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Abstract
Over last few decades, the contamination of water and soil has become a major 
threat to ecosystem and human health. Bioremediation is an attractive tool to 
overcome the challenges posed by the traditional methods such as incineration 
and excavation. Recently, phytoremediation has been widely used to remediate 
the pollutants (such as organic and inorganic) from the environment, but certain 
compounds and heavy metals tend to inhibit the growth of the plants. In this 
chapter, we have emphasized on most accepted bioremediation process known as 
rhizoremediation, which involves the mutualism between microorganisms and 
plants that degrades the recalcitrant compounds present in the soil and makes 
eco-friendly environment. Furthermore, we discussed the important factors such 
as temperature, pH, and organic matter present in the soil, which affects the 
growth and metabolism of not only the organism but also the plants, interaction 
between plant and microorganisms, and role of endophytic and rhizobacteria in 
bioremediation of heavy metals and organic pollutants.
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17.1	 �Introduction

Over the past few centuries, dramatic rise in industrialization has been witnessed 
leading to enhanced release of anthropogenic compounds into the natural ecosys-
tem. A xenobiotic compound includes petroleum hydrocarbons (PHC), polycyclic 
aromatic hydrocarbons (PAHs), solvents, metals, pesticides, and salts. These chemi-
cals remain persistent in nature, creating negative effect on ecosystem and human 
health (Prabhu et al. 2014; Gerhardt et al. 2009; Meagher 2000). Remediation of 
soil-contaminated sites with the help of conventional techniques such as landfilling 
and incineration is expensive. Methods such as incineration cause air pollution, 
while landfilling generates leachates in the form of gases and liquids that can con-
taminate ground water, and the excavation of soil/land can lead to the generation of 
toxic air emissions (Kuiper et al. 2004). Hence, there is a need of an hour for alter-
native methods for restoring the polluted sites that is less expensive, less labor inten-
sive, and eco-friendly. In last few years, bioremediation and phytoremediation have 
emerged as an alternative method to the previously existing conventional methods. 
It involves microbes and other biological components to degrade harmful pollutants 
from the environment (Caplan 1993; Dua et  al. 2002). Bioremediation can be 
applied in situ without the removal and transportation of polluted soil and without 
causing any disturbance to the soil matrix. Another advantage is that the bacterial 
degradation of chemicals and pollutants usually results in complete breakdown and 
mineralization (Heitzer and Sayler 1993).

In situ bioremediation process such as biostimulation, monitored natural attenu-
ation (MNA), bioaugmentation, and phytoremediation (including rhizoremediation) 
has been used to restore and rehabilitate the contaminated sites. However, one reme-
diation technology is not enough to treat the on-site pollutant as it depends on the 
contaminant type and source of the contaminant/pollutant (Truu et  al. 2015). In 
recent years, two different approaches for the bioremediation are extensively used 
to remediate polluted/contaminated soils: microbial-assisted plant remediation (rhi-
zoremediation) and phytoremediation. Phytoremediation is a process which uses 
the plants to extract, sequestrate, or decontaminate terrestrial and/or aquatic envi-
ronment, while rhizoremediation utilizes the exudates released by plants which will 
increase the rhizospheric microorganisms that will help plant growth and the degra-
dation/breakdown of contaminants (Gerhardt et al. 2009). In the present chapter, we 
discuss about the challenges and potentials of rhizoremediation to remove the per-
sistent chemical and metals from the environment (Fig. 17.1).

17.1.1	 �Phytoremediation

In phytoremediation process, plants are used to sequester, extract, or detoxify pol-
lutants. This method is cost-effective and eco-friendly since the structural integrity 
of the soil will be maintained (Khan et  al. 2000). In phytoremediation process, 
genetically engineered or special plants are targeted that have the potential to uptake 
the pollutants from the environment (Macek et al. 2000). This process is applicable 

A.A. Prabhu et al.



435

for organic and inorganic contaminants, which are in solid and liquid form (Salt 
et al. 1998). Generally, phytoremediation of pollutants by a plant involves the 
following steps: uptake, translocation, transformation, compartmentalization, and 
sometimes mineralization (Schnoor et al. 1995). Several extensive research stud-
ies were performed in greenhouse laboratory level prior to the field trails. These 
experiments provided valuable information regarding particular type of phytoreme-
diation mechanism of different organic contaminants. This mechanism includes 

microbial chelators
deliver plant nutrients 

exudates - substrates that can
stimulate microbial growth

ion uptake - plant growth

microbial enzymes - affect plant
growth/physiology (e.g. PGPR
with ACCD can diminish
ethylene stress)

release of H+ and OH- -affects pH,
acid/base reactions, bioavailability

plant enymes — oxidases and
hydrolases that can degrade
contaminants (phytodegradation)

small organic contaminants

H2O - affects plant growth

CO2 - affects soil pH

rhizosphereroot

Respiration
- affects
contaminant
bioavailability
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Fig. 17.1  General 
processes affecting 
rhizoremediation: plant 
roots support microbial 
growth at the root surface 
and in the rhizosphere. 
Roots create channels in 
soil that allow for 
movement of O2 and H2O 
and that are wide enough 
for “trapped” contaminants 
to become accessible to 
microbes. PGPR, plant 
growth-
promotingrhizobacteria; 
ACCD, 
1-aminocyclopropane-1-
carboxylate deaminase 
(Adapted from Gerhardt 
et al. 2009)
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transportation of some organic compounds through the plant membranes. Especially, 
the compounds with low molecular weight habitually removed from the soil and are 
released via evapotranspiration processes through leaves. This method is also known 
as phytovolatilization. Some of the nonvolatile compounds can be converted or 
degraded into nonhazardous entities by catalytic effect of enzymes and chemical 
sequestration in plants. This is referred as phytodegradation and phytoextraction, 
respectively. The highly stable compounds in the plants can be degraded along with 
the biomass during sequestration or incineration (Truu et al. 2015). The uptake of 
the organic compounds, distribution, and transformation depends not only on physi-
cal but also chemical property of the compound (molecular weight, water solubility) 
and environmental condition (temperature, pH, and soil moisture content) including 
the plant characteristics (root system and enzymes) (Suresh and Ravishankar 2004). 
The phytoremediation can be used to target two major kinds of pollutants: elemental 
pollutants and the organic pollutants (Meagher 2000).

17.1.1.1	 �Elemental Pollutants
This group of pollutants includes radionuclides and toxic heavy metals, which are 
very difficult to remediate and only few techniques are available for it. In recent 
years, plants have become an attractive tool to remediate heavy metals from soil 
(Clemens et al. 2002; Cobbett and Goldsbrough 2002; Khan et al. 2000). The pro-
cess of heavy metal removal using plants includes (1) extraction of the contaminants 
from soil and translocation to aboveground tissues, (2) sequestering of the contami-
nants in the root system to prevent/stop further spreading and leaching into soil and/
or groundwater, or (3) conversion into less harmful and toxic chemicals. For this 
purpose some of the plants such as sunflower, tobacco, mustard, maize, and sand 
rocket are used because of their capacity to absorb and hyperaccumulate the pollut-
ant (Meagher 2000). Usually the plants growing in the region enriched with heavy 
metals have the ability to hyperaccumulate the heavy metals and were thought to 
have developed a defense mechanism against herbivores. However, plants with such 
capabilities are rarely available, and hence in modern era, scientists are exploring to 
develop plant with high metal absorptivity through genetic engineering (Kuiper 
et al. 2004).

17.1.1.2	 �Organic Pollutants
This class of pollutants includes organic compounds such as polycyclic aromatic 
compounds, polychlorinated biphenyls, nitro-aromatics, or linear halogenated 
hydrocarbons. Plants like willow, alfalfa, and other grasses have the ability to com-
pletely mineralize these kinds of compounds. However, the underlying mechanisms 
of mineralization of these compounds are not clearly understood. Nevertheless, 
plants have high potential of remediating organic compounds (Kuiper et al. 2004). 
In addition to several advantages of using phytoremediation, it also possesses some 
limitations, which includes slow growth rate of the plant, limitation of plant-root 
penetration in soil, time-consuming, sensitive for some pollutants, and the problem 
of being part of a food chain, and the process is completely dependent on the cli-
matic changes (Khan et al. 2000).
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17.1.2	 �Rhizoremediation

A combined action of plant and microbial remediation led to a more successful 
approach to bioremediation of pollutants that particularly belongs to organic com-
pounds. This approach includes bioremediation methods such as phytoremediation 
and bioaugmentation to remediate the contaminants. Rhizoremediation refers to the 
use of microbes present in and around the rhizosphere of plants, which are utilized 
for phytoremediation purposes (Mosa et al. 2016). In recent years, it has popped out 
as the most effective method to remediate recalcitrant compounds. There will be an 
interaction between roots, root exudates, rhizosphere soil, and microbes resulting in 
breakdown of organics to nontoxic or less toxic minerals. The 40% of a plant’s 
photosynthesis is deposited into the soil as organic acids, sugars, and larger organic 
compounds (Gerhardt et al. 2009). Soil microbes utilize these compounds as car-
bon, nitrogen, and energy source (Leigh et  al. 2002).The rhizosphere of the soil 
consists of 10–100 times more microbes per gram of soil than un-vegetated soil. In 
soil containing large volumes of roots, microbial populations can reach titers of 1012 
cells/g of soil. The plants can gain various benefits by these microbial consortia 
such as reducing stress hormones in plants, act as a chelators for delivering key 
plant nutrients, protect plants from pathogens, and reduce the negative effect of 
recalcitrant compounds on plants by converting/degrading (Hontzeas et al. 2004; 
Kuiper et al. 2004). The initial study of the rhizosphere is mainly focused on break-
down of herbicides and pesticides. These research studies suggest that the bacteria 
tend to degrade these compounds and protect plants from negative impact of these 
compounds (Hoagland et al. 1994; Jacobsen 1997). In the current scenario, many 
reports are available on breakdown of organic compounds such as TCE (Walton and 
Anderson 1990), PAHs (Radwan et al. 1995), and PCBs (Brazil et al. 1995). It was 
observed that grass varieties and leguminous plants, viz., alfalfa, are suitable for 
rhizoremediation, as these plants can harbor huge number of bacterial consortium 
on their root system (Kuiper et al. 2004).

The effectiveness  of the rhizoremediation depends on the microbes to effica-
ciously colonize on the growing root. A colonizing process involves multitude of 
genes from the microbial consortia (Capdevila et al. 2004; Lugtenberg et al. 2001; 
Silby and Levy 2004; de Weert et al. 2002). These genes include production of bio-
tin and thiamine, synthesis of amino acid synthesis, O-antigen of lipopolysaccha-
ride, and an efflux pump induced by isoflavonoids. Although the chemotactic 
response can be evoked by different compounds depending on the colonizing spe-
cies, the key factor for successful root colonization is the chemotaxis, which is 
specific toward root exudate compounds (Capdevila et al. 2004; Kuiper et al. 2004; 
de Weert et al. 2002). Among the compounds that influence the colonization com-
plex includes aromatic compounds such as coumarins and flavonoids which plays a 
key role. The accumulations of these compounds are very low as these compounds 
are degraded by microbial consortia and used as the carbon and nitrogen sources, 
respectively (Leigh et al. 2002). It is fortuitous that these aromatic compounds are 
similar to many organic contaminants structurally, viz., polychlorinated biphenyls 
(PCBs), PHC, and PAHs, thereby providing means to exploit natural processes in 
the rhizosphere for the bioremediation of contaminants (Jacobsen 1997).

17  Rhizoremediation of Environmental Contaminants Using Microbial Communities



438

17.1.3	 �Microbe-Plant Interactions in Phytoremediation

The investigation of plant-microbe interactions has been under investigation for 
over 50 years, but these studies were mainly focused on plant-pathogen interactions. 
Over the decades, the ecology of microbes in the rhizosphere was focused toward 
many kinds of decontamination processes. The group of organisms acquainted in 
the rhizosphere is associated with plants and aids in its metabolism. They were 
found to be in synergism with plant roots and are known as rhizosphere microorgan-
isms. In the early twentieth century, Hiltner defined the term rhizosphere, as the 
volume/amount of the soil that is influenced by the roots of plants (Kavamura and 
Esposito 2010).

In general, the microbial consortia of rhizosphere are stimulated by the plant 
roots while providing proper aeration, releasing of exoenzymes, and excreting a 
root exudate compounds which not only provide nutrients but also provide surface 
for colonization, niches to protect bacteria against desiccation, and other biotic and 
abiotic stresses (Kuiper et  al. 2004). In return, the rhizospheric microorganism 
boosts plant growth by nutrient mobilization, nitrogen fixation, decreasing the level 
of plant stress hormone, production of plant growth regulators, and degradation of 
pollutants before they negatively impact the plant (Fig. 17.2) (Chaudhry et al. 2005; 
Segura and Ramos 2013). This mutualism between plant and microbes known as 
rhizosphere effect results in increased number, diversity, and degradative capability 
of the microbes (Kent and Triplett 2002; Ramos et al. 2000). In most of the cases, 
the microbial consortia are responsible for biodegradation process. In rhizoremedia-
tion, the amount and composition of root exudates will be plant specific. These 
exudates are majorly composed of organic acids (lactate, oxalate, acetate, malate, 
succinate, fumarate, and citrate), amino acids, and sugars along with some second-
ary metabolites (viz., isoprenoids, alkaloids, and flavonoids). These are released 
into the soil as the rhizo-deposits; among them majority of organic acid secreted 
exudates are dissociated anions (carboxylates) (Jones 1998; Martin et  al. 2014; 
Singer et al. 2003; Singh et al. 2004). Rhizo-deposition results over 10–44% of the 
fixed carbon (Bais et  al. 2006). The exudates of the roots can be utilized by the 
microbial consortia as the carbon source (Singer et  al. 2003). Many secondary 
metabolites possess a similar structure as that of contaminants thus inducing the 
expression of specific catabolic genes of microbial consortia, which are necessary 
for the degradation of the contaminant. Some of the secondary metabolites like 
salicylate induce the microbial degradation of PAHs (naphthalene, fluoranthene, 
pyrene, chrysene) and PCB (Chen and Aitken 1999; Master and Mohn 2001; Singer 
et al. 2000), while terpenes aid in breakdown of toluene, phenol, and TCE (Truu 
et al. 2015). In some cases, the metabolites cannot be used as sole carbon sources. 
Hence, the microbes utilize easily degradable root-exuded compounds which serve 
as co-metabolites (i.e., aerobic biodegradation of trichloroethylene). The interaction 
between rhizospheric bacteria and plant roots excretes some biosurfactants that 
enhance the bioavailability and uptake of pollutants (Schwitzguébel et  al. 2002; 
Wenzel 2009). In aged soil, this process may be beneficial as they contain low con-
taminant (Dams et al. 2007; Gunderson et al. 2007).
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This microbial-assisted phytoremediation was investigated with both indigenous 
microbes and intentionally stimulated microbes through seed inoculation in the 
laboratory, greenhouse, and field. A wide range of enzymes has been found in 
plants, root-colonizing bacteria, endophytic bacteria, and fungi that can effectively 
degrade the contaminants. These include dehalogenases, dioxygenases, laccases, 
phosphatases, P450 monooxygenases, nitrilases, peroxidases, and nitro-reductases 
(Table 17.1).

Fig. 17.2  Schematic diagram showing the integration of phytoremediation in soil cleanup treat-
ment strains and optimization of the plant microbiome. Identification of the limiting factors to 
natural attenuation and overview of different approaches (e.g., rational plant selection and micro-
biome engineering) to turn the plant from a potential low-productivity state to a high-productivity, 
diverse, and resilient state with high phytoremediation activity (Thijs et al. 2017)
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17.2	 �Factors Affecting Rhizoremediation

Rhizoremediation is mainly affected by various physical, chemical, and biological 
properties/compositions of the root-associated soil. Many studies were carried out 
to interpret the effects of soil moisture, pH, temperature, aeration, and organic mat-
ter composition on the breakdown of pesticides (Charnay et al. 2005; Rasmussen 
and Olsen 2004). Factors such as accessibility of mineral nutrients, the age of plants, 
and presence of contaminants affect the quantity and quality of exudates secreted. 
Since the rhizoremediation is majorly dependent on the nature and quality of the 
root exudates. The root exudates mediate the acquirement of minerals by plants, 
thus stimulating the microbial growth and activities in the rhizosphere, in addition 
to changing of some physicochemical conditions. Under stress condition, plants 

Table 17.1  Plant and microbial enzymes with a role in degradation of organic compounds

Enzyme family Catalytic action Examples of known sources
Various plant enzymes 
for uptake, transport, 
sequestration, and 
degradation

General uptake and degradation All plants

Dehalogenase Hydrolyzes chlorine and fluorine 
from halogenated, aliphatic 
hydrocarbons (e.g., 
trichloroethylene), and aromatic 
hydrocarbons (e.g., PCBs, DDT)

Xanthobacter autotrophicus 
(B), Hybrid poplar (Populus 
spp.), Sphingobium 
chlorophenolicum (B)

Laccase Degradation of various aromatic 
compounds

Alfalfa (Medicago sativa), 
Trametes versicolor (F), 
Coriolopsis polyzona (F)

Dioxygenase Degradation of various aromatic 
compounds

Pseudomonas sp. (B), 
Mycobacterium sp. (B)

Peroxidase Degradation of various aromatic 
compounds; reductive, 
dehalogenation of aliphatic 
hydrocarbons

Horseradish (Armoracia 
rusticana), Phanerochaete 
chrysosporidium (F), 
Phanerochaetelaevis (F), 
Alfalfa (Medicago sativa)

Nitrilase Cleaves cyanide groups from 
aromatic and aliphatic nitriles

Willow (Salix spp.), Aspergillus 
niger (F)

Nitroreductase Reduces nitro groups on nitro-
aromatic compounds (e.g., 
2,4,6-trinitrotoluene); removes N 
from ring structures

Comamonas sp. (B), 
Pseudomonas putida (B), 
Hybrid poplar (Populus spp.)

Phosphatase Cleaves phosphate groups from 
organophosphates (e.g., pesticides)

Giant duckweed (Spirodela 
polyrhiza)

Cytochrome P450 
monooxygenase

Hydroxylation of aromatic and 
aliphatic hydrocarbons

Most aerobic bacteria, all fungi, 
and all plants

Microbial sources are designated (B) for bacterium or (F) for fungus. All fungi except for 
Aspergillus are white-rot fungi (Gerhardt et al. 2009)
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respond by varying the composition of root exudates, in turn controlling the metabolic 
profile and activities of rhizosphere microorganisms (Chaudhry et al. 2005).

17.2.1	 �Soil Conditions

The physicochemical nature/composition of the soil plays a crucial role in the 
success of bioremediation. The microbial metabolic activity and chemical diffusion 
in soil depends on factors, viz., moisture, redox conditions, temperature, pH, organic 
matter, nutrients and nature, and amount of clay. The aerobic microbial mineral-
ization/degradation of selected pesticides (benzolin-ethyl, isoproturon, and glyphos-
phate) in different types of soil at different moisture content was evaluated by 
Schroll et al. (2006). They found a linear correlation (p < 0.0001) while increasing 
soil moisture content (within a soil water potential range of −20 and −0.015 MPa), 
which increases the relative pesticide mineralization/degradation.

17.2.2	 �Temperature

Temperature plays a vital role in biodegradation of recalcitrant chemical compounds 
by microbial consortia since majority of the biochemical reactions and metabolic 
activity of microbes depends on thermal thermodynamics. The cell membrane 
permeability and cell physiology-altering proteins are majorly impacted by 
temperature (Alberty 2006; Mastronicolis et al. 1998).

17.2.3	 �pH

Most of the putrefaction of compounds are due to the enzymes secreted by the 
plant-microbe interactions. The catalytic activities of these enzymes are pH depen-
dent; the optimal bacterial growth was observed at the optimal pH 6.5 and 7.5 for 
most of the organisms. Siddique et al. (2002) noticed that the Pandoraea sp. isolated 
from an enrichment culture degrade the HCH isomer in the pH range of 4–9. They 
also observed that the growth and biodegradation of α- and γ-isomers of HCH seem 
to be optimal when pH of the soil slurry is 9. Similar observation was made by 
Singh et al. (2004) while studying the putrefaction of organophosphate pesticides in 
the soil. They understood that the degradation was slow at acidic pH compared to 
that of neutral or alkaline pH.

17.2.4	 �Soil Organic Matter

The organic matter in soil affects the adsorption/desorption process of pesticides in 
the soil including the nutrients for cell growth. Perrin-Ganier et al. (2001) moni-
tored putrefaction of isoproturon (herbicide) by introducing phosphorus (P), 

17  Rhizoremediation of Environmental Contaminants Using Microbial Communities



442

nitrogen (N), and sewage sludge separately, thus observed that P and N had the 
greatest effect on the process of isoproturon degradation.

17.3	 �Role of Endophytes in Rhizoremediation

In recent few years, much is focused on the utilization of endophytic microbes/
bacteria in phytoremediation to degrade xenobiotic compounds from the environ-
ment. These bacteria are nonpathogenic and find its existence in most if not all 
higher plant species. Some of these species such as Pseudomonas, Burkholderia, 
Bacillus, and Azospirillumare found most abundantly in soil (Lodewyckx et  al. 
2002; Moore et al. 2006). The endophytes possess plant growth-promoting ability 
and also pathogen controlling capability (Berg et al. 2005; Ryan et al. 2008). The 
major advantage of employing endophytes over other rhizospheric bacteria in phy-
toremediation is that, in rhizospheric bacteria, there will be huge competition among 
the strains. This reduces the number of desired strains, and it is very difficult to 
control these organisms. Conversely, endophytic bacteria are acquainted in the 
internal membranes/tissues of plants thus reducing the problem of competition 
between bacterial strains (Doty 2008; McGuinness and Dowling 2009).

Genetic modification strategies of these endophytes have gained more attention 
in phytoremediation process. Barac et  al. (2004) reported that introduction of 
toluene degradation plasmid (pTOM) from B. cepacia G4 into a natural endophyte 
such as yellow lupine is capable of degrading toluene up to 50–70%. While 
Germaine et al. (2006) reported that interaction of natural endophytes with a geneti-
cally modified endophyte possessed the capability of degrading 2,4-dichlorophen-
oxyacetic acid. The same group has also reported 40% higher degradation of 
2,4-dichlorophenoxyacetic acid by using Pseudomonas putida VM1441(pNAH7). 
Weyens et  al. (2009a, b) showed the co-culture of genetically modified TCE-
degrading strain (i.e., P. putida W619-TCE) along with natural TCE strain of tree 
growing on TCE-contaminated soil showed 90% reduction of TCE evapotranspira-
tion under the field conditions.

The genetic engineered endophytes were used to improvise the phytoremedia-
tion of organic/inorganicpollutants and toxic metals. The incorporation of modified 
yellow lupine which was inoculated with pTOM-Bu61 plasmid (encoding for tri-
chloroethylene degradation constitutively) and ncc-nre (Ni resistance/sequestration 
in B. cepacia VM1468), along with the natural yellow lupine showed significant 
reduction in TCE and Ni phytotoxicity. This also promoted 30% enhancement in 
root biomass and 50% decrease in the enzyme activities involved in antioxidative 
defense in the roots. In addition, to the decreasing trend in TCE evapotranspiration, 
it showed about a fivefold higher Ni uptake after inoculation of two types of yellow 
lupine plants together (Weyens et  al. 2010). The bioaugmentation of two grass 
species (FestucaarundinaceaSchreb. and FestucapratensisHuds) along with the 
endophytic fungi (Neotyphodiumcoenophialum and Neotyphodiumuncinatum) 
showed 80–84% and 64–72% of PAH and TPH reduction compared to that of con-
trol plants, which showed only 30% removal(Soleimani et al. 2010). Apart from the 
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rhizosphereendophytes, the culturable endophytes in aquatic plants showed 
enhancement in phytoremediation(Chen et al. 2012). It was shown that genetically 
engineered endophyticbacteria possess much easier in application than genetic 
plants because it has the ability to colonize multiple plants, and it also benefits 
plants by reducing stress hormones, nitrogen fixation, and phosphate solubilization 
(Dimkpa et al. 2009; Doty et al. 2009; Gai et al. 2009).

17.4	 �Polycyclic Aromatic Hydrocarbons (PAHs)

Rhizoremediation is a process which uses effect of both microbial degradation and 
plant growth for the breakdown of toxic compounds to less toxic/volatile com-
pounds (Song et al. 2004; Tang et al. 2010). Tang et al. (2010) conducted the pilot 
plant experiments to analyze the outcome of bioaugmentation and environmental 
factors for rhizoremediation of petroleum-contaminated soils using different plant 
species. Among the tested sources, ryegrass resulted in 5% total petroleum hydro-
carbons (TPH) degradation in soil. They observed that with different microbial spe-
cies and plant growth-promoting rhizobacteria (PGPR), the TPH degradation 
increased in the following order: cotton +PGPR  >  cotton  +  EMA  >  cot-
ton  +  PGPR  >  cotton  >  control. They suggested that rhizoremediation can be 
increased with proper optimization of the factors like plant growth and EMA micro-
bial community in soil (Tang et al. 2010; Tyagi et al. 2011). Huang et al. (2005) 
developed a technique known as multiprocess phytoremediation system (MPPS) 
which consists of contaminant-degrading bacteria, land farming (aeration and light 
exposure), plant growth-promoting rhizobacteria (PGPR), and growth of the 
contaminant-tolerant plant, i.e., tall fescue (Festucaarundinacea). Using the MPPS, 
they were able to remove 90% of all fractions of TPHs from soil. Figure 17.2 clearly 
shows the combined strategies for phytoremediation.

17.5	 �Petroleum Hydrocarbons (PHCs)

Petroleum hydrocarbons (PHCs) are organic compounds comprised of carbon and 
hydrogen atoms arranged in varying structural configurations. They are classified in 
two main categories, namely, diesel range organics (DROs) and gasoline range 
organics (GROs). GROs include mono-aromatic hydrocarbons such as toluene, ben-
zene, xylenes (BTEX), ethylbenzene, and short-chain alkanes (C6–C10) with low 
boiling points (60–170 °C) such as 2,3-dimethyl butane, isopentane, n-butane, and 
pentane. DROs consist of long-chain alkanes (C10–C40) and hydrophobic chemi-
cals like polycyclic aromatic hydrocarbons (PAH) (Gkorezis et al. 2016; Kamath 
et al. 2004). Petroleum hydrocarbons (PHCs) are biodegradable and bio- and phy-
toremediable (Gkorezis et al. 2016). The plant-associated bacteria include phyllo-
spheric, endophytic, and rhizospheric bacteria. The mutualism between these host 
plants and the bacteria allows for greater survivability and treatment of polluted 
soils by mutual benefitting both the organisms (Weyens et al. 2009b, 2015). Possible 
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mechanism for the bioremediation/rhizoremediation of PHC-contaminated sites is 
shown in Fig. 17.3.

The capability of the microbes to breakdown PHCs is greatly contributed to the 
presence of catabolic genes and enzymes that helps them to use PHCs as energy 
source (Das and Chandran 2010). Table 17.2 shows the interaction of microbes and 
plant species for breakdown of PHC component. The advantages and disadvantages 
of phytoremediation over traditional technologies are shown in Table 17.3.

17.6	 �Rhizoremediation of Heavy Metals

Rhizoremediation, a special case of phytoremediation, is a process, which exploits 
the microbial species present in the rhizosphere of plants. These microbes share a 
symbiotic/mutualistic relationship with the roots of plants and aid in retrieving soils 
polluted with heavy metals (Fig. 17.4). These heavy metals not only possess a seri-
ous threat to the surrounding ecosystem but also are more probable to get absorbed 
by plants through roots and enter the food chain. Subsequently, it reaches the animal 
kingdom from Kingdom Plantae (Ganesan 2012). Heavy metals are classified 
from their traditional analogs in the sense that these metals have density greater 
than 5 g/cm3 (Kareem et  al. 2016). It is renowned that heavy metals are present 
ubiquitously in soil in trace amounts. However, from the advent of industrialization 
and urbanization over the past few centuries, it has been a customary habit for 
humans to release heavy metals and other harmful pollutants into the environment. 
Apart from natural occurrences, the main sources of heavy metals include industrial 
wastes, fertilizers, and petroleum byproducts. These heavy metals act as genotoxic 
substances and interfere with protein synthesis, respiration, and carbohydrate 
metabolism (Khan et al. 2009). Consequently, they result in poor growth and low 

Fig. 17.3  Possible strategies for the bioremediation of PHC-contaminated sites (Gkorezis et al. 
2016)
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Table 17.2  Selected paradigms of successful rhizodegradation of PHCs (Gkorezis et al. 2016)

Plant species Microorganisms PHC component References
Zea mays Pseudomonas sp. strain 

UG14Lr, Pseudomonas putida 
strain MUB1

Phenanthrene/
pyrene

Chouychai et al. 
(2009, 2012)

Lolium perenne Pantoea sp. strain BTRH79 Diesel oil Afzal et al. (2012)
Lotus corniculatus Pantoea sp. strain BTRH79 Diesel oil Yousaf et al. 

(2010)
Medicago sativa Rhizobium meliloti strain 

ACCC17519
Various PAHs Teng et al. (2015)

Zea mays Gordonia sp. strain S2RP-17 Diesel oil Hong et al. (2011)
Lolium 
multiflorum

Acinetobacter sp. Various PAHs Yu et al. (2011)

Secalecereale, 
Medicago sativa

Azospirillum brasilense strain 
SR80

Crude oil Muratova et al. 
(2010)

Lolium 
multiflorum

Rhodococcus sp. strain 
ITRH43

Diesel oil Andria et al. 
(2009)

Sorghum bicolor Sinorhizobium meliloti strain 
P221

Phenanthrene Muratova et al. 
(2009)

Hordeum vulgare Mycobacterium sp. Strain 
KMS

Pyrene Child et al. 
(2007a, b)

Triticum aestivum Pseudomonas sp. strain GF3 Phenanthrene Sheng and Gong 
(2006)

Trifolium repens Rhizobiumleguminosarum Chrysene Johnson et al. 
(2004)

Hordeum vulgare Pseudomonasfluorescens, 
Pseudomonas aureofaciens

Phenanthrene Anokhina et al. 
(2004)

Lolium 
multiflorum

Pseudomonas putida strain 
PCL1444

Various PAHs Kuiper et al. 
(2001)

Hordeum vulgare Pseudomonas putida strain 
KT2440

Various PAHs Child et al. 
(2007a, b)

Table 17.3  Advantages and disadvantages of phytoremediation over traditional technologies 
(Das and Chandran 2010; Stępniewska and Kuźniar 2013)

Advantages Disadvantages
Relatively low cost Longer remediation times
Easily implemented and maintained Climate dependent
Several mechanisms for removal Effects to food web might be unknown
Environmentally friendly Ultimate contaminant fates might be unknown
Aesthetically pleasing Results are variable
Reduces landfilled wastes
Harvestable plant material
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yield of crops. Different origins of heavy metals, their density, and toxicity to living 
beings are shown in Table 17.4 (adapted from Seshadri et al. 2015).

Many biological agents have entangled themselves in removing these hazardous 
entities and preventing the plants from getting being damaged. The microbial popu-
lation in the rhizosphere tends to act alone or as a part of community in eliminating 
these metals. Plants and their mutually associated microbial allies are tabulated in 
Table 17.5 (adapted from Kamaludeen and Ramasamy 2008). This bacterium pres-
ent around the roots tends to reduce/increase the absorption of metals by plants, 
stabilizes the metals by forming organo-complexes, and diminishes the heavy metal 
accumulation/aggregation in the rhizosphere. Pseudomonas putida, a gram-negative 
bacterium, was found to show high tolerance against heavy metals such as cobalt, zinc, 
cadmium, copper, nickel, and lead (Uslu and Tanyol 2006). P. putida TPHK-1 was 
found to be a highly efficient and unique strain especially in breaking down the 
diesel oil in the presence of heavy metals. Tolerance toward heavy metals tied 
together with celerity in deprivation of hydrocarbons from soil, even at high 

Fig. 17.4  Mechanism of microbial remediation. (a) Passive and active heavy metal uptake by 
biological materials. (b) Mechanisms of heavy metal biosorption by bacterial cells. Bacterial bio-
sorption of heavy metals through (1) cell surface adsorption, (2) extracellular precipitation, (3) 
intracellular accumulation through special components, such as metallothioneins (MT), or (4) 
intracellular accumulation into vacuoles. (c) Heavy metal remediation via siderophore formation. 
(d) Mechanism of bacterial heavy metal remediation through biosurfactant production (Adapted 
from Kareem et al. 2016)
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concentrations, indicates that P. putida TPHK-1 is a promising strain in remediating 
both hydrocarbons and heavy metals simultaneously (Ramadass et  al. 2016). 
Siderophores were found to be iron-chelating agents present in microbes such as 
Pseudomonas fluorescens-putida group and increased the yield of crops up to 144% 
(Joseph et al. 1980).

Plant growth-promoting rhizobacteria (PGPR) is the title given to the group of 
bacteria, which helps in growth of plants by remediating the soil. However, different 
routes are exploited by different bacteria in remediating the soil, which are contami-
nated with heavy metals as depicted in B, C, and D in Fig.  17.1 (Adapted from 
Kareem et al. 2016). The rate at which the metal is taken up can either be passive 
(fast) or active (slow). Similarly, other mechanisms like direct biosorption, 

Table 17.4  Sources of heavy metals in soils and their expected ionic species in soil solution

Metal
Density 

(g/cm3)
Ionic species in soil 
solution Contaminant sources Toxicitya

Arsenic (As) 5.73 As(III): As(OH)3, 
AsO3

3−, As(V): 
H2As4

−, HAsO4
2−

Timber treatment, 
paints, pesticides, 
geothermal

Toxic to plants, 
humans, and 
animals

Cadmium(Cd) 8.64 Cd2+, CdOH+, 
CdCl−, CdHCO3

+

Electroplating, batteries, 
fertilizers

Toxic to plants, 
humans, and 
animals

Chromium(Cr) 7.81 Cr(III): Cr3+, CrO2
−, 

CrOH2+, Cr(OH)4
−, 

Cr(VI): Cr2O7
2−

Timber treatment, 
leather tanning, 
pesticides, dyes

Cr(VI) toxic to 
plants, humans, 
and animalsb

Copper (Cu) 8.96 Cu2+(II), Cu2+(III) Fungicides, electrical, 
paints, pigments, timber 
treatment, fertilizers, 
mine tailings

Toxic to plants, 
humans, and 
animals

Lead(Pb) 11.35 Pb2+, PbOH+, PbCl−, 
PbHCO3

−, PbSO4

Batteries, metal 
products, preservatives, 
petrol additives

Toxic to plants, 
humans, and 
animals

Manganese 
(Mn)

7.21 Mn2+, MnOH+, 
MnCl−, MnCO3

Fertilizer Toxic to plants

Mercury (Hg) 13.55 Hg2+, HgOH+, 
HgCl2, CH3Hg+, 
Hg(OH)2

Instruments, fumigants, 
geothermal

Toxic to 
humans and 
animals

Molybdenum 
(Mo)

10.2 MoO4
2−, HMoO4

−, 
H2MoO4

Fertilizer Toxic to 
animals

Nickel (Ni) 8.9 Ni2+, NiSO4, 
NiHCO3

+, NiCO3

Alloys, batteries, mine 
tailings

Toxic to plants 
and animals

Zinc (Zn) 7.13 Zn2+, ZnSO4, ZnCl+, 
ZnHCO3

+, ZnCO3

Galvanizing, dyes, 
paints, timber treatment, 
fertilizers, mine tailings

Toxic to plants

Adapted from Seshadri et al. (2015)
aMost likely to observe at elevated concentrations in soils and water
bWhile Cr(VI) is very mobile and highly toxic, Cr(III) is essential in animal and human nutrition 
and generally immobile in the environment
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siderophore formation, and remediation through biosurfactants are most common 
among microbes.

17.7	 �Conclusion

From the existing literature, it is imminent that phytoremediation is an attractive and 
potent tool for remediating the toxic pollutants present in the environment. 
Rhizoremediation, a special phytoremediation technique that involves both plants 
and microbes, elucidates their usage in removing hazardous components. However, 
with the exponential increase of population and ever-increasing pollution, the 
progress made in remediating is gloomy. On the other hand, it is promising to note 
that the allocation of assets and awareness in the society toward such eminent 
concerns is augmenting day by day. In conclusion, the near future holds more hope 
on a larger scale toward such promising maneuvers than the contemporaneous.

Table 17.5  Microbes and their communities associated with plants in metal rich soils

Plants
Microbe/Microbial communities and 
their characteristics Soil nature

Thlaspi goesingense Holophaga/Acidobacterium division 
and α- proteobacteria, 
Methylobacteriummesophilicum, 
Sphingomonas

Ni-rich serpentine 
soils

T. caerulescens Ni-resistant bacteria predominant in 
rhizosphere than bulk soils

Alyssum murale Ni-resistant, siderophore, and acid 
producing bacteria more in rhizosphere 
than bulk soils
Sphingomonas macrogoltabidus, 
Microbacterium liquefaciens, M. 
arabinogalactanolyticum

A. bertolonii Gram-positive α-proteobacteria
Rinorea bengalensis, 
Dichapelatum gelonioidesssp. 
andamanicum

Pseudomonas, Bacillus, Cupriavidus 
sp.

Agrostis tenuis Arthrobacter, Ochrobactrum, Bacillus, 
Serratia sp., and AM fungi – 
Acaulospora, Gigaspora

Pteris vittata Pseudomonas As-contaminated 
cattle dip sites

Phragmites sp. Cu-tolerant, exopolymer producing 
bacterial communities, predominantly, 
Bacillus

As-contaminated 
soils

Adapted from Kamaludeen and Ramasamy (2008)

A.A. Prabhu et al.



449

Acknowledgment  The authors would like to thank the Department of Biosciences and 
Bioengineering, IIT Guwahati, for providing all the support for successfully completing the 
chapter.

References

Afzal M, Yousaf S, Reichenauer TG, Sessitsch A (2012) The inoculation method affects coloniza-
tion and performance of bacterial inoculant strains in the phytoremediation of soil contami-
nated with diesel oil. Int J Phytoremediation 14:35–47

Alberty RA (2006) Biochemical reactions at specified temperature and various pHs. In: 
Biochemical thermodynamics. Wiley, Hoboken, pp 43–70

Andria V, Reichenauer TG, Sessitsch A (2009) Expression of alkane monooxygenase (alkB) genes 
by plant-associated bacteria in the rhizosphere and endosphere of Italian ryegrass (Lolium 
multiflorum L.) grown in diesel contaminated soil. Environ Pollut 157:3347–3350. Barking 
Essex 1987

Anokhina TO, Kochetkov VV, Zelenkova NF, Balakshina VV, Boronin AM (2004) Biodegradation 
of phenanthrene by Pseudomonas bacteria bearing rhizospheric plasmids in model plant-
microbial associations. Prikl Biokhim Mikrobiol 40:654–658

Bais HP, Weir TL, Perry LG, Gilroy S, Vivanco JM (2006) The role of root exudates in rhizosphere 
interactions with plants and other organisms. Annu Rev Plant Biol 57:233–266

Barac T, Taghavi S, Borremans B, Provoost A, Oeyen L, Colpaert JV, Vangronsveld J, van der Lelie 
D (2004) Engineered endophytic bacteria improve phytoremediation of water-soluble, volatile, 
organic pollutants. Nat Biotechnol 22:583–588

Berg G, Krechel A, Ditz M, Sikora RA, Ulrich A, Hallmann J (2005) Endophytic and ectophytic 
potato-associated bacterial communities differ in structure and antagonistic function against 
plant pathogenic fungi. FEMS Microbiol Ecol 51:215–229

Brazil GM, Kenefick L, Callanan M, Haro A, de Lorenzo V, Dowling DN, O’Gara F (1995) 
Construction of a rhizosphere pseudomonad with potential to degrade polychlorinated 
biphenyls and detection of bph gene expression in the rhizosphere. Appl Environ Microbiol 
61:1946–1952

Capdevila S, Martínez-Granero FM, Sánchez-Contreras M, Rivilla R, Martín M (2004) Analysis 
of Pseudomonas fluorescens F113 genes implicated in flagellar filament synthesis and their 
role in competitive root colonization. Microbiol Read Engl 150:3889–3897

Caplan JA (1993) The worldwide bioremediation industry: prospects for profit. Trends Biotechnol 
11:320–323

Charnay M-P, Tuis S, Coquet Y, Barriuso E (2005) Spatial variability in 14C-herbicide degradation 
in surface and subsurface soils. Pest Manag Sci 61:845–855

Chaudhry Q, Blom-Zandstra M, Gupta S, Joner EJ (2005) Utilising the synergy between plants 
and rhizosphere microorganisms to enhance breakdown of organic pollutants in the environ-
ment. Environ Sci Pollut Res Int 12:34–48

Chen S-H, Aitken MD (1999) Salicylate stimulates the degradation of high-molecular weight 
polycyclic aromatic hydrocarbons by Pseudomonas saccharophila P15. Environ Sci Technol 
33:435–439

Chen W, Tang Y, Mori K, Wu X (2012) Distribution of culturable endophytic bacteria in aquatic 
plants and their potential for bioremediation in polluted waters. Aquat Biol 15:99–110

Child R, Miller CD, Liang Y, Narasimham G, Chatterton J, Harrison P, Sims RC, Britt D, Anderson 
AJ (2007a) Polycyclic aromatic hydrocarbon-degrading Mycobacterium isolates: their associa-
tion with plant roots. Appl Microbiol Biotechnol 75:655–663

Child R, Miller CD, Liang Y, Sims RC, Anderson AJ (2007b) Pyrene Mineralization by sp. Strain 
KMS in a Barley Rhizosphere. J Environ Qual 36:1260–1265

Chouychai W, Thongkukiatkul A, Upatham S, Lee H, Pokethitiyook P, Kruatrachue M (2009) Plant-
enhanced phenanthrene and pyrene biodegradation in acidic soil. J Environ Biol 30:139–144

17  Rhizoremediation of Environmental Contaminants Using Microbial Communities



450

Chouychai W, Thongkukiatkul A, Upatham S, Pokethitiyook P, Kruatrachue M, Lee H (2012) 
Effect of corn plant on survival and phenanthrene degradation capacity of Pseudomonas sp. 
UG14LR in two soils. Int J Phytoremediation 14:585–595

Clemens S, Palmgren MG, Krämer U (2002) A long way ahead: understanding and engineering 
plant metal accumulation. Trends Plant Sci 7:309–315

Cobbett C, Goldsbrough P (2002) Phytochelatins and metallothioneins: roles in heavy metal 
detoxification and homeostasis. Annu Rev Plant Biol 53:159–182

Dams RI, Paton GI, Killham K (2007) Rhizoremediation of pentachlorophenol by Sphingobium 
chlorophenolicum ATCC 39723. Chemosphere 68:864–870

Das N, Chandran P (2010) Microbial Degradation of Petroleum Hydrocarbon Contaminants: an 
Overview. Biotechnol Res Int 2011:e941810

de Weert S, Vermeiren H, Mulders IHM, Kuiper I, Hendrickx N, Bloemberg GV, Vanderleyden J, 
De Mot R, Lugtenberg BJJ (2002) Flagella-driven chemotaxis towards exudate components 
is an important trait for tomato root colonization by Pseudomonas fluorescens. Mol Plant-
Microbe Interact MPMI 15:1173–1180

Dimkpa C, Weinand T, Asch F (2009) Plant-rhizobacteria interactions alleviate abiotic stress con-
ditions. Plant Cell Environ 32:1682–1694

Doty SL (2008) Enhancing phytoremediation through the use of transgenics and endophytes. New 
Phytol 179:318–333

Doty SL, Oakley B, Xin G, Kang JW, Singleton G, Khan Z, Vajzovic A, Staley JT (2009) 
Diazotrophic endophytes of native black cottonwood and willow. Symbiosis 47:23–33

Dua M, Singh A, Sethunathan N, Johri A (2002) Biotechnology and bioremediation: successes and 
limitations. Appl Microbiol Biotechnol 59:143–152

Gai CS, Lacava PT, Quecine MC, Auriac M-C, Lopes JRS, Araújo WL, Miller TA, Azevedo JL 
(2009) Transmission of Methylobacterium mesophilicum by Bucephalogonia xanthophis for 
paratransgenic control strategy of Citrus variegated chlorosis. J Microbiol 47:448–454

Ganesan V (2012) Rhizoremediation: a pragmatic approach for remediation of heavy metal-
contaminated soil. In: Zaidi A, Wani P, Khan M (eds) Toxicity of heavy metals to legumes and 
bioremediation. Springer, Vienna

Gerhardt KE, Huang X-D, Glick BR, Greenberg BM (2009) Phytoremediation and rhizoremedia-
tion of organic soil contaminants: potential and challenges. Plant Sci 176:20–30

Germaine KJ, Liu X, Cabellos GG, Hogan JP, Ryan D, Dowling DN (2006) Bacterial endophyte-
enhanced phytoremediation of the organochlorine herbicide 2,4-dichlorophenoxyacetic acid. 
FEMS Microbiol Ecol 57:302–310

Gkorezis P, Daghio M, Franzetti A, van Hamme DJ, Sillen W, Vangronsveld J (2016) The interac-
tion between plants and bacteria in the remediation of petroleum hydrocarbons: an environ-
mental perspective. Front Microbiol:7

Gunderson JJ, Knight JD, Van Rees KCJ (2007) Impact of ectomycorrhizal colonization of hybrid 
poplar on the remediation of diesel-contaminated soil. J Environ Qual 36:927–934

Heitzer A, Sayler GS (1993) Monitoring the efficacy of bioremediation. Trends Biotechnol 
11:334–343

Hoagland RE, Zablotowicz RM, Locke MA (1994) Propanil metabolism by rhizosphere micro-
flora. In: Bioremediation through Rhizosphere Technology. American Chemical Society, 
Washington, DC, pp 160–183

Hong SH, Ryu H, Kim J, Cho K-S (2011) Rhizoremediation of diesel-contaminated soil using the 
plant growth-promoting rhizobacterium Gordonia sp. S2RP-17. Biodegradation 22:593–601

Hontzeas N, Zoidakis J, Glick BR, Abu-Omar MM (2004) Expression and characterization of 
1-aminocyclopropane-1-carboxylate deaminase from the rhizobacterium Pseudomonas putida 
UW4: a key enzyme in bacterial plant growth promotion. Biochim Biophys Acta 1703:11–19

Huang X-D, El-Alawi Y, Gurska J, Glick BR, Greenberg BM (2005) A multi-process phytoreme-
diation system for decontamination of persistent total petroleum hydrocarbons (TPHs) from 
soils. Microchem J 81:139–147

A.A. Prabhu et al.



451

Jacobsen CS (1997) Plant protection and rhizosphere colonization of barley by seed inoculated 
herbicide degrading Burkholderia (Pseudomonas) cepacia DBO1(pRO101) in 2,4-D contami-
nated soil. Plant Soil 189:139–144

Johnson DL, Maguire KL, Anderson DR, McGrath SP (2004) Enhanced dissipation of chrysene in 
planted soil: the impact of a rhizobial inoculum. Soil Biol Biochem 36:33–38

Jones DL (1998) Organic acids in the rhizosphere – a critical review. Plant Soil 205:25–44
Kamath R, Rentz JA, Schnoor JL, Alvarez PJJ (2004) Phytoremediation of hydrocarbon-

contaminated soils: principles and applications. In: Vazquez-Duhalt R, Quintero-Ramirez R 
(eds) Studies in Surface Science and Catalysis. Elsevier, Amsterdam/New York, pp 447–478

Kamaludeen SPB, Ramasamy K (2008) Rhizoremediation of metals: harnessing microbial com-
munities. Indian J Microbiol 48(1):80–88

Kareem AM, Ismail S, Kundan K, Mohamed H, Om PD (2016) Potential biotechnological strate-
gies for the cleanup of heavy metals and metalloids. Front Plant Sci 7

Kavamura VN, Esposito E (2010) Biotechnological strategies applied to the decontamination of 
soils polluted with heavy metals. Biotechnol Adv 28:61–69

Kent AD, Triplett EW (2002) Microbial communities and their interactions in soil and rhizosphere 
ecosystems. Annu Rev Microbiol 56:211–236

Khan AG, Kuek C, Chaudhry TM, Khoo CS, Hayes WJ (2000) Role of plants, mycorrhizae and 
phytochelators in heavy metal contaminated land remediation. Chemosphere 41:197–207

Khan MS, Zaidi A, Wani PA, Oves M (2009) Role of plant growth promoting rhizobacteria in the 
remediation of metal contaminated soils. Environ Chem Lett 7(1):1–19

Kloepper JW, Leong J, Teintze M, Schroth MN (1980) Enhanced plant growth by siderophores 
produced by plant growth-promoting rhizobacteria. Nature 286(5776):885–886

Kuiper I, Bloemberg GV, Lugtenberg BJ (2001) Selection of a plant-bacterium pair as a novel 
tool for rhizostimulation of polycyclic aromatic hydrocarbon-degrading bacteria. Mol Plant-
Microbe Interact MPMI 14:1197–1205

Kuiper I, Lagendijk EL, Bloemberg GV, Lugtenberg BJJ (2004) Rhizoremediation: A beneficial 
plant-microbe interaction. Mol Plant-Microbe Interact 17:6–15

Leigh MB, Fletcher JS, Fu X, Schmitz FJ (2002) Root turnover: an important source of micro-
bial substrates in rhizosphere remediation of recalcitrant contaminants. Environ Sci Technol 
36:1579–1583

Lodewyckx C, Vangronsveld J, Porteous F, Moore ERB, Taghavi S, Mezgeay M, Lelie D v d 
(2002) Endophytic bacteria and their potential applications. Crit Rev Plant Sci 21:583–606

Lugtenberg BJ, Dekkers L, Bloemberg GV (2001) Molecular determinants of rhizosphere coloni-
zation by Pseudomonas. Annu Rev Phytopathol 39:461–490

Macek T, Macková M, Káš J (2000) Exploitation of plants for the removal of organics in environ-
mental remediation. Biotechnol Adv 18:23–34

Martin BC, George SJ, Price CA, Ryan MH, Tibbett M (2014) The role of root exuded low molec-
ular weight organic anions in facilitating petroleum hydrocarbon degradation: current knowl-
edge and future directions. Sci Total Environ 472:642–653

Master ER, Mohn WW (2001) Induction of bphA, encoding biphenyl dioxygenase, in two poly-
chlorinated biphenyl-degrading bacteria, psychrotolerant Pseudomonas strain Cam-1 and 
mesophilic Burkholderia strain LB400. Appl Environ Microbiol 67:2669–2676

Mastronicolis SK, German JB, Megoulas N, Petrou E, Foka P, Smith GM (1998) Influence of cold 
shock on the fatty-acid composition of different lipid classes of the food-borne pathogenListe-
ria monocytogenes. Food Microbiol 15:299–306

McGuinness M, Dowling D (2009) Plant-associated bacterial degradation of toxic organic com-
pounds in soil. Int J Environ Res Public Health 6:2226–2247

Meagher RB (2000) Phytoremediation of toxic elemental and organic pollutants. Curr Opin Plant 
Biol 3:153–162

Moore FP, Barac T, Borremans B, Oeyen L, Vangronsveld J, van der Lelie D, Campbell CD, Moore 
ERB (2006) Endophytic bacterial diversity in poplar trees growing on a BTEX-contaminated 
site: the characterisation of isolates with potential to enhance phytoremediation. Syst Appl 
Microbiol 29:539–556

17  Rhizoremediation of Environmental Contaminants Using Microbial Communities



452

Mosa KA, Saadoun I, Kumar K, Helmy M, Dhankher OP (2016) Potential biotechnological strate-
gies for the cleanup of heavy metals and metalloids. Front Plant Sci 7

Muratova AY, Golubev SN, Merbach W, Turkovskaya OV (2009) Biochemical and physiological 
peculiarities of the interactions between Sinorhizobium meliloti and Sorghum bicolor in the 
presence of phenanthrene. Microbiology 78:308–314

Muratova AY, Bondarenkova AD, Panchenko LV, Turkovskaya OV (2010) Use of integrated 
phytoremediation for cleaning-up of oil-sludge-contaminated soil. Appl Biochem Microbiol 
46:789–794

Perrin-Ganier C, Schiavon F, Morel J-L, Schiavon M (2001) Effect of sludge-amendment or 
nutrient addition on the biodegradation of the herbicide isoproturon in soil. Chemosphere 
44(4):887–892

Prabhu AA, Dhaneshwar AD, Mrudula CM, Kannan N (2014) Evaluation of process parameters 
for biosorption of chromium (VI) using full factorial design and response surface methodology. 
Environ Sci Indian J:9

Radwan S, Sorkhoh N, el-Nemr I (1995) Oil biodegradation around roots. Nature 376:302
Ramadass K, Megharaj M, Venkateswarlu K, Naidu R (2016) Soil bacterial strains with heavy 

metal resistance and high potential in degrading diesel oil and n-alkanes. Int J Environ Sci 
Technol 13(12):2863–2874

Ramos C, Mølbak L, Molin S (2000) Bacterial activity in the rhizosphere analyzed at the single-
cell level by monitoring ribosome contents and synthesis rates. Appl Environ Microbiol 
66:801–809

Rasmussen G, Olsen RA (2004) Sorption and biological removal of creosote-contaminants from 
groundwater in soil/sand vegetated with orchard grass (Dactylis glomerata). Adv Environ Res 
8:313–327

Ryan RP, Germaine K, Franks A, Ryan DJ, Dowling DN (2008) Bacterial endophytes: recent 
developments and applications. FEMS Microbiol Lett 278:1–9

Salt DE, Smith RD, Raskin I (1998) Phytoremediation. Annu Rev Plant Physiol Plant Mol Biol 
49:643–668

Schnoor JL, Licht LA, McCutcheon SC, Wolfe NL, Carreira LH (1995) Phytoremediation of 
organic and nutrient contaminants. Environ Sci Technol 29:318A–323A

Schroll R, Becher HH, Dörfler U, Gayler S, Grundmann S, Hartmann HP, Ruoss J  (2006) 
Quantifying the effect of soil moisture on the aerobic microbial mineralization of selected 
pesticides in different soils. Environ Sci Technol 40:3305–3312

Schwitzguébel J-P, Aubert S, Grosse W, Laturnus F (2002) Sulphonated aromatic pollutants. 
Limits of microbial degradability and potential of phytoremediation. Environ Sci Pollut Res 
Int 9:62–72

Segura A, Ramos JL (2013) Plant–bacteria interactions in the removal of pollutants. Curr Opin 
Biotechnol 24:467–473

Seshadri B, Bolan NS, Naidu R (2015) Rhizosphere-induced heavy metal(loid) transformation in 
relation to bioavailability and remediation. J Soil Sci Plant Nutr 15(2):524–548

Sheng XF, Gong JX (2006) Increased degradation of phenanthrene in soil by Pseudomonas sp. 
GF3 in the presence of wheat. Soil Biol Biochem 38:2587–2592

Siddique T, Okeke BC, Arshad M, Frankenberger WT (2002) Temperature and pH effects on bio-
degradation of hexachlorocyclohexane isomers in water and a soil slurry. J Agric Food Chem 
50:5070–5076

Silby MW, Levy SB (2004) Use of in vivo expression technology to identify genes important 
in growth and survival of Pseudomonas fluorescens Pf0-1  in soil: discovery of Expressed 
Sequences with Novel Genetic Organization. J Bacteriol 186:7411–7419

Singer AC, Gilbert ES, Luepromchai E, Crowley DE (2000) Bioremediation of polychlorinated 
biphenyl-contaminated soil using carvone and surfactant-grown bacteria. Appl Microbiol 
Biotechnol 54:838–843

Singer AC, Crowley DE, Thompson IP (2003) Secondary plant metabolites in phytoremediation 
and biotransformation. Trends Biotechnol 21:123–130

A.A. Prabhu et al.



453

Singh BK, Millard P, Whiteley AS, Murrell JC (2004) Unravelling rhizosphere-microbial interac-
tions: opportunities and limitations. Trends Microbiol 12:386–393

Soleimani M, Afyuni M, Hajabbasi MA, Nourbakhsh F, Sabzalian MR, Christensen JH (2010) 
Phytoremediation of an aged petroleum contaminated soil using endophyte infected and non-
infected grasses. Chemosphere 81:1084–1090

Song Y, Song X, Zhang W, Zhou Q, Sun T (2004) Issues concerned with the bioremediation of 
contaminated soils. Huan Jing Ke Xue Huanjing Kexue 25:129–133

Stępniewska Z, Kuźniar A (2013) Endophytic microorganisms – promising applications in biore-
mediation of greenhouse gases. Appl Microbiol Biotechnol 97:9589–9596

Suresh B, Ravishankar GA (2004) Phytoremediation–a novel and promising approach for environ-
mental clean-up. Crit Rev Biotechnol 24:97–124

Tang JC, Wang RG, Niu XW, Wang M, Chu HR, Zhou QX (2010) Characterisation of the rhi-
zoremediation of petroleum-contaminated soil: effect of different influencing factors. 
Biogeosciences 7:3961–3969

Teng Y, Wang X, Li L, Li Z, Luo Y (2015) Rhizobia and their bio-partners as novel drivers for 
functional remediation in contaminated soils. Front Plant Sci 6:32

Thijs S, Sillen W, Weyens N, Vangronsveld J (2017) Phytoremediation: state-of-the-art and a key 
role for the plant microbiome in future trends and research prospects. Int J Phytoremediation 
19:23–38

Truu J, Truu M, Espenberg M, Nõlvak H, Juhanson J (2015) Phytoremediation and plant-assisted 
bioremediation in soil and treatment wetlands: a review. Open Biotechnol J 9:85–92

Tyagi M, da Fonseca MMR, de Carvalho CCCR (2011) Bioaugmentation and biostimulation strat-
egies to improve the effectiveness of bioremediation processes. Biodegradation 22:231–241

Uslu G, Tanyol M (2006) Equilibrium and thermodynamic parameters of single and binary mixture 
biosorption of lead (II) and copper (II) ions onto Pseudomonas putida: effect of temperature. J 
Hazard Mater 135(1-3):87–93

Walton BT, Anderson TA (1990) Microbial degradation of trichloroethylene in the rhizosphere: 
potential application to biological remediation of waste sites. Appl Environ Microbiol 
56:1012–1016

Wenzel WW (2009) Rhizosphere processes and management in plant-assisted bioremediation 
(phytoremediation) of soils. Plant Soil 321:385–408

Weyens N, van der Lelie D, Artois T, Smeets K, Taghavi S, Newman L, Carleer R, Vangronsveld 
J (2009a) Bioaugmentation with engineered endophytic bacteria improves contaminant fate in 
phytoremediation. Environ Sci Technol 43:9413–9418

Weyens N, van der Lelie D, Taghavi S, Newman L, Vangronsveld J  (2009b) Exploiting plant-
microbe partnerships to improve biomass production and remediation. Trends Biotechnol 
27:591–598

Weyens N, Croes S, Dupae J, Newman L, van der Lelie D, Carleer R, Vangronsveld J  (2010) 
Endophytic bacteria improve phytoremediation of Ni and TCE co-contamination. Environ 
Pollut 158:2422–2427. Barking Essex 1987

Weyens N, Thijs S, Popek R, Witters N, Przybysz A, Espenshade J, Gawronska H, Vangronsveld 
J, Gawronski SW (2015) The role of plant–microbe interactions and their exploitation for phy-
toremediation of air pollutants. Int J Mol Sci 16:25576–25604

Yousaf S, Ripka K, Reichenauer TG, Andria V, Afzal M, Sessitsch A (2010) Hydrocarbon degra-
dation and plant colonization by selected bacterial strains isolated from Italian ryegrass and 
birdsfoot trefoil. J Appl Microbiol 109:1389–1401

Yu XZ, Wu SC, Wu FY, Wong MH (2011) Enhanced dissipation of PAHs from soil using mycor-
rhizal ryegrass and PAH-degrading bacteria. J Hazard Mater 186:1206–1217

17  Rhizoremediation of Environmental Contaminants Using Microbial Communities


	17: Rhizoremediation of Environmental Contaminants Using Microbial Communities
	17.1	 Introduction
	17.1.1	 Phytoremediation
	17.1.1.1	 Elemental Pollutants
	17.1.1.2	 Organic Pollutants

	17.1.2	 Rhizoremediation
	17.1.3	 Microbe-Plant Interactions in Phytoremediation

	17.2	 Factors Affecting Rhizoremediation
	17.2.1	 Soil Conditions
	17.2.2	 Temperature
	17.2.3	 pH
	17.2.4	 Soil Organic Matter

	17.3	 Role of Endophytes in Rhizoremediation
	17.4	 Polycyclic Aromatic Hydrocarbons (PAHs)
	17.5	 Petroleum Hydrocarbons (PHCs)
	17.6	 Rhizoremediation of Heavy Metals
	17.7	 Conclusion
	References


