 
uptake. The engineered microbes can reduce 
metal toxicity and enhance plant tolerance to 
dissolved metal and can therefore be applied to 
supply increased phytoprotection from harmful 
effects of the metals on plants. The bacterial 
genes, coding for metal resistance can be 
transplanted into the plant genome to confer 
elevated metal tolerance in plants.  Genetically 
engineered organisms with novel pathways will 
generate new or improved activities hold a great 
potential for enhanced bioremediation.  
A directed functional analysis should 
investigate plant– microbe interactions at full   
biological hierarchy, starting with the genomic,  
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transcriptomic and proteomic analysis of plant 
associated    bacteria     and   their     extracellular  
enzyme activities, all the way to biochemical 
processes and cycling that are active within the 
bacterially influenced rhizosphere. With this 
understanding the plant– microbe system could 
be implemented at field-scale, using naturally 
adapted indigenous microbes that have been 
cultured and enriched in the laboratory. Such a 
multidisciplinary and integrated approach may 
gain heavy metal phytoremediation, the 
commercial significance in environmental 
biotechnology, it deserves.  
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