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Abstract The removal of contaminants from the environments has become a
crucial problem that requires a variety of approaches to reach suitable solutions.
This review will focus on the use of rhizobacteria for restoration of sites co-
contaminated with organic pollutants and heavy metals. While the first contaminants
can be biodegraded to innocuous end products, metals are not biodegradable and
must either be removed or stabilized within the site. Plant growth promoting rhi-
zobacteria (PGPRs) represent a wide variety of soil bacteria which, when grown
in association with a host plant result in stimulation of growth of their host also in
a stressed environment. Plants, especially dicotyledons that are treated with ACC
deaminase-containing PGPRs are more resistant to the deleterious effects of ethy-
lene synthesized as a consequence of stressful conditions. In this review the use of
PGPRs to assist plants in remediation processes is examined by discussing recent
advances in bioaugmentation efforts. The effectiveness of the external manipulation
of rhizosoil to overcome physical and chemical constraints to root establishment
and to enhance pollutant removal is also examined. Finally, it is provided a sum-
mary of the recent advances in the potential for the use of transgenic plants and/
or microorganisms to remediate environmental contaminants. The complexity and
diversity of plant/soil/microorganism systems require an integrated approach involv-
ing basic and applied researches in order to establish phytoremediation as a viable
and attractive technology for efficient restoration of co-contaminated soils
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1 Introduction

Rapid industrialization coupled with increased urbanization and changing agricul-
tural practices have resulted in the non-judicious production and use of chemical
compounds. Consequently, the environment has become heavily contaminated with
pollutants that are toxic to both the environment and human health. Many sites are
currently co-contaminated with organic pollutants and heavy metals. Therefore, the
removal of contaminants has become a crucial problem that requires a variety of
approaches to reach suitable solutions.

Phytoremediation, which is the use of plants to remove pollutants or to render
them harmless through physical, chemical and biological processes (Cunningham
and Ow 1996; Pilon-Smits 2005), is a low-cost and ecologically accepted technol-
ogy for in situ decontamination of soil and water. During phytoremediation the soil
biological properties and physical structure are maintained and soil fertility and
biodiversity can be improved. Moreover, well-planted phytoremediation site pre-
vent landscape destruction while garnering strong public support due to the aestetic
appearance of the plants. As shown in Fig. 14.1, phytoremediation includes different
processes, among which rhizoremediation and phytoextraction represent more chal-
lenging techniques for remediating soil that has been contaminated with organic and
inorganic pollutants. Additionally, microbe-assisted phytoremediation has recently
been employed by exploiting the symbiotic plant-microbe relationship in a rhizo-
sphere (Chaudhry et al. 2005; Gerhardt et al. 2006). Plant roots provide a large
surface area for a large population of bacteria and transport the colonizing bacteria
to a depth of 10-15 m in the soil. During rhizoremediation, the root system dis-
tributes microorganisms through the soil and penetrates otherwise-impermeable soil
layers while drawing soluble forms of the pollutants in the soil water phase towards
the plant and the microorganisms. Moreover, the plant roots help increase the avail-
ability of the pollutant by breaking apart and aerating soil particles as well as by
pumping water to the root-colonizing bacteria which helps improve their survival.
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Fig. 14.1 Mechanisms involved in inorganic and organic pollutant decontamination / degradation
in phytoremediation processes

Xenobiotic pollutants that can be remediated/metabolised include thrichloroethy-
lene (TCE), polychlorinated biphenyls (PCBs), pesticides, explosives, trinitro-
toluene (TNT), petroleum hydrocarbons (PHC), polycyclic aromatic hydrocarbons
(PAHs) and detergents (Macek et al. 2000; Newman and Reynolds 2004). Soils that
have been contaminated by weathered hydrocarbons and heavy metals (Palmroth
et al. 2006) have been effectively treated with rhizoremediation. Processes involved
in the phytoremediation of xenobiotic pollutants are microbial transformation and/or
mineralization and plant uptake, translocation, transformation and compartmen-
talization of the contaminants. Rhizosphere factors play an important role in
phytoremediation efficiency during successful rhizoremediation projects. Indeed,
N- and P-fertilizers, root exudation and chelating agents can enhance plant uptake
and accumulation of contaminants by improving the availability of the pollutants to
the plants.

Some naturally occurring plants, known as hyperaccumulators have the poten-
tial to bioconcentrate metals to 10-500 times higher than non-accumulator species
do. Despite this capacity, most hyperaccumulator plants are not suitable for field
phytoremediation due to their small biomass production (Shen and Liu 1998).
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2 Fate of Contaminants in the Rhizosphere

Once introduced into soil, organic and inorganic contaminants interact with
the soil solid phase through many chemical, physical and biological processes
(sorption/desorption, precipitation/dissolution, microbial immobilization/ mineral-
ization). As shown in Table 14.1, pH, redox and dissolved organic matter play a
fundamental role in controlling the fate and bioavailability of inorganic pollutants
(Kabata-Pendias 2004).

PAHs tend to be strongly adsorbed to soil colloids, particularly organic mat-
ter, and the hydrophobicity of PAHs result in their having a high persistence in
soil. Additionally, xenobiotics can undergo to an ageing process or be sequestered
with time in microsites, which result in their becoming more tightly sorbed and less
bioavailable (Ruggiero et al. 2002). In the rhizosphere, PAHs are strongly adsorbed
to the roots, and this effect is more pronounced with increasing plant age (Schwab
et al. 1998).

Table 14.1 Bioavailability of inorganic pollutants under different soil conditions

redox pH
Condition low high low medium-high
reducing oxidizing acid neutral-alkaline
A
high As Zn Zn, Cu, Co,
g Ni, H;
= g
S
'§ medium Cu, Co, Cd Cd
2 Cd, Ni
%0
B
] low Pb Pb Pb
§
S verylow Cu,Co,Ni, Fe, Mn, Al Cu, Co, Ni,
Zn, Hg, Cd, Sn, Cr Zn, Hg

Pb

Rhizospheric soil has chemical, physical and biological properties that are quite
different from bulk soil due to the root activity and the presence of free enzymes
and rhizobacteria (Hinsinger et al. 2003). In the rhizosphere, the mobility of heavy
metals and redox sensitive elements such as arsenic (As), copper (Cu) and mercury
(Hg) may increase greatly, leading to the contamination of crop plants. For example,
a sixfold increase in bioavailable Cu in the rhizosphere of maize grown in a fungi-
cide polluted soil was reported by Cattani et al. (2006). However, little Cu uptake
by maize occurred, presumably due to the sequestration of Cu by dissolved organic
carbon (DOC), which was present in the rhizosphere in levels three-fold greater than
that of bulk soil. Enhancement of soluble Ni driven by the formation of Ni-organic
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complexes and the dissolution of Ni-bearing minerals through ligands was observed
in the rhizosphere of Ni hyperaccumulator plants (Kramer et al. 1996; Wenzel et al.
2003). The ability of Pteris vittata L. to hyperaccumulate arsenic is related to a
fern-mediated increase in rhizosferic soil pH of 0.4 units and a DOC concentra-
tion of 33-40% (Silva-Gonzaga et al. 2006). However, Thlaspi caerulescens L.,
which is a well known Zn hyperaccumulator plant, does not mobilize Zn through
soil acidification and root exudation (Luo et al. 2000; Zhao et al. 2001; Whiting
et al. 2001).

Also soil microorganisms can modify chemical properties of the rhizospheric
soil, thus affecting inorganic contaminant bioavailability. While bacteria may
enhance the ion bioavailability by exuding a variety of organic compounds or stim-
ulating the release of exudates by the plants (Salt et al. 1995), mycorrhizae may
reduce metal phytoavailability by sequestering these compounds in the hyphae
(Lasat 2002).

3 The Interactions Among Bacteria and Organic and Inorganic
Pollutants

Organic-degrading microorganisms and a number of metal-resistant microorgan-
isms that are known to detoxify metals/metalloids have been isolated from impacted
soils and characterized (Daane et al. 2001; Singer et al. 2004; Cavalca et al. 2004;
Dell’ Amico et al. 2008). Bacteria degrade xenobiotics through a variety of enzymes
including peroxidases, monooxygenases and dioxygenases, laccases, phosphatases,
dehalogenases, nitrilases, and nitroreductases (Siciliano et al. 2001; Gibson and
Parales 2000; Gianfreda and Rao 2004; Andreoni and Gianfreda 2009).

Although some microorganisms can completely degrade a specific xenobiotic,
individual species generally do not contain entire degradation pathways. Rather,
microbial consortia in the rhizosphere work synergistically to effectively degrade the
pollutants (Chaudhry et al. 2005; Yateem et al. 2007). For example, the synergistic
degradation of naphthalene by two Pseudomonas fluorescens strains in the rhizo-
sphere of a grass was reported by Bloemberg et al. (2000). Moreover, by labelling
the strains with different autofluorescent protein markers, the authors observed the
frequency of the appearance and distribution of pure and mixed microcolonies along
the root and found that mixed colonies only occurred in the presence of naphthalene,
presumably because one strain secreted naphthalene intermediates that were used by
the other strain when they were close to each other on the root.

It is also becoming clear that the horizontal transfer of genes plays a large role
in the spread of functional abilities within communities and in enabling the adapta-
tion of organisms to changing niches by allowing the acquisition of new metabolic
potential for degradation of recently introduced xenobiotics (Janssen et al. 2005;
Phale et al. 2007) or for detoxification of inorganic pollutants.

Genes located on chromosomes, plasmids or transposons encode specific resis-
tance to a variety of inorganic elements. The most frequent mechanism of arsenic,
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cadmium and mercury resistance is the energy dependent pumping out of these
compounds, via membrane efflux pumps. Prominent examples include inducible
plasmid-encoded resistance for Cd by the cad operon in S. aureus and Bacillus sp.
or by the czc operon found in Alcaligenes eutrophus (Nies 2003), as well as resis-
tance for Hg encoded by the mer operon found in Gram-negative and Gram-positive
bacteria (Barkay et al. 2003) and resistance for As, and antimonite (Sb) medi-
ated by the ars operon in E. coli (Rosen 2002) and S. aureus (Messens et al.
1999). Each ars operon has two essential components: the arsenate reductase (arsC,
ACR2) and an arsenite-specific efflux pump (ArsB, ACR3) (Silver and Phung
2005). Although arsenic resistance is not directly involved in arsenate respiration
and arsenite oxidation, ars operons have been found in arsenate-respiring bacteria
(Saltikov and Newman 2003) as well as and in many arsenite-oxidizing bacteria,
providing the latter the ability to both oxidize and reduce arsenic (Macur et al.
2004). The Mer operon generally contains a mercuric reductase (merA), but in some
organisms the operon also contain an organonomercurial lyase (merB) that cleaves
certain organomercuric compounds (Barkay et al. 2003). An overview of membrane
associated uptake, efflux, reduction and oxidation of the cited ions is reported in
Fig. 14.2.

While organic contaminants can be biodegraded to innocuous end products
(CO3, cell mass, water), metals are not biodegradable and must either be removed
or stabilized within the site.

Co-contaminated soils, which are widespread throughout the world, are still
considered difficult to remediate due to the mixed nature of the contaminants
(Sandrin and Maier 2003). The presence of metals can impact both the physiol-
ogy and ecology of organic degrading microorganisms. Metals may inhibit pollutant
degradation through interaction with enzymes involved in biodegradation (e.g.,
pollutant-specific oxygenases) or with enzymes involved in general metabolism
(Angle and Chaney 1989).

Metal toxicity is related to the concentration of bioavailable ionic species rather
than the total metal concentration. Usually, inhibition of biodegradation increases
progressively as the concentration of bioavailable metal in a co-contaminated
environment increases. When considering the impact of metals on organic biodegra-
dation, the effects of metals on populations other than degraders of the parent
compound must be also considered. Reduced microbial activity may also origi-
nate from changes in the microbial community structure after long-term exposure
to heavy metals. Doelman et al. (1994) observed that metal-contaminated soil con-
tained more metal-resistant microorganisms, but with a restricted ability to degrade
organic pollutants. The presence of multiple contaminants may present extreme
challenges to the maintenance of a phylogenetically and functionally diverse micro-
bial community. In soils contaminated with both heavy metals and hydrocarbons,
only those that tolerate both contaminants may survive. Shi et al. (2002) when exam-
ined microbial community composition and activity after long-term exposure to Pb,
Cr, and hydrocarbons, found that the soil microbial community was not affected by
metals but predominantly by hydrocarbons.
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Fig. 14.2 Overview of membrane associated uptake, efflux, reduction and oxidation of arsenic,
mercury and cadmium. For cadmium, a schematic presentation of the efflux systems is given due
to the complexity of CadA P-type ATPases and chemiosmotic CzcCBA systems. Arsenic and mer-
cury are given more emphasis, as peryplasmic and cytoplasmic enzymes are included as well as
the class of transporters. GlpP, aquaglycerolporine; ABC, multicomponent Pst-like ATPase uptake
system; ArsA/B, two component ATPase efflux pump; ArsC, small intracellular arsenate reduc-
tase; MerP, peryplasmic protein that binds Hg>*; MerT/C/F, alternative membrane uptake proteins;
MerB, organomercurial lyase; MerA, mercuric reductase; CzcCBA, three polypeptide chemios-
motic complex that function as an ion/proton exchanger to efflux Cd**; CadA, P-type membrane
efflux ATPase for Cd>* (large single polypeptide) (Adapted from Silver Phung 2005; Barkay et al.
2003; Nies 2003)

The influence of heavy metals on PAH degradation in polluted soils has recently
been emphasized, and the effect of various metals on the degradation of phenan-
threne has been thoroughly investigated. The degradation of phenanthrene was
found to be retarded by the presence of Cu, and high levels of the metal caused
incomplete mineralization and accumulation of phenanthrene metabolites (Sokhn
et al. 2001). A marginal stimulation of the phenanthrene biodegradation rate in soil
occurred when 140 mg kg~! phenanthrene was in the presence of 40 mg kg~! Zn.
However, phenanthrene degradation was inhibited at Zn concentrations at or above
the “action” values (i.e., the level of a contaminant at which soil quality is deemed
to impair the soil functional properties) (Wong et al. 2005).

Stimulated biodegradation at low metal concentrations and inhibition at high
metal concentrations has also been observed. The addition of hexavalent chromium
(0.01 ppm total chromium) was found to increase the biodegradation rate of phe-
nol by 177% and that of benzoate of 169% over controls without metals (Kuo and
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Genthner 1996). Similar results were obtained by Hughes and Poole (1989). These
responses suggested that the stimulatory effect could be due to metals competi-
tion for reducing equivalents or nutrients between metal-resistant degrading bacteria
and non degrading bacteria that are metal-sensitive. However, Roane and Pepper
(1997) found that a population of 2,4-D degrading bacteria in a Cd contaminated
soil showed higher resistance at 40 mg L™! than at 20 mg/L and that the higher
Cd concentration inhibited less the biodegradation. This response can be explain-
able by microbial community dynamics wherein high metal concentrations create
selective pressure for metal-resistant degraders. Specifically, a reduction in the com-
petition of metal-sensitive non degrading microorganisms may have led to increased
biodegradation at higher metal concentrations.

Dual bioaugmentation appears to be a viable approach in the remediation of
co-contaminated soils. A dual bioaugmentation that employed metal-detoxifying
and organic-degrading bacteria to remove 2,4-D from co-contaminated soils in the
laboratory and a pilot field experiment was found to be effective (Roane et al.
2001). The success of the bioremediation strategy, which required a 48-hour time
interval between inoculation with a cadmium-detoxifying population of bacteria
(Pseudomonas spp. H1) and inoculation with a cadmium sensitive 2,4-degrader
(Ralstonia eutropha JMP 134), was attributed to metal detoxification as the primary
mode of bacterial action, which resulted in organic degradation no longer being
inhibited. Indeed, some microbial mechanisms of resistance to metal, such as metal
sequestration and precipitation, can reduce the toxicity toward organic degrading
microorganisms.

Aerobic degradation of TCE can occur through many different oxygenases,
including toluene ortho-monooxygenase (TOM) (Mars et al. 1996). The stable inte-
gration of the TOM gene of Burkholderia cepacia G4 into naturally occurring
rhizobacteria that had colonized the roots of a poplar tree such as Pseudomonas
Pb2-1 and Rhizobium strain 1032D was found to enable the establishment of a
bacterium-plant-soil microcosm in which 63% of the TCE was degraded in 4 days
(Shim et al. 2000). The subsequent introduction of a gene coding for the metal-
binding peptide EC20 in the Pb2-1 and 10320D strains gave rise to strains with both
metal accumulation (extracellularly) and TCE degradation capabilities (Lee et al.
2006). Thus, the bioaugmentation of the rhizosphere with a microorganism that is
capable of both organic degradation and metal resistance may represent another
means of bioremediation.

4 Rhizospheric Microbial Populations

The rhizosphere is an area encircling the plant root system that is character-
ized by enhanced microbial biomass productivity. Rhizobacteria obtain nutrients
excreted from roots, such as organic acids, amino acids, enzymes and complex
carbohydrates. The enhanced growth of microorganisms also depends on microen-
vironmental conditions (chemical factors, pH, O, content and redox potential).
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In return, rhizobacteria that promote plant growth (PGPR) convert nutrients into
available minerals for the plants, synthesize compounds that protect the plants
against stress hormone levels and plant pathogens, and degrade and/or immobi-
lize contaminants before they can negatively impact the plants (Hontzeas et al.
2004; Chaudhry et al. 2005; Liu et al. 2007). PGPR are fast-growing bacteria that
include numerous genera such as Bacillus, Pseudomonas, Erwinia, Flavobacterium,
Caulobacter, Serratia, Arthrobacter, Comamonas, Alcaligenes, Agrobacterium and
free-living nitrogen fixing bacteria (Gray and Smith 2005). Among these bacte-
ria, Pseudomonas spp. predominate rhizosperic soil and discontinuously colonize
root surfaces, resulting in random distribution on roots. For example, P. putida
are species that respond rapidly to the presence of root exudates in soil, converg-
ing through chemotaxis and motility mechanisms at root colonization sites, where
they establish stable biofilms (Broek and Venderleyden 1995; Espinosa-Urgel et al.
2002). Numerous bacterial traits, such as production of thiamine and biotin, syn-
thesis of the O-antigen of lipopolysaccharide and cellulose, production of amino
acids and the presence of an efflux pump induced by isoflavonoids are required
for effective root colonization. Flavonoids and coumarins are an important group
of plant compounds that are structurally similar to many xenobitics such as PCBs,
PAHs, and PHC, thereby stimulating the growth and activity of PHC, PAH and PCB
degrading bacteria (Chaudhry et al. 2005; Leigh et al. 2006).

The successful application of rhizoremediation is largely dependent on the capac-
ity of degrading bacteria or PGPR to efficiently colonize growing roots. Moreover,
many PGPR play an important role in metal solubilisation, which is a prerequi-
site for rhizoremediation and/or phytoremediation, by producing indoleacetic acid
or metal-chelating compounds such as siderophores that release metal cations from
soil particles (Khan 2005) and thus favour metal uptake.

5 Methods for Assessing and Monitoring Rhizospheric Bacteria

It is essential to thoroughly understand the role that bacteria play in phytoremedia-
tion to maximize the sustained bioremediation that occurs under natural conditions
and to monitor the presence, survival and activity of degrading or detoxifing
micro-organisms. Until recently, studies of in sifu bioremediation were primar-
ily based on cultivation techniques. However, pure culture isolation, biochemical
testing using methods such as BIOLOG and counting methods (plate counts or
most probable number, MPN) are not well suited for the estimation of total micro-
bial biomass or the assessment of community composition within environmental
samples. Accordingly, culture-independent methods, that rely on the isolation of
signature biomarkers, such as DNA, RNA and phospholipid fatty acid (PLFA) have
been used to provide a quantitative measure of the rhizosphere microbial biomass,
community composition, nutritional status, relative frequency of specific functional
genes and, in some cases, the community metabolic activity. PLFA provides a broad-
scale diversity index that can be used to evaluate the number of bacterial families
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present in the samples. Additionally, combinations of BIOLOG and PLFA have
been used to demonstrate differences in the microbial composition of bulk and rhi-
zospheric soil (Soderberg et al. 2004). However, these methods are inadequate to
describe the abundance and diversity of microbial communities in the environment
or to relate a microbial species to the ecosystem function, but these limitations can
be overcome by using a number of culture-independent approaches.

Polymerase chain reaction (PCR) to amplify selected fragments of DNA iso-
lated from soil microorganisms or environmental DNA samples, combined with
fingerprinting techniques, such as ribosomal intergenic spacer analysis (RISA),
denaturing gradient gel electrophoresis (DGGE), terminal restriction fragment
analysis (T-RFLP), amplified rDNA restriction analysis (ARDRA), cloning and
sequencing can provide detailed information about the species composition of
communities (Spiegelman et al. 2005). As a result, detection of specific nucleic
acid sequences and nucleic acid hybridization, using specific probes for a func-
tional gene involved in a degradation pathway (i.e., nah and nod gene sequences
encoding for naphthalene dioxygenase and phen gene sequences for phenanthrene
dioxygenase) or for metal resistance genes, or gene messages, are indispensable
for the identification of microorganisms in environmental samples for the evalua-
tion of their bioremediation potential. For example, PAH-degrading bacteria have
been detected and characterized in salt marsh rhizospheres using a variety of phe-
notypic and molecular properties (Daane et al. 2001). In a total of five different
plant samples, the primary bacterial groups were Gram-negative pseudomonads,
Gram-positive (predominantly nocardioform), and the Gram-positive, spore form-
ing group, Paenibacillus. Furthermore, 75% of the pseudomonad isolates hybridized
to the classical nah gene from P. putida NCIB9816-4, while approximately the
same number hybridized to the nag genes cloned from C. testosterone GZ42,
whereas the Paenibacillus isolates were not found to be homologous with any of
the tested gene probes (Daane et al. 2001). Siciliano et al. (2001) observed that
naphthalene dioxygenase (ndoB) catabolic genotypes were enriched in the rhizo-
sphere of Scirpus pungens in response to pollution in a contaminant-dependent
manner.

DGGE has been used to demonstrate that different plants supported different
bacterial, archeabacterial and fungal communities (Griffiths et al. 2003; Nicol et al.
2003; Gomes 2003). Furthermore, the addition of Hg2+ to a silt loam was found to
cause an increase in the abundance of two RISA bands that were subsequently iden-
tified as a Clostridium-like organism and a Ralstonia-like organism (Ranjard et al.
2000). However, it is important to note that these techniques result in destruction of
the samples.

To study the pattern of microbial plant-root colonization, microscopy,
microscopy combined with the use of marked strains, or strains equipped with
reporter genes can be used. Reporter technology has been used to assess several
functions in the rhizospheric soil including gene expression even at the single
cell level. The increasing knowledge of the promoter and regulator genes along
with the refinement of reporter gene insertion techniques will allow to use this
technique for monitoring induction, expression and regulation of virtually any
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gene in the rhizosphere (Jansson 2003). The Gfp and lux genes are examples
of common reporter genes that encode green fluorescent protein (GFP) or bio-
luminescence, respectively, and can be used to tag environmental bacteria with
degrading or detoxifying capabilities. The visual reports of gfp and lux can be
assayed non-destructively, without supplying external cofactors or substrates to
cells. For example, Comamonas sp. strain CNB-1 isolated from an activated sludge
and capable of degrading 4-chloronitrobenzoate (4-CNB) was applied for the rhi-
zoremediation of 4-CNB-polluted soil through association with the alfalfa plant
(Liu et al. 2007). The inoculation of CNB-1 in the rhizosphere was evaluated by con-
structing a GFP-expressing strain CNB-1: gfp2 and then monitoring the colonization
of alfalfa roots by CNB-1: gfp2 and the formation biofilms on the surface and within
roots by confocal laser scanning microscopy. Additionally, a Pseudomonas fluo-
rescens F113rifpcb bioreporter, utilizing a chlorobenzoate-responsive promoter was
used to monitor the cell-activity in alfalfa rhizospheric soil contaminated by PCBs.
In particular, the fluorescence-emitting cells of the modified bacterium F113rifpcb
were found to be located in microcolonies, occurring all along the root (Boldt et al.
2004). Finally, Tom-Peterson et al. (2001) determined the amount of Cu bioavail-
able in a soil amended with complex organic material using a specific Cu reporter
construct harboured by an indigenous soil bacterium, P. fluorescens DF57.

One drawback of techniques based on probes is that investigations are lim-
ited to the identification of known groups and may fail to capture the presence of
truly novel organisms. Fluorescent in sifu hybridization (FISH) allows the phyloge-
netic identification of uncultured bacteria in natural environments using fluorescent
group specific phylogenetic probes targeting rRNA and fluorescence microscopy.
Combining FISH with microautoradiography or with immunodetection of bromodi-
oxyuridine allows the detection and quantification of the active population utilizing
a specific substrate (Cottrell and Kirchman 2000; Pernthaler and Amann 2004).

The extraction and characterization of mRNA from soil can provide data on
activity of certain genotypes in polluted soils. Naphthalene degradation for exam-
ple has been monitored by quantification of mRNA transcripts of naphthalene
dioxygenase gene (nahAC) (Sanseverino et al. 1993—-1994). Microarrays are increas-
ingly being used to analyse microbial communities (phyogenetic oligonucleotide
array), to characterize microorganisms in environmental samples and to monitor
gene expression under different growth conditions (functional genes and expression
arrays) (Zhou 2003). For example, Mark et al. (2005) used DNA microarrays to
identify unique P. aeruginosa genes expressed during growth in artificial medium
containing sugarbeet exudates from two beet cultivars.

Stable isotope probing (SIP), which involves tracking of a stable isotope atom
from a substrate into components of microbial cells, provides phylogenetic and
functional information, such as lipid content and DNA and RNA sequences. Butler
et al. (2003) reported the use of PLFA-SIP to reveal spatial and temporal differ-
ences in microorganisms utilizing root exudates in the rhizosphere of ryegrass. More
recently, Rangel-Castro et al. (2005) applied RNA-SIP to a '3CO,-pulsed labelled
grassland microbial community to determine the effect of liming on the structure of
the rhizosphere microbial community metabolizing root exudates.
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6 PGPR with ACC Deaminase Activity

PGPR are free-living saprophytic bacteria that inhabit the plant rhizosphere and
colonize the root system. PGPR have long been used as plant growth promoters
to increase agricultural production and as biocontrol agents against plant diseases
(Zehnder et al. 2001). Recently, the application of PGPR has been extended to the
remediation of contaminated soils in association with plants due to their catabolic
versatility, excellent root colonizing ability and the capacity to produce a wide range
of enzymes and metabolites that favour the plants under varied stress conditions
(Ramamoorthy et al. 2001; Mayak et al. 2004).

For many plants, a burst of ethylene is required to break seed dormancy; how-
ever, following germination, a sustained high level of ethylene would inhibit root
elongation. In addition, ethylene is synthesized in plant tissues from the precursor
1-aminocyclopropane- 1 -carboxylic acid (ACC) during biotic and abiotic stress con-
ditions, which can depress growth and causes senescence in crop plants (Ma et al.
2003). Many PGPR strains and some fungi possess the enzyme ACC deaminase
(Shah et al. 1998; Glick et al. 2007) which can cleave the plant ethylene precursor
ACC, thereby lowering the level of ethylene in a developing seedling or stressed
plant. The gene encoding ACC deaminase has been found in a variety of soil bacte-
ria (Glick 2003; Madhaiyan et al. 2007; Dell’ Amico et al. 2008; Saravanakumar and
Samyappan 2007) and more than one type of ACC deaminase gene may exist (Shah
et al. 1998; Babalola et al. 2003; Blaha et al. 2006). Plants, especially dicotyle-
dons that are treated with ACC deaminase-containing PGPR are dramatically more
resistant to the deleterious effects of stress ethylene synthesized as a consequence
of stressful conditions. The formation of longer roots through the action of ACC
deaminase may facilitate the survival of plant seedlings under various stress con-
ditions, such as flooding (Grichko and Glick 2001), phytopathogens (Wang et al.
2000), drought and high salt concentration (Mayak et al. 2004), and heavy metals
(Grichko et al. 2000). For example, ACC deaminase rhizobacteria have the potential
to protect canola and tomato seeds from Ni toxicity (Burd et al. 1998) and Indian
mustard, rape and canola from Cd toxicity (Belimov et al. 2005; Dell’ Amico et al.
2008).

Prolific root growth may also enhance the rates of rhizoremediation. For example,
a multi-component phytoremediation system of soil that combined land farming,
bio-augmentation with PAH-degrading bacteria and the growth of plants (Festuca
arundinacea) with PGPR containing ACC deaminase activity under laboratory con-
ditions led to improved effective removal of 16 persistent and soil-bound PAHs,
when compared to the results of treatment with any of these methods alone (Huang
et al. 2004). Phytoremediation was successful because the plant species were
able to grow in the presence of high levels of contaminants and the strains of
PGPR increased plant tolerance to PAHs and accelerated plant growth in heavily
contaminated soils.

Liu et al. (2007) demonstrated that the inoculation of alfalfa with Comamonas sp.
CBN-1 eliminated the phytotoxicity of 4-CNB by completely removing it from
soil within 1 or 2 days. However, the presence of ACC deaminase activity in this
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bacterium was not investigated. Besides the role that ACC deaminase activity plays
in alleviating ethylene-mediated stresses, the addition of other traits, the ecology
of the bacterium and the physiology of the plant may also have interacted with the
plant system to increase resistance to stress.

To date, very little work has been conducted to evaluate the use of ACC deami-
nase containing bacteria in rhizoremediation of organic-contaminated soil. Wu et al.
(2006) also found that the inoculation of sunflower roots with the engineered rhi-
zobacterium, P. putida 06909, caused a marked decrease in Cd phytotoxicity and a
40% increase in Cd accumulation in the roots. However, they did not investigate the
ACC deaminase activity of the bacterium. A comparison of the efficiency of trans-
genic bacteria that carry ACC deaminase and control bacteria at promoting seed
germination and root elongation in soils contaminated by copper and PAHs revealed
that both native and transformed Pseudomonas asplenii AC equally promoted seed
germination and root elongation under stress conditions (Reed and Glick 2005).
Moreover, the efficiency of transgenic inoculated strains was found to be affected
by soil pH, temperature, moisture content and competition with native microflora
and microfauna.

Additionally, according to Burd et al. (1998) and Belimov et al. (2005), PGPRs
containing ACC deaminase have great potential for use in the development of bac-
terial inocula for improvement of plant growth under unfavourable environmental
conditions, particularly for hyperaccumulator plants. Furthermore, the plant growth
promotion observed in response to inoculation with ACC deaminase-containing
bacteria has been found to stimulate the development of transgenic plants that
express ACC deaminase genes, thus protecting them from some of the deleterious
effects of metals.

7 Plant Tolerance to Toxic Compounds and Transgenic Plants
with Detoxification Genes

The potential for the use of transgenic plants and/ or microorganisms to remedi-
ate environmental contaminants has been extensively explored in the laboratory.
Strategies feasible for the transformation and engineering of microorganisms or
plants include the introduction of genes encoding functions to enhance resistance
to contaminants or to environmental stressors, to overexpress enzymes involved in
degradation pathways, to release specific exudates that can act as inducers for micro-
bial degradation, and to increase the plant capacity for the uptake, transport and
sequestration of contaminants. For example, for metal phytoremediation purposes
transgenic plants may be manufactured to synthesize a product that alters metal tol-
erance or uptake that decreases ethylene synthesis to reduce the deleterious plant
response to metal stress.

Transgenic tomato plants and transgenic canola plants expressing bacterial ACC
deaminase were found to grow in soil in the presence of cadmium, copper, cobalt,
nickel, lead or zinc, to accumulate high amounts of metals and to proliferate in the
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presence of high levels of arsenate (Grichko et al. 2000; Nie et al. 2002). In the
presence of arsenate, transgenic canola plants grew to a significantly greater extent
than non-transformed canola plants, regardless of whether plant growth-promoting
bacteria were present. Additionally, plants accumulated similar amounts of arsen-
ate whether or not they were treated with E. cloacae CAL2. Moreover, transgenic
canola shoots contained less arsenate than non-transformed canola shoots, suggest-
ing that a limited translocation of arsenate from roots to shoots occurred, which may
have lowered arsenate toxicity, even if the reason for this decreased translocation in
transgenic plants was unknown. When biomass was considered in calculating the
arsenate accumulation, transgenic canola plants accumulated approximately four
times as much arsenate as non-transformed canola. The higher rate of germination
of transgenic canola also contributed to the total amount of arsenate accumulation.
The use of transgenic canola in conjunction with plant growth-promoting bacteria
made phytoremediation much more efficient (Nie et al. 2002). Similar results were
reported by Stearns et al. (2005) and Farwell et al. (2006) in the phytoremediation
of nickel contaminated soils.

Meagher and Heaton (2005) evaluated the capability of Arabidopsis transgenic
plants expressing bacterial metal resistance genes (merA, merB and arsC) to take
up and transform levels of mercury and arsenic several times higher than the lethal
level for most plant species. Mer plants, which are modified plants expressing the
bacterial merB gene encoding an organomercury lyase, were found to grow on
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0.1-1 M of methylmercury or phenylmercuryacetate in agar medium, which
are levels high enough to kill native plants. Plants expressing the merA gene
which encodes mercuric reductase, detoxify Hg** by reducing it to Hg, allow-
ing the plants to grow in soil containing concentrations of Hg?* of 100 ppm or
higher (Rugh et al. 1996). Finally, combining the transgenic expression of merA
and merB, enabled plants to detoxify organic mercury more efficiently and to be
resistant to 2-10 wM of phenylmercuryacetate (Bizily et al. 1999; Bizily et al.
2003).

In theory, plants engineered with both genes should extract organomercurials
from soils and transpire Hg® into the atmosphere using the same mechanisms as
bacteria (Fig. 14.3). However, from a regulatory perspective, the release of Hg into
the atmosphere is not acceptable, therefore, the use of plants genetically transformed
with merA and merB gene is not permitted.

8 Strategies for Enhancing Phytoremediation

Studies of in situ application of rhizoremediation have provided contradictory
results because several biotic and abiotic factors may severely limit the establish-
ment of vegetation, microbial growth and contaminant mobility. The ability of
plants to enhance rhizospheric activity and to extract contaminants from the soils
can be drastically reduced by contaminant phytotoxicity or by unsuitable soil phys-
ical and chemical properties such as acidity, compaction, and anoxic conditions.
The consequent reductions in root development represent severe constraints in phy-
toremediation because contaminants are often heterogeneously located in soil and
a limited root system cannot gain access to niches with a high degree of pollution.
These constraints can be partially overcome by selecting tolerant plants, and/or by
applying agronomic techniques to amend soil properties and modify contaminant
bioavailability. For example, nitrogen and phosphorus fertilization increased the
rhizobacteria-assisted phytoextraction of As (Jankong et al. 2007), as well as pyrene
rhizodegradation (Thompson et al. 2008). Additionally, soil amendments with humi-
fied organic matter enhanced the biodegradation of PCBs (Smith et al. 2007)
and of aged hydrocarbons and heavy metals in co-contaminated soils (Palmroth
et al. 2006)

There is evidence that the external manipulation of bulk and/or rhizospheric
soil pH can improve the phytoremediation of metal polluted soils in cases of low
metal concentration in soil solution due to strong binding to the solid phases.
Conversely, it is still a matter of debate if plants can transfer high amounts of metals
from soil into the shoots by adopting rhizosphere strategies such as acidification
and exudation. A decrease in bulk soil pH can be achieved through application
of mineral acids, organic acids and acid-producing fertilizers (Cui et al. 2004;
Kayser et al. 2001). Acidification of the rhizosphere may be obtained by modulat-
ing the nitrogen nutrition, and supplying N-NHjy to plants has been found to induce
rhizosphere acidification, thereby enhancing Cd and Zn uptake by tobacco and
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sunflowers (Loosemore et al. 2004; Zaccheo et al. 2006). Conversely, a N-NO3
supply promoted growth and phytoextraction of Cd and Zn by Thlaspi caerulescens
(Xie et al. 2009).

There is evidence that organic acids released from the roots of some plants can
provide the impetus for movement of PAHs from bulk soil to the rhizosphere and
accelerate PAH mobilization (Liste and Alexander 2000). Root exudation of chela-
tors may be mimicked by the addition of natural and synthetic compounds (i.e.,
citric acid, NTA) to enhance heavy metal solubility and phytoextraction efficiency
of several plant species like willow, Indian mustard, corn and sunflower (Schmidt
2003). It is, however, important to minimize the ecological hazards connected with
chelate-assisted phytoextraction, as phytotoxicity or metal leaching. The amend-
ment of soil with some organic compounds was found to be effective at enhancing
phytoremediation and biodegradation of co-contaminated soils in pot experiments
in which Alyssum lesbiacum was grown in nickel and PAH spiked-soil (Singer et al.
2007). In that study, treatment with a combination of a surfactant (sorbitan trioleate),
a PAH biodegradation inducer (salicylic acid) and a Ni-chelator (histidine) induced
high biomass production by Alyssum lesbiacum.

Finally, rhizobacteria can be stimulated by the addition of agrowaste residues
(Azcon et al. 2009) or chelates to ameliorate plant growth and metal phytoextrac-
tion. For example, Chen et al. (2006) found that microbial communities of Elsholtzia
splendens and Trifolium repens grown on Cu contaminated soil amended with glu-
cose and citric acid facilitated Cu solubilisation without inhibiting the microbial
community.

9 Conclusions

Rhizoremediation and phytoextraction might be effective approaches to the remedi-
ation of soils contaminated by metals and organics. The exploitation of symbiotic
relationships between plants and rhizobacteria should lead to better clean-up of pol-
luted soils. However, the complexity and heterogeneity of co-contaminated soils
require integrated approaches of the rhizosphere management. In particular, con-
certed efforts should be focused on the development of suitable environmental
and agricultural engineering techniques that will have a major impact on the effi-
ciency of plant cultivation. The selection of more efficient plant varieties and
soil amendments and the optimization of agronomic practices should provide
improved phytoremediation. The combined use of phytoextraction and rhizodegra-
dation crops, the inoculation of roots or seeds of hyperaccumulator plants, the
genetic manipulation of hyperaccumulators expressing ACC deaminase and other
specific organic-degradative genes may be a breakthrough in the enhanced removal
of heavy metals and organics from the soil environment.
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