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Abstract

Pollutants are the substances that lead to undesired effects on the environment and
pose a threat to all forms of life. The accumulation of these pollutants in the
environment causes several diseases which affect both human and animal health.
Several methods are implemented to degrade contaminants among which better
results are obtained for the bioremediation technique. Plants and microbes are
trappers of contaminants and they remove pollutants from the environment in an
effective way. When both microorganisms and plants are combined, they showed
an increase in their reduction activity compared to other remediation methods.
Plant-associated microbes such as endophytes and rhizospheric microorganisms
are utilised in the remediation of toxic compounds and are also used to enhance
the treatment process. Thus, plant-associated microbes are considered as a
promising approach in the remediation of contaminants. A broad knowledge
about plant–microbe interactions and the challenges faced during remediation
process is more important for the development of new technologies to remove
various contaminants. This chapter highlights the need for plant microbes and
how they play a vital role in the remediation of contaminants. More approaches
should be implemented using plant microbes for the betterment of polluted
environments.
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4.1 Introduction

Environmental pollution is not a new occurrence, but still it continues to be the
world’s greatest problem. The most striking reason for environmental pollution is the
eradication of the relationship between man and the environment due to the increas-
ing rate of exploitation of natural resources, urban growth, and industrialisation. The
source of environmental pollution is not only restricted to deforestation, landfills,
dumping of waste into water bodies, population growth, mining but also triggered by
the release of harmful substances such as toxic metals, sewage, industrial wastes, and
gaseous pollutants into the environment (Kumar and Chandra 2020a; Kumar et al.
2020a, 2021a; Singh et al. 2021). Several physical and chemical techniques are
available for reduction of pollutants, but they are expensive and lead to other
environmental problems (Appannagari 2017). Thus, the most efficient,
eco-friendly, and economical approaches should be considered for removing
pollutants. Bioremediation is considered worldwide since it is eco-friendly and
feasible (Kumar et al. 2018).

Phytoremediation and microbial bioremediation are the most common type and
efficient technique of bioremediation (Chandra and Kumar 2018; Agrawal et al.
2021; Kumar et al. 2022). Phytoremediation is the technology that employs plants to
eliminate contaminants from soil. Excessive use of pesticides and fertilisers contam-
inate soils by releasing heavy metals. This causes several human health problems.
Plants can remediate these soils by recycling heavy metals. Phytoremediation
inhibits the entry of contaminants into the environment, as they do not allow their
entry into groundwater (Chandra et al. 2018). They have the potential to recycle a
wide range of contaminants in the environment. The main disadvantage of
phytoremediation is it is slower than other techniques and can affect the survival
and growth of plants (Kumar 2021). Microbial techniques are also one of the cost-
effective and eco-friendly methods of bioremediation. They employ various
techniques such as bioreduction, biosorption, bioleaching, and biomineralisation
for removal of pollutants. The main disadvantage of this type of bioremediation is
it also is a slow process. Unlike phytoremediation, remediation by microbes cannot
be monitored by the naked eye. In recent times, cost-effective technologies which
employ the use of a combined system of plants and microbes for remediation of
pollution has been researched (Rajkumar et al. 2006). The utilisation of combined
systems of plants and microbes enhances the removal of contaminants from the
environment. This review aims to provide a better understanding of plant–microbe
interactions. Various methods using plants and microbes for remediation of polluted
sites are discussed.

4.2 Plant–Microbe Interaction

Plant–microbe interaction is a complex and continuous process where the microbes
have both positive and negative impacts on plants. Thus, understanding plant–
microbe interactions would help in differentiating their positive and negative
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impacts (Kumar and Chandra 2018a, b; Kumar et al. 2021b, c, d). It is a widely
accepted fact that certain plant–microbe interactions help in enhancing the growth of
plants, protecting from harmful pathogens, and maintaining soil fertility. The plant-
associated microbes leading to positive impacts are grouped into three categories.
They are phyllospheric, endophytic, and rhizospheric microorganisms (Fig. 4.1)
(Kaul et al. 2021). Phyllosphere is the region that covers the aboveground plant
parts. Phyllospheric microbes have the ability to withstand the abiotic stress of UV
radiation and high temperatures of 30–35 �C than other plant microbes. They protect
crops through various plant growth–promoting (PGP) mechanisms. Some examples
of phyllospheric microbiome are Arthrobacter, Acinetobacter, Bacillus, Pseudomo-
nas, Agrobacterium, and Xanthomonas. Endophytic microbes inhabit the internal
tissue of plants such as root, stem, flowers, fruits, and seeds. They protect the plants
from harmful pathogens and increase stress tolerance. Some examples of endophytes
are Enterobacter, Achromobacter, Streptomyces, Pseudomonas, Microbiospora,
and Nocardioides. Rhizospheric microbes inhabit the area around roots where the
microbes around the soil are attracted towards the plants due to the release of root
exudates. Some examples of rhizospheric microbes are Methylobacterium, Pseudo-
monas, Rhizobium, Arthrobacter, Acinetobacter, Azospirillum, and Bacillus (Yadav
2021).

4.2.1 Endophytic Microbiome

Endophytes are microorganisms that live within the tissue of the plant without
causing any diseases. They produce secondary metabolites and protect plants against
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Fig. 4.1 Three main regions involved in plant–microbe interactions
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various pathogenic microorganisms. Bacterial endophytes enter the plant through
roots and are divided into three types: passenger endophytes, opportunistic
endophytes, and competent endophytes. Passenger endophytes and opportunistic
endophytes have the capability to spread to the root cortex, whereas competent
endophytes spread throughout the vascular tissues. Opportunistic endophytes also
promote root proliferation. Bacterial endophytes enter into the vascular tissue, where
they spread in and colonise the vegetative area of the plants. Microbes that colonise
the rhizosphere enhance plant growth and also increase plants’ ability to adapt to
extreme environmental conditions. A recent study on rice seed colonised by bacterial
endophytes has shown an increase in plant growth. Some endophytes have showed
antifungal activities against various harmful pathogens present in plants. It has been
reported that bacterial endophytes isolated from the wheat cultivar seeds have shown
biocontrol activities towards Fusarium graminearum. A study conducted on endo-
phytic bacteria isolated from halophytes has shown that they help in reducing plant
stress by regulating plant hormones. It is also reported that these bacteria enhance
nitrogen fixation and also assist in the uptake of nutritional compounds. Similar to
bacterial endophytes, fungal endophytes have also been found in vegetative parts of
plants and are categorised into two types: clavicipitaceous and non-clavicipitaceous
endophytes. The non-clavicipitaceous endophytes have three subclasses: Class
2 endophytes, Class 3 endophytes, and Class 4 endophytes. Class 2 endophytes
spread to rhizomes, roots, and shoots; Class 3 endophytes grow in shoots; and Class
4 endophytes grow in roots of plants. Fungal endophytes also produce secondary
metabolites and volatile organic compounds to help plants withstand biotic and
abiotic stresses. Fungal endophytes suppress plant pathogen growth by producing
secondary metabolites. It has been demonstrated that secondary metabolites released
by Fusarium verticillioides help reduce the growth of the plant pathogen Ustilago
maydis. But physiological and environmental conditions are to be considered for the
release of secondary metabolites by endophytic fungi. Some endophytic fungi help
in plant growth by increasing the efficiency of glycolysis and tricarboxylic
acid (TCA) cycle. For example, the endophytic fungus AL12 helps in improving
plant growth by increasing the rate of these metabolic pathways in the plant
Atractylodes lancea (De Mandal et al. 2021).

4.2.2 Plant Growth–Promoting Rhizobacteria

Rhizobacteria are the bacterial group present in the rhizosphere which is the region
present near the root system of plant. Plant growth–promoting rhizobacteria (PGPR)
are bacterial groups which help in plant growth. The rhizobacteria not only stimulate
plant growth but also act as an effective system for disease control by direct and
indirect means. In direct method, PGPR stimulate plant growth by nitrogen fixation
and enhance nutrient production. In indirect method, PGPR stimulate plant growth
by exhibiting biocontrol activities towards harmful pathogens (Alotaibi et al. 2021).
A study was conducted on PGPR isolated from maize plant to investigate the plant
growth–promoting properties. Bacterial strains were isolated from Zea mays (maize)
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and analysed for phytohormone production. Phytohormones are responsible for
plant growth and development. Eighty bacterial strains were checked for production
of indole-3-acetic acid (IAA), siderophore, and hydrogen cyanide (HCN) and
phosphate solubilisation. The bacteria that show higher plant growth–promoting
activities were selected for the study. The bacterial isolates showed higher produc-
tion of IAA, a majorly abundant auxin phytohormone. Siderophore production was
also high in the strains; siderophore increases the production of iron content in
plants. Most of the phosphorus remains in insoluble form and solubilisation of
phosphorus is essential for plant growth. The selected bacterial isolates showed
higher phosphorus solubility. Using 16S rRNA gene sequencing, the bacterial
isolates were identified as Pseudomonas aeruginosa AK20, AK31; Pseudomonas
fluorescens AK18, AK45; and Bacillus subtilis AK38. Plant growth analysis was
checked on Oryza sativa (rice plant). After 30 days, plants were harvested for
analysing plant growth. All bacterial isolates showed increased growth in the roots
and shoots of the plants. The study has provided evidence that PGPR help in plant
growth and development, and further research is required for the process to be
applied in field conditions (Karnwal 2017). Many studies reported that Bacillus
sp. and Pseudomonas sp. present in tomato, chickpea, and wheat crops act against
pathogenic microbes, showing their biocontrol ability towards the pathogens
(De Mandal et al. 2021).

The interaction between plants and microbes occurs through various signalling
molecules. The interaction starts by exchange of signals produced by the host or
microbes, which in turn results in biochemical, physiological, and molecular
responses. The signals are recognised by microbes and help form symbiotic
relationships with plants through physical interactions using flagella, pili, and
adhesion. Various mechanisms of plant–microbe interactions through signalling
molecules are discussed here, and the current research focuses on a signal pathway
that can recognise rhizospheric microbes. The interaction processes are controlled by
several metabolites and exudates which lead to plant growth, protection against
pathogens, availability of nutrients, and so on. Some of the plant–microbial interac-
tion signals are illustrated in Fig. 4.2.

4.2.3 Plant-Released Signals

Root exudates are organic chemicals that are released through root system for
inhibition of harmful microbes and promoting plant growth. Root exudates supply
nutrients and other energy source for microbes. Thus, microbes trigger exudation of
roots in plants. Root exudates help in phytoremediation process by stimulating the
plant to adapt to any metal stress. Some of the studies suggested that in the presence
of root exudates, bacterial strains are metabolically active and utilise the compounds
present in the exudates. The interaction between plants and arbuscular mycorrhizal
fungi (AMF) involves hyphae which promote root colonisation. Certain signals are
assumed to be involved before colonisation starts. The AMF interaction is not
species specific, so certain plant-released signals and compounds are involved to
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make it species specific. Some of the plant-released compounds are amino acids,
sugars, and phenolic compounds which are potential signalling molecules in plant–
microbe interaction. Flavonoids present in root exudates act as signalling molecules
for plant–microbe interaction. They promote AMF spore germination and root
colonisation in AMF. During root colonisation, flavonoids are released by the
AMF fungus which promote hyphal growth. Flavonoids are species specific and
during plant–AMF interaction their levels change. Flavonoid levels are moderate
during root penetration and higher at later stages. After root colonisation the
flavonoid levels get changed which play an important role in plant–AMF interaction
(Ma et al. 2016). Flavonoids can also show negative impacts on other fungi as they
are specific in nature, so their interaction with AMF is still unclear. Flavonoids also
act as chemoattractants and help in rhizobia growth. They activate nod genes, that
synthesise nod factors which stimulate nodule formulation in the host. Chemotaxis
provides the organism with the ability to sense and respond to various signals
induced by plants. Due to their specificity rhizobia can easily recognise and attach
to the correct host plants. Ponce et al. conducted an experiment to determine the role
of flavonoids in the plant–microbe relationship. The flavonoids were isolated from
the plant Trifolium repens and molecular characterisation was carried out. The plants
were allowed to grow in both under the presence and absence of AMF, Glomus
intraradices. The flavonoid content in roots and shoots in the absence of AMF was
analysed. But the role of flavonoids involved in the plant–microbe interaction is
unknown. Only in the presence of AMF, the flavonoid are known to exist. Quercetin,
a flavonoid, promotes AMF spore germination. Acacetin and rhamnetin showed
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Fig. 4.2 Various signals involved in plant–microbe interactions
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ability for inhibiting the eukaryotic topoisomerase. Ponkanetin promotes cytotoxic-
ity and mutagenicity. The study suggested a clear interaction of AMF and flavonoid
metabolism in plants. Similarly, plants secrete certain chemicals like phenolic
compounds and organic compounds which help in the plant–microbe association.
Plants produce phenolic compounds during their growth and development. Phenolic
compounds are also synthesised in response to pathogenic infections and environ-
mental stress factors. During a pathogenic infection, plants respond to infection
through a series of defence mechanism which leads to the production of antimicro-
bial compounds. This mechanism is regulated by signalling pathways in which
phenolic compounds play an important role. The phenolic compounds undergo
changes in soil so that microbes can utilise it as a carbon source. During root and
shoot development in Arachis hypogaea, the plant releases phenolic compounds,
which the rhizobacteria present in the soil use as a carbon source and undergo
changes. The responses also facilitate the formation of root nodules of plants. Plants
associate with microbes by stimulating catabolic genes in microorganisms which are
responsible for root nodulation. Plants and microbes share a mechanism through
signals which makes bacteria to enter the root and shoot of plants. The root
colonisation by bacteria is said to occur in a series of steps. The first step involves
the movement of bacteria towards the root by flagellar activity, which is facilitated
by the plant-released compounds. Attachment of the bacteria to the root occurs, after
which the interaction between plant and bacteria takes place. In this step, root
exudates are released and the bacteria enter the site of damage and promote plant
growth. The exudates produced by the plant in response to tissue damage are utilised
by microbes as a food source for colonisation. The association between plants and
microbes is very specific and most of the studies suggested that the legume plant
interacts well with rhizospheric bacteria (Ponce et al. 2004).

4.2.4 Microbial Signals

Microbes such as rhizobia and fungi have the ability to respond to plants through
various signalling molecules. These signalling molecules can be volatile organic
compounds (VOC), nod factors, myc factors, exopolysaccharides, and so on. Both
plants and microbes secrete volatile organic compounds and communicate through
it. Plants defend themselves from harmful organisms by releasing VOC. Similarly,
microbes also emit VOC for communication and attacking. Microbial VOC modu-
late the activation of plant defence response and stimulate plant growth. Volatile
organic compounds present in bacteria help in promoting plant growth and defence
by nutrient production. It was first reported in Arabidopsis thaliana. After this
discovery, a new line of research emerged in the plant–microbe association. Signal-
ling molecules that are produced by myc factors and nod factors are utilised in the
formation of new organs and root nodules (Ma et al. 2016). Certain flavonoids can
also promote chemotaxis and bacterial growth. Some studies stated that chemotaxis
plays an important role in plant root colonisation. De Weert et al. (2002) investigated
root colonisation of tomato in which they used selected P. fluorescens strains and its
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chemotactic mutants to investigate the chemotaxis towards root exudates of tomato.
Movement is an important criterion for root colonisation. The movement towards
root exudates is checked whether it is facilitated through chemotaxis. Chemotaxis of
P. fluorescens occurs towards the root exudates of tomato which helps in root
colonisation (de Weert et al. 2002). Rhamnolipids present in P. aeruginosa inhibit
pathogenic fungi and give protection to grapevine. Varnier et al. (2009) conducted
an experiment on rhamnolipids, biosurfactant molecules that protect grapevine
against Botrytis cinerea, a necrotrophic fungus, and are also said to have a direct
effect on spore germination and fungal growth. Rhamnolipids were isolated from
P. aeruginosa and checked for their ability to activate the defence mechanism in
grapevine. Different concentrations of rhamnolipids were used, and at higher
concentrations, cell death resulted. The rhamnolipids were further tested for the
defence mechanism along with chitosan and B. cinerea. Chitosan induces H2O2

production, which is enhanced by rhamnolipids. Oxidative burst was induced in the
cells of grapevine by rhamnolipids. Rhamnolipids were tested for fungal activity
against B. cinerea which results in inhibition of spore germination and growth of
mycelium which also protects grapevine from the fungus (Varnier et al. 2009).
Furthermore, various studies carried out on different plant species like Solanum
lycopersicum, Z. mays, and Lactuca sativa showed response to VOC action. Another
study reported that VOC present in Bacillus subtilis promoted increased growth in
Cucumis sativus. VOC of fungal species also promote growth on different plant
species. Various studies showed that Bacillus species have a high impact on lateral
root development. Microbial VOC can also improve plant stress tolerance. For
example, Pseudomonas chlororaphis increased the A. thaliana tolerance to drought
by emitting 2R, 3R-butanediol (Ma et al. 2016). Recent research on microbial VOCs
illustrates stimulation of plant growth and bacterial–plant interaction by VOC.
However, the mechanism of bacterial VOC is still not clarified. Their signal percep-
tion, signal cascades, and cellular responses are still unknown. Thus, further studies
are required for employing VOCs in various applications.

4.2.5 Quorum Sensing

Quorum sensing is a process which involves signalling for communication between
bacterial cells. This bacterial cell–cell communication helps in monitoring the
bacterial population density. Both gram-positive and gram-negative bacteria use
different signalling molecules. Quorum sensing is a gene regulatory mechanism
which involves N-acyl-L-homoserine lactones (AHL), a quorum sensing signal that
is present in many gram-negative pathogenic bacteria. Plants can recognise bacterial
AHLs, which in turn helps in promoting plant growth and defence mechanism
(Ma et al. 2016). AHL signal is an auto-inducer signalling produced by luxI type
gene. The signalling perception helps the bacterial cell to easily adapt to gene
expression on environmental changes. The most recent study suggested that AHLs
play an important role in abiotic stress of plant and help plants withstand the abiotic
stress. Osmolytes and phytohormones play an important role in salt and drought
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tolerance. The auxin indole-3-acetic acid is a key component in water stress toler-
ance. The bacteria associated with the root of plants secrete phytohormones which
are utilised by the plants having low levels of phytohormones. This is successfully
used to improve plant growth in salt-affected soils by combining bacterial
phytohormones and seaweeds possessing a high level of osmolytes. IAA helps in
increasing lateral root surface area, thus improving the facility to absorb more water
and minerals. Auxin plays a key role in plant–microbe interaction by promoting
plant growth development. IAA, a major naturally occurring auxin, acts as a
signalling molecule in the plant–microbe interaction. Over 80% of rhizobacteria
are reported to produce IAA. Tryptophan act as a precursor in the production of IAA,
which indicates that higher concentration of tryptophan results in a higher produc-
tion of IAA. Bacterial IAA sets the plants to adapt to metal stress by stimulating
changes in cell metabolism (Hartmann et al. 2021). Phosphate-solubilising bacteria
potentially reduce metal toxicity and also helps in plant growth. P. fluorescens is
investigated for plant growth–promoting property and biocontrol activity against
Fusarium oxysporum. Bacterial strains were isolated from the plant Vigna mungo.
The metal resistance of the strains was checked against different metals and results
revealed their high resistance to copper. The IAA production of bacteria was
analysed by using high performance liquid chromatography (HPLC). The biocontrol
activity of the strain was demonstrated and the strain showed inhibition against
diverse groups of bacteria. Many soil bacteria stimulate plant growth by phosphate
solubilisation, IAA production and exhibit certain antimicrobial activity. For exam-
ple, IAA produced by both rhizobacteria and plants, transmitted as a signal,
stimulates the production of antibiotics in Streptomyces. The signal perception also
inhibits other competitive microbes (Upadhyay and Srivastava 2010). Transcrip-
tional changes in legumes were observed when AHLs communicate with the roots of
Arabidopsis thaliana. When treated with AHLs, there were changes observed in
genes that are responsible for plant growth and genes that regulate growth hormones.
The study illustrated that the interaction of N-hexanoyl-DL-homoserine-lactone
(C6-HSL) and A. thaliana resulted in transcriptional changes in roots and shoots,
and also induced plant growth (von Rad et al. 2008). Plant roots utilise water-soluble
AHLs through an energy-dependent mechanism and this process occur in plants
which have AHL-degrading enzymes such as A. thaliana, wheat, or barley. Thus,
rhizobacteria provide support to the plant by promoting plant growth and develop-
ment even under stress conditions. AHLs have provided a promising approach by
increasing stress tolerance of plants against various environmental factors
(Hartmann et al. 2021). Furanones are AHL mimic compounds which can
antagonise AHL type behaviour. They can selectively bind to bacterial AHL
receptors just like AHLs and affect the bacterial signalling. Root exudates which
are responsible for root colonisation are also involved in quorum sensing. Studies
found that some Bacillus species that have the capability to degrade AHLs exhibit
biocontrol activity against plant diseases. AHL-degrading bacteria reduced the
pathogenicity of plant pathogens. Bacteria were isolated from soils where tobacco
grows and 54 bacterial strains were allowed to grow in enrichment media. Among
them 25 bacterial isolates showed degradation of AHLs. The bacterial isolates W2
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and W3 completely degraded the N-caproyl-L-homoserine-lactone (C6-HSL). W2
isolate showed a degradation efficiency of about 95%. The bacterial isolates belong
to Pseudomonas sp., Variovorax sp., Variovorax paradoxus, Comamonas sp.,
Comamonas testosteroni, and Rhodococcus erythropolis. These bacterial groups
were analysed for N-acyl homoserine lactone (N-AHSL)-degrading efficiency.
R. erythropolis showed higher degradation properties and it is further allowed to
interact with quorum signals from other bacteria. Bacteria such as Chromobacterium
violaceum, Agrobacterium tumefaciens, and Pectobacterium carotovorum subsp.
carotovorum were allowed to interfere with R. erythropolis. The interaction did not
affect the growth of the bacteria. R. erythropolis interferes with the violacein
production which is responsible for the virulence of bacteria. Violacein is produced
by Chromobacterium violaceum. A decrease in violacein production was observed.
The interaction between Agrobacterium tumefaciens and R. erythropolis was
checked, and it showed reduction in Ti plasmid conjugation. The pathogenicity of
P. carotovorum subsp. carotovorum was analysed in potato plant using
R. erythropolis. The inoculation of both strains prevented breakdown of tissues of
the plant. The study demonstrated that the targeting of quorum sensing
(QS) signalling molecules interacts with the pathogenicity of microbes (Uroz et al.
2003). Thus, AHL signalling molecules serve as a promising approach for stimula-
tion of plant growth and abiotic stress tolerance. Studies suggested that plants and
microbes associate through various signalling molecules. Further research is essen-
tial to select highly specific plant and microbial signalling molecules to uncover
novel strategies.

4.3 Remediation of Contaminants by Plant–Microbe
Combination

4.3.1 Removal of Pollutants from Aquatic Environments

Increase of pollutants in environment causes imbalance of ecosystem and serious
health problems (Chandra and Kumar 2017a, b). Using plant–microbe interaction,
several studies were done on treating pollutants. Here, some studies on cleaning up
of pollutants from aquatic environments are discussed. Kristanti et al. investigated
the effectiveness of four nitrophenol (NP)-degrading bacteria, namely Pseudomonas
sp. (strain ONR1), Cupriavidus sp. (MFR2), Rhodococcus sp. (PKR1), and
Rhodococcus sp. (DNR2) and the plant Spirodela polyrhiza in degrading the
nitrophenol from aquatic system. Nitrophenols such as 1-NP, 2-NP, 3-NP, and
4-NP were used for degradation. The experiment was carried out with combinations
of strains such as ONR1 with Spirodela; DNR2 with Spirodela; ONR1–DNR2 with
Spirodela; and four strains, ONR1, DNR2, MFR2, PKR1, with Spirodela; and
combinations without Spirodela. The degradation efficiency is higher in the presence
of Spirodela compared to the test without Spirodela. Also, ONR1–DNR2 associa-
tion with Spirodela showed greater degradation rate than that of ONR1 and DNR2
individually with Spirodela. Then the four strains with Spirodela were tested for
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degrading the nitrophenol mixtures, which also showed promising results. ONR1
reduced the concentration of nitrophenol to about 92% (2, 4-dinitrophenol), 94%
(2-NP), 3% (3-NP), 70% (4-NP), and the degradation efficiency of DNR2 is about
87% (2-NP), 32% (3-NP), and 100% (4-NP, 2,4-DNP). The inoculation of both
strains degraded about 100% (2-NP, 4-NP, 2,4-DNP) and 30% (3-NP) over 4 days.
In the absence of the bacterial strains, plants can degrade 17% (2-NP), 24% (3-NP),
3% (4-NP), and 9% (2,4-DNP) of pollutants. Spirodela without NP-degrading
bacteria clean up a minimal quantity of nitrophenol which is stable on repeating
cycles. But the degradation in the case of the bacteria along with Spirodela is not the
same in repeated cycles. NPs often present in mixture, which causes a serious
problem in treating them. Thus, studies on treating mixtures of NP are essential
and would offer an attractive tool for degradation of NPs. A study analysed the
efficiency of plant–microbe combinations in degrading pollutants. But selection of
appropriate microbes and plants is essential for efficient degradation (Kristanti et al.
2014). Many industries release organic and inorganic compounds such as phenol and
chromium, which cause pollution to the environment. Ontañon et al. conducted an
experiment on rhizoremediation of phenol and chromium. Sediment samples were
collected from a chemical and petrochemical industry and phenol-, chromium-
resistant bacteria were isolated. On the basis of tolerance to the contaminant, a
bacterial strain, Pantoea sp. FC 1, was selected and confirmed using 16S rRNA
gene sequence amplification. The bacterial tolerance against phenol and chromium
was investigated individually. FC 1 showed a higher degradation activity for chro-
mium compared to phenol, since phenol affects bacterial growth at higher
concentrations. As many authors suggested that hairy roots from different plant
species have the capability to degrade phenolic compounds, the study employed
association of FC 1 with hairy roots of Brassica napus in remediating the
contaminants. For degradation process, removal of phenol exhibited with hairy
roots alone and with a combination of hairy roots and FC 1. Hairy roots removed
60% of phenol and the efficiency increased on inoculation of FC 1. For chromium,
the combined system removed 100% after 3–4 days. This study suggested that
association of FC 1 and hairy roots of Brassica napus serves as an innovative system
in degrading phenol and chromium pollutants (Ontañon et al. 2014). Hu and Li
(2021) conducted a study on treating sewage using aquatic plants and microbes. The
plants selected for the process were Eichhornia crassipes, Cyperus alternifolius,
Phragmites communis, and Scirpus validus Vahl and grown in plastic buckets
containing sewage. The phytoremediation test is conducted first for a duration of
15 days. The nitrogen and phosphorus contents were checked every 2 days. The
nitrogen degradation effects in sewage for the four plants were different. Similarly,
the phosphorus content also decreased in sewage treated with different plants.
Microbial and plant combination tests were done with the same four plants for
treating sewage. Similar to phytoremediation test, the nitrogen and phosphorus
contents were analysed for 2 weeks. The nitrogen degradation effect in every test
was different. The efficiency of degradation by microbes, plants, and plant–microbe
systems were 64.85%, 40.61%, and 77.67%, respectively. Similarly, the phosphorus
content degradation efficiency by microbes, plants, and plant–microbe combinations
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was 61.56%, 39.23%, and 71.97%, respectively. When comparing all degradation
tests, it is quite clear that plant–microbe systems showed better removal compared to
plants and microbes alone. Microbial-assisted remediation showed higher efficiency
compared to phytoremediation. From the above discussed studies, it is evident that a
plant–microbe combined system can enhance the removal of contaminants in an
aquatic system.

4.3.2 Removal of Pollutants from Terrestrial Environment

There are numerous studies that showed positive results in removal of contaminants
from soil and/or sludge (Chandra and Kumar 2017b; Kumar et al. 2020b, 2021e;
Kumar and Chandra 2020b). Microbes growing in metal-contaminated soils tend to
have a high tolerance towards concentration of metals. Soil and plants are also
benefited from these microbes. Among these microbes PGPR show high benefits
by altering metal bioavailability. They do this by altering pH, producing
phytohormones and thus improving the phytoremediation process. He et al.
demonstrated a study in which 11 plant species showing metal tolerance and
rhizosphere soil were collected from a copper mine wasteland. Thirteen copper-
resistant bacterial strains were isolated and selected based on their different morpho-
logical appearance. The characterisation of bacterial strains was analysed by
evaluating their production of IAA, acetyl-CoA carboxylase (ACC), and
siderophore. The bacterial isolates were tested against different metals. The bacterial
strains showed different degrees of resistance towards metals. The bacterial strains
Sphingomonas sp. YJ3 andMicrobacterium lactium YJ7 showed resistance towards
Cu. The strain Acinetobacter sp. SWJ11, Arthrobacter sp. MT16, Azotobacter
vinelandii GZC24, and Arthrobacter sp. YAH27 showed resistant towards Ni, Zn,
Pb, and Cu when inoculated in Brassica napus. The bacterial strains also enhanced
root elongation in the plant species (He et al. 2010). Arabidopsis thaliana and the
bacterium Sphingobium are used to remove isoproturon from contaminated zones. In
this study, phytoremediation and bioaugmentation processes were combined. The
resulting intermediate of isoproturon is treated with Sphingobium, which can miner-
alise it. This resulted in enhanced and complete removal of pollutants. The increase
in remediation is due to a synergistic relationship between the transgenic plant and
Sphingobium (Yan et al. 2018). A study was conducted on Cytisus striatus to
degrade hexachlorocyclohexane (HCH) with a combination of two endophyte
microbial strains R. erythropolis ET54b and Sphingomonas sp. D4. The study was
carried out on two different soils differing in their organic content. The results
showed a higher efficiency in remediation of HCH compared to the treatment
which does not involve the endophytes, and also enhanced plant growth. The
efficiency of degradation in soil depends on the content of organic matter
(Becerra-Castro et al. 2013). A 4-month study was conducted on three plant species,
namely Scorzonera mongolica Maxim, Atriplex centralasiatica, and Limonium
bicolor, in relation to their degradation of crude oil present in the contaminated
soil at an oil refinery land farm. The rhizosphere soil adhered to the plant species

84 R. Chidambaram et al.



were analysed and the microbes present were investigated for metabolic activity. The
utilisation of carbon sources by microbes was analysed. The most probable number
(MPN) method was used for the identification of the number of microbes that have
the capability of degrading petroleum hydrocarbons. The degradation efficiency of
the three plant species showed no significant difference. The plant biomass was
investigated and the results showed enhanced root system in A. centralasiatica
compared to other plants. Microbial activity was higher for A. centralasiatica. The
pH value of the soil of the three species decreased due to production of root exudates
and microbial metabolites. The decrease in pH value is due to the increased
utilisation of phosphorus, which promotes enhanced plant growth and breakdown
of petroleum hydrocarbons. The results showed a decrease in the concentration of
petroleum hydrocarbons using the plant–microbe remediation system. Both plants
and microbes benefit each other and also enhanced the process of remediation (Ying
et al. 2011).

4.3.3 Removal of Pollutants from Atmosphere

The major health risk for humans is caused by air pollution which involves ammo-
nia, nitrogen oxides, particulate matter, sulphur dioxide, VOC, and so on. An
efficient remediation method is essential to eradicate these pollutants. Selection of
appropriate plant and microbial species for remediation is crucial in removing
pollutants (Molina et al. 2021). Here, some of the studies on plant–microbe combi-
nation to clean up the pollutants are discussed. A study on endophytes confirmed that
they have the ability to promote plant growth and also degrade polycyclic aromatic
hydrocarbons (PAH). In this study, three willow endophytes, namely WW1, WW3,
and WW11, and three poplar endophytes, namely SX61, PD1, and PTD3, were
allowed to grow in a medium containing PAH and they showed high growth in the
presence of naphthalene. Of all the endophytes, the strain PD1 showed highest
growth with the inoculation of PAH. As a result, PD1 was chosen for further studies.
PD1 was used to degrade phenanthrene and the results showed that about 60% of
phenanthrene was degraded from the medium. Using 16S rDNA sequencing the
endophytic bacteria were identified as Pseudomonas putida. This study illustrated
that the endophyte-assisted phytoremediation showed higher efficiency in degrading
PAH (Khan et al. 2014). Yutthammo et al. investigated the activities of the bacteria
which have the capability to degrade PAH. The study focussed on the bacteria
present in the phyllosphere of ornamental plants. The physical and chemical
characteristics of leaves of the ten ornamental plants such as Ixora sp., Murraya
paniculata, Wrightia religiosa, Bougainvillea sp., Jasminum sambac, Codiaeum
variegatum, Ficus sp., Streblus asper, Pseuderanthemum graciliflorum, and Hibis-
cus rosa-sinensis were investigated. The plant species were compared for the
number of phenanthrene-degrading bacteria. A large number of phenanthrene-
degrading bacteria were found in W. religiosa and H. rosa-sinensis, which were
further chosen for analysis to check the activities of the bacteria. The results showed
higher reduction of phenanthrene level in W. religiosa leaves compared to H. rosa-
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sinensis. The bacteria along with W. religiosa was then experimented with different
compounds of PAH such as acenaphthylene, acenaphthene, and fluorine. The
unsterilised leaves showed higher efficiency in removal of PAH than sterilised
leaves. The study suggested that the PAH-degrading bacteria are common in
phyllosphere and also have the capability to increase the efficiency of the plant
leaves, thus playing an important role in removal of urban air pollutants. Each plant
in its phyllosphere has a unique bacterial group due to the differences in leaf
morphology and chemical compounds present in the leaf. The study demonstrated
that the leaves of ornamental plant contain various phenanthrene-degrading bacteria
(Yutthammo et al. 2010). An investigation was made on chloromethane-degrading
bacteria isolated from Arabidopsis thaliana. The study involved isolation of bacte-
rial strains Methylorubrum extorquens CM4, Hyphomicrobium chloromethanicum
CM2 from Russian petrochemical factory soil, and Hyphomicrobium sp. strainMC1
from industrial sewage. These three strains originated from the leaves of Arabidopsis
thaliana and a gene, cmuA, responsible for dehalogenation of chloromethane was
identified. The ability of the three strains to use chloromethane as a carbon source
was compared with that of the reference strain. Hyphomicrobium sp. showed higher
efficiency in degrading chloromethane compared to other strains, since it is well
adapted to grow in the presence of chloromethane (Nadalig et al. 2011). The above
studies prove that plant–microbe interaction-associated remediation not only
degrades the contaminants but also benefits both plants and microbes by producing
phytohormones. Even though the method is efficient, the mechanism of remediation
by plants and microbes is still not clear. The above-discussed studies on degradation
of pollutants by various plant–microbe interactions are illustrated in Table 4.1.

4.4 Examples of Bacterial-Assisted Phytoremediation

Phytoremediation is the process wherein plants are used to clean up pollutants, and
this process involves various mechanisms such as phytodegradation,
phytoextraction, phytostabilisation, and phytostabilisation, as shown in Fig. 4.3.
Phytoremediation removes both organic and inorganic pollutants, but there are
certain limitations that make the process less efficient. Plants suffer from stress
caused by contaminants, which leads to reduction in plant growth, development,
and seed germination. These limitations are said to be reduced by rhizobacteria. The
microbes in the polluted site easily get adapted and use the polluted substance as a
nutrient source. The mechanisms of phytoremediation, when assisted with bacteria,
showed higher efficiency in degrading pollutants. Bacteria play an important role in
the phytoremediation process by producing siderophores, IAA, ACC, and enhancing
the bioavailability of heavy metals by mechanism of precipitation, redox reaction,
chelation, and acidification (Gaur et al. 2021). Thus, intensive research on the
phytoremediation mechanism helps in understanding the metabolic breakdown of
pollutants by plants and microbes. The following are some of the research works
carried out on the microbial-assisted phytoremediation process (Table 4.2).
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4.5 Microbial-Assisted Phytoextraction

Phytoextraction is the process which involves the use of hyperaccumulating plants to
remediate pollutants from contaminated environments. Hyperaccumulating plants
are the plants that have the capability to remove metals from the soil.
Phytoremediation is best known for its remediation of heavy metals. Various
mechanism of phytoremediation involved in metal accumulation is illustrated in
Fig. 4.4 (Gaur et al. 2021). Metal-accumulating capability and biomass production
are the important factors in phytoextraction process. The optimisation of these
factors enhances the phytoremediation strategy. The limitation of this process
involves slow growth and their low tolerance to metal stress. Some of the studies
illustrated that microbial-assisted phytoextraction has higher efficiency in removal of
pollutants. Khonsue et al. investigated Vetiveria nemoralis and Ocimum
gratissimum with cadmium-resistant bacteria. Two cadmium-resistant bacterial
strains Ralstonia sp. TAK1 and Arthrobacter sp. TM6 were isolated from the

PHYTOEXTRACTION
(Transfer of concentration of contaminants from
soil to plant tissues)

PHYTOSTABILIZATION
(Immobilization of contaminants)

PHYTOVOLATALIZATION
(Release of pollutants into volatile form through
plants)

PHYTODEGRADATION
(Degradation of organic pollutants by plants)

PHYTOSTIMULATION
(Enhancement of microbial activity by root exudates)

Fig. 4.3 Various phytoremediation strategies
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cadmium-contaminated site. Two plants, V. nemoralis and O. gratissimum, were
chosen and transplanted into the cadmium-contaminated soil. The experiment
comprised four various treatments of plants: (1) without bacteria, (2) Ralstonia sp.
TAK1, (3) Arthrobacter sp. TM6, and (4) EDTA. The plants were allowed to grow
for 1 month. Plant growth and cadmium concentration were analysed. Plants
inoculated with bacterial strains exhibited increased cadmium solubility of soil.
Increase in solubility increases the mobilisation of heavy metals. An efficient
phytoextraction method requires high solubility of heavy metals when it is in contact
with plants. The bacterial strains were found to survive in the cadmium-
contaminated soil. Cadmium inhibited the growth of root and shoot systems. The
bacterial strains increased the production of phytohormones, which stimulated plant
growth and development. It is observed that the accumulation of cadmium increases
in the plants with bacterial strain inoculation. But cadmium accumulation is higher in
root than in shoot, as mostly metal accumulates more in the root system. Cadmium
concentration was analysed after 1 month of plant growth. The plant V. nemoralis
treated without bacterial strains, with Ralstonia sp. TAK1, with Arthrobacter
sp. TM6, and with EDTA showed decrease in cadmium concentration of 24.7%,
28.8%, 32.7%, and 32.2%, respectively. Similarly, in O. gratissimum, the decrease
in cadmium concentration is 25.5% (Without inoculation), 23.2% (TAK1), 28.7%
(TM6), and 32% (EDTA). The study reported that both bacterial strains stimulated
the phytoextraction of cadmium. But O. gratissimum showed higher efficiency of
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Fig. 4.4 Metal accumulation in plants and their remediation and detoxification mechanisms
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phytoextraction with Arthrobacter sp. Compared to O. gratissimum, the efficiency
of accumulation of cadmium in V. nemoralis is higher. The findings in the study
suggested that the synergistic relationship between microbes and plants in
phytoextraction of cadmium-contaminated soils (Khonsue et al. 2013). Mesa et al.
demonstrated the bacterial-assisted phytoextraction using endophytic and rhizo-
sphere bacteria. Root samples were collected from Betula celtiberica grown on
arsenic-contaminated soil. The first step involves isolation and characterisation of
endophytic and rhizosphere bacterial communities. Totally, 68% of endophytic
bacteria and 53% of rhizobacteria were able to produce IAA. Similarly, 5% of
endophytic bacteria and 36% of rhizobacteria were able to produce acetyl-Co A
carboxylase deaminase (ACCD). 32% of endophytic strain and 36% of rhizobacteria
produce siderophore. A total of 54 rhizosphere bacteria and 41 endophytic bacteria
were analysed for metal accumulation in plants and plant growth. Out of these, seven
bacteria were considered for arsenic accumulation test. Based on IAA, ACC, and
siderophore and arsenic resistance the bacterial strains were selected. The seven
bacterial isolates were Neorhizobium alkalisoli ZY-4s, Rhizobium herbae CCBAU
83011, Variovorax paradoxus S110, Phyllobacterium myrsinacearum NBRC
100019, Rhodococcus erythropolis TS-TYKAKK-12, Aminobacter aminovorans
LZ1304-3-1, and Ensifer adhaerens Sx1. These strains were inoculated into Betula
celtiberica and allowed to grow for 30 days and analysed for metal accumulation.
Out of these, four strains, Ensifer adhaerens 91R, R. herbae 32E, V. paradoxus
28EY, and P. myrsinacearum 28EW, were selected for field evaluation.
E. adhaerens 91R promoted plant growth by increasing root and shoot length,
whereas the other three strains were able to increase arsenic accumulation. The use
of plants that grow naturally in a particular ecosystem provides an efficient way of
phytoextraction by limiting the competition of neighbouring plants. It is noted that
most of the endophytes have the ability to produce IAA, and siderophore production
is more commonly reported in rhizospheric bacteria (Mesa et al. 2017).

4.6 Microbial-Assisted Phytostabilisation

Phytostabilisation is the process that involves immobilisation of the contaminants
present in soil or groundwater by chemical compounds produced by plants. The
immobilisation of contaminants occurs by absorption by roots and precipitation
around the roots, which reduces the mobility of the pollutants. However, it has
disadvantages such as existence of residues of pollutants in the soil, overuse of
fertilisation, and decrease in plant growth due to exposure to metal stress. The
following studies were investigated for bacterial-assisted phytostabilisation to
check their efficiency in overcoming the disadvantages. Rajkumar et al. conducted
a study on Brassica juncea inoculated with two chromium-resistant plant growth–
promoting bacteria (PGPB), Pseudomonas sp. PsA4 and Bacillus sp. Ba32. The soil
samples were collected from the metal-contaminated site and chromium-resistant
PGPB are isolated. B. juncea plants are inoculated with PGPB and allowed to grow
for 20 days. The growth parameters of the plants such as shoot length, root length,
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and dry weight were measured and accumulation of chromium in roots and shoots
was analysed. Sixteen PGPB strains were isolated and the strains Pseudomonas
sp. PsA4 and Bacillus sp. Ba32 were selected as they use acetyl-CoA carboxylase
(ACC) as a source of nitrogen. The strain using ACC as a source of nitrogen
enhances plant growth. Inoculation of the strain PsA4 in the plants increases 59%
root length, 55% shoot length, and 85% vigour index. Similarly, inoculation of Ba32
strain increases 55% root length, 29% shoot length, and 58% vigour index. The
bacterial-inoculated and non-inoculated plants were observed. The bacterial-
inoculated plant showed increased plant growth in the absence of chromium. PsA4
enhanced plant root length by 73% and shoot length by 28%. Ba32 improved plant
root length by 53% and shoot length by 18%. The non-inoculated plants were
subjected to different concentrations of chromium, which inhibits plant growth.
Plant inoculated with the strains in the presence of chromium showed a moderate
activity of increase of 62% root length, 31% shoot length in PsA4. At all
concentrations of chromium, PsA4 exhibited higher efficiency in plant growth
compared to Ba32. Several strategies were developed for plants to adapt to the
polluted environment. But high concentrations of heavy metals restrict the uptake of
Fe and P required for plant development. Microbes help by inhibiting the effects of
metals and producing more phytohormones, which enhances the uptake of minerals
and promotes plant growth. This study illustrated that the inoculation of PGPB
bacteria in plants contaminated by chromium showed inhibitory effects against
chromium (Rajkumar et al. 2006). Chen et al. carried out a study on the metal-
tolerant bacterium Enterobacter sp. strain EG16 usingHibiscus cannabinus growing
in metal-contaminated soil. The Enterobacter sp. that is cadmium resistant is
isolated from H. cannabinus in a metal-polluted site. The bacterial growth is
enhanced by the supply of Fe. The effect of cadmium on bacteria was analysed by
checking for production of IAA, siderophore, Fe uptake, and the results showed
decreased production. The inoculation of bacteria into plants, enhance the root and
shoot length. The bacterial strain also stimulates increase of Fe supply in less Fe
accumulation plant. The concentration of cadmium also reduces drastically in the
plant. Since the contaminated soil was taken from site containing multiple metals,
metals such as Pb, Zn, and Cu were also found. EG16 not only reduces the
concentration of Cd but also significantly reduces the concentration of Pb and
Zn. The Cu concentration remains unaffected by the bacterial strain. Bioavailability
and metal mobilisation play an important role in toxicity of plants. The study also
illustrated the reduction in bioavailability of Pb, Zn, Cd, and immobilisation of Cu in
H. cannabinus (Chen et al. 2017). Nurzhanova et al. selected Cucurbita pepo L. and
Xanthium strumarium that are tolerant to dichlorodiphenyltrichloroethane (DDT)
and isolated bacterial strains from DDT-contaminated soil. The experiment was
carried out in two types of soil. One is naturally obtained from the contaminated
site and the other is artificially prepared in laboratory by inoculating DDT. The two
soil groups tested here mostly consist of Pseudomonas and Bacillus dominantly, the
next available genera are Mycobacterium, Arthrobacter, Streptomyces, and the least
distributed group is Micromonospora. Seeds of the two plant species were
transplanted into the two soil types and growth is monitored for 7 months. The
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soil adhered to the roots of the plants are taken for isolation of bacterial strains.
580 microbial strains were isolated from the soil and two bacterial strains were
selected for further experiments due to their capability to utilise
dichlorodiphenyldichloroethylene (DDE). Based on 16S rDNA sequence analysis
the bacterial strains were identified as Bacillus vallismortis and B. aryabhattai. After
an incubation of 14 days, it is observed that Bacillus aryabhattai consumed around
89.3% of the pesticide and after 21 days, the consumption is around 93.4%. The
inoculation of selected microbes and plants resulted in a decrease in pollutant stress
and an increase in plant biomass. The bacterial-assisted treatment enhances the
phytostabilisation strategy. The rhizosphere contains diverse groups of microbes
and in this study the dominant group found in the polluted soil was Rhodococcus,
which mostly executes dehalogenations, dehydrogenations, oxidation, and so
on. Though Rhodococcus strains were present abundantly in the contaminated soil,
bacterial strains of bacterial genera like Bacillus and Pseudomonas were present
more in both soil types. Thus, two Bacillus strains were chosen for further processing
in the studies. It is also reported that Bacillus spp. when mixed with fungi accelerate
the degradation of DDT, since fungi break down DDT into DDD. The microbes and
plants in the contaminated soil were able enhance the degradation process and also
reduce plant stress (Nurzhanova et al. 2021).

4.7 Microbial-Assisted Phytovolatilisation

Phytovolatilisation is the process wherein plants take up the contaminants and
release it to the air through their leaves as volatile compounds. This process helps
the contaminants to reduce its toxicity. The disadvantage of this process may be the
precipitation of contaminants into lakes or oceans. The phytovolatilisation process is
said to be enhanced when it is microbial assisted. Some of the studies suggested the
efficiency of microbial-assisted phytovolatilisation is approachable. Wang et al.
conducted a study on arsenic (As) degradation by PGPR and Populus deltoides, a
tree species. Pteris vittata plants were collected from arsenic-contaminated region
and bacteria from soil adhered to the roots were isolated. Twenty-two As-resistant
bacteria were isolated and checked for efficiency of production of IAA and
siderophore. The strain D14 showed high resistance towards arsenic and using 16S
rRNA gene sequencing, the strain is identified as one of Agrobacterium radiobacter.
The strain also showed higher production of IAA and siderophore. P. deltoides was
allowed to grow in the presence and absence of the bacterial strain for 5 months.
Without bacterial inoculation, the plants showed a high efficiency in arsenic
removal. However, with bacterial inoculation the arsenic removal was enhanced.
As the bacterial strain was inoculated, the inhibitory effects of arsenic were reduced.
The strain increased plant growth and uptake of the metal. The study evidently
showed the capability of plants in metal uptake and the enhancement of the degra-
dation process with microbes (Wang et al. 2011).
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4.8 Rhizoremediation

Rhizoremediation is the elimination of contaminants around the soil employing
microbes that are present in the surrounding soil. Using plant–microbe pairs, the
rhizoremediation process is very efficient. The roots produce compounds which are
used by microbes as a source of nitrogen, carbon, and phosphorus when attracted to
root exudates. The utilisation of these compounds helps in resisting the toxicity of
pollutants (Molina et al. 2021). The following are some of the examples of
rhizoremediation strategies using plant–microbe pairs. Afzal et al. investigated on
the plant–microbe association to clean up the soil contaminated with petroleum
hydrocarbons and the activity of plant and microbes. Two bacterial strains, Pseudo-
monas sp. strain ITRI53 and Pantoea sp. strain BTRH79, were isolated. Seeds of
Lolium multiflorum were harvested in three types of soil such as sandy soil, loamy
sandy soil, and loamy soil. BTRH79 colonised better in the rhizosphere of the plant
than ITRI53, which showed better colonisation in the shoot of plant. The bacterial
strain expresses the gene which is responsible for the degradation of pollutants. This
gene expression level is found higher in loamy soil and also plant growth is efficient.
In sandy soil, the survival of the bacterial strain is low, the gene expression level is
found only in the shoot region, which is also lower. From the study, it is evident that
the type of soil determines bacterial abundance and expression of alkane-degrading
genes. The hydrocarbon degradation is evaluated in the presence and absence of
bacterial strain. The degradation level is low in plants not inoculated with the strains,
and the degradation efficiency is just 12–20% even after 8 weeks; the ones
inoculated showed higher degradation of hydrocarbons, and their efficiency is
different in different soil types. Hydrocarbons reduce plant growth by
hydrophobicity, which limits the plants in taking up nutrients and water. In the
bacterial-inoculated plants, the growth of shoot region increased by 8–41%. Loamy
soil resulted in higher degradation rate of hydrocarbons of 63% and showed higher
plant growth compared to other soil types. The above experiment illustrated that
selection of a suitable bacterial strain is essential for improved phytoremediation and
in plant growth. It is also evident that the soil type influences plant growth and
microbial colonisation (Afzal et al. 2011). Wu et al. did an investigation on sun-
flower plant and P. putida for rhizoremediation of heavy metals. A study was
conducted on bacteria that have polychlorinated biphenyl (PCB)-degrading ability
and the plantMorus alba. The soil sample was collected from the depth of the plant.
The bacterial strain was isolated and characterised for biphenyl utilisation. The soil is
enriched with four bacterial strains. The bacterial strain MAPN1 showed prominent
results and was selected for further studies. Using 16S rDNA gene sequencing, the
bacterial strain MAPN1 was identified as one of Rhodococcus sp. The bacterial
strain is tested for PCB-degrading activity. The strain was allowed to react with
naphthalene, anthracene, benzoic acid, salicylic acid, and dibenzofuran. The result
was the MAPN1 strain grew on all the tested aromatic substances. The highest
growth was observed for the compound anthracene. The strain showed prominent
growth using biphenyl as the carbon source and increased the efficiency of
phytoremediation strategy. MAPN1 strain has the capability to produce glycolipid
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biosurfactants which have the ability to solubilise the pollutants. Plant growth was
observed for different concentrations of biphenyl and with inoculation of bacteria.
The biphenyl showed an inhibitory effect on plants, in the absence of the bacterial
strain. When the bacterial strain is inoculated, the inhibitory effect was reduced and
plant growth was enhanced. For 15 days, plant growth was slow. After that plant
growth at all different concentrations of biphenyl gradually increased. However,
there is no clear study of Rhodococcus sp. on plant growth properties, so a better
understanding is required to achieve successful enhanced phytoremediation (Sandhu
et al. 2020).

4.9 Phytostimulation

Phytostimulation is the process which involves promotion of rhizosphere
microorganisms by utilising the signalling molecules released by plant roots as a
nutrient source. Sun et al. investigated on reduction in lead toxicity on Lolium
perenne (perennial ryegrass) by Trichoderma asperellum. The fungus
T. asperellum was isolated from the lead-contaminated region. The fungal isolates
were cultured in media for 14 days. The experiment was done in four ways: plants
were set up in soil which was not contaminated by lead (CK), lead-contaminated soil
(T1), lead-contaminated soil with saw dust (T2), and inoculation of fungal isolate
with saw dust in contaminated soil (T3). Then the plants were allowed to grow for
28 days. Plant growth was reduced in T1 condition which was exposed to lead; plant
height was increased in T2 condition, but dry weight was reduced; T3 condition
showed enhanced plant growth and dry weight. A higher concentration of lead was
observed in roots than in shoots. The lead-resistant microbes enhanced the extraction
of lead from the soil, thus improving remediation of the lead-contaminated soil (Sun
et al. 2020). The modulation of signalling compounds in association with plants and
microbes was investigated. Seeds of Withania somnifera are planted and allowed to
grow for 14 days. Four endophytic strains were isolated from the leaves of the plant
and tested for the production of IAA, ACC, and ammonia. The fungal isolate
Aspergillus fumigatus was able to produce IAA, ACC, and ammonia, based on
which the strain was chosen for further studies. The endophytic strains, when
inoculated into the plants, were able to promote plant growth and colonised effec-
tively. To check the ability of IAA in enhanced plant growth, it is inhibited and plant
growth was analysed. The growth of roots was reduced to 66% and with IAA, the
growth of maize root was 90%. Thus, it is evident that IAA plays a key role in
phytostimulation of plants (Mehmood et al. 2018).

4.10 Microbial-Assisted Phytodegradation

Phytodegradation is the process which involves breakdown of organic pollutants
either by metabolic activities occurring within the tissue or through enzymatic
release from roots. Scirpus grossus is used for phytodegradation of pollutants in
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contaminated water. The plant was allowed to grow in diesel-contaminated water
and analysed. The polluted water, soil and plant samples were taken on 14, 28,
42, and 72nd days to check the effect of the phytoremediation process. The number
of rhizobacteria present in the roots of S. grossus was estimated by the serial dilution
method. The potential rhizobacteria were isolated for running the biodegradation
test, which was used to evaluate the plant–microbe interaction. After 72nd day of
phytoremediation, the concentration of total petroleum hydrocarbons (TPH) was
evaluated. Three plants were used in the experiment and the efficiency of degrading
petroleum hydrocarbons was 81.5%, 71.4%, and 66.6%. The degradation test
showed the effect of S. grossus and rhizobacteria in diesel-contaminated water.
There was a difference in the removal of concentration of pollutants on from 14th
day to 72nd day. It is due to interaction of plant and microbe. In the presence of a
higher population of rhizobacteria, the removal efficiency is higher. The study
demonstrated the ability of Scirpus grossus to withstand the petroleum hydrocarbons
in the concentration of 0.1%, 0.175%, and 0.25%. It is also evident that the interac-
tion between rhizobacteria and S. grossus enhanced the removal of diesel
(Al-Baldawi et al. 2015). A study on Lotus corniculatus and Oenothera biennis
has shown that hydrocarbon-degrading endophytic bacteria stimulate improved
phytodegradation of pollutants. The plants were collected from the hydrocarbon-
polluted site and divided into shoots, roots, and leaves. The soil adhering to the roots
were taken and endophytic bacteria were isolated from the soil. The production of
IAA, ACC and solubility of inorganic phosphate of bacterial isolates were estimated.
About 58.33% of bacterial isolates from L. corniculatus and 28.7% of isolates from
O. biennis showed the ability to solubilise phosphate. The capability of bacterial
isolates to utilise hydrocarbon as a carbon source was checked. The bacterial isolates
were analysed for identification of hydrocarbon-degrading genes. Five bacterial
strains, namely Pseudomonas mandelii and four strains of Rhodococcus sp., showed
positive results. All the bacterial isolates are screened for their capability to promote
plant growth. All bacterial strains produce IAA and the highest production were
observed on Delftia lacustris 5FXS, Delftia lacustris 6.1XS, and Rhizobium
sp. 1XS. The highest production of siderophore was observed in L. corniculatus.
The ability of the bacterial strain in plant colonisation was analysed by checking the
cellulase activity. The cellulase production of O. biennis and L. corniculatus effi-
ciency is 64.29% and 47.67%, respectively. The isolated bacterial strains showed a
clear potential to degrade hydrocarbons by emulsification property. Bacterial strains
of species such as Serratia, Delftia, Rhodococcus, Rhizobium, and Pseudomonas,
and Rhodococcus sp. 4WK have the ability to produce biosurfactants which promote
emulsification of hydrocarbons, resulting in degradation (Pawlik et al. 2017). Kabra
et al. (2013) worked on the treatment of textile effluents by plant–microbe
interactions. The soil adhered to the roots of the plant Gaillardia pulchella was
cleaned and dye was added to it. The dye used in the experiment is 2, 20-azino-bis
(3-ethylbenzothiazoline-6-sulphonic acid). The plant inoculated with the dye
decolourised it within 72 h. Using 16S rRNA gene sequencing the bacteria present
in the roots was found to be Pseudomonas monteilii. Seeds of the G. pulchella were
planted and allowed to grow for 4 weeks. The plant decolourised the dye with an
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efficiency of 97% within 72 h, the efficiency of decolourisation by bacteria was 85%
within 72 h, and the efficiency of combined system was about 100% within 48 h. The
study shows the efficiency of plant–microbe combined system in decolourising the
dye is higher than usage of plant and microbes separately (Kabra et al. 2013). From
the studies illustrated in the review, it is evident that microbes when interacting with
plants help in depleting pollutants and also help plants to withstand the stress caused
by pollutants. Microbes provide plants with growth-promoting phytohormones and
plants in turn provide carbon, nitrogen, and phosphorus sources to the microbes.

4.11 Challenges Faced During Remediation by Plant–Microbe
Associations

Even though plant–microbe remediation has a potential ability to degrade pollutants,
there are some disadvantages for this combined system, which make it challenging,
and only few studies have been conducted on them to improve the efficiency of
remediation. Differences in the efficiency of degrading pollutants have been
observed, when plants with its associated microbes are used in different
combinations. This observation suggests that selection of appropriate microbes
and plants is required for remediation of specific contaminants. There is not much
research on suitable selection of plant–microbe systems for remediating polluted
environments. Some negative impacts on food chain also occur due to the problems
faced in disposal of pollutants. Only few details about the composition of the
microbes present in contaminated soils or regions are known. In degradation of
pesticides, the parent biocompounds used also have toxic effects, which results in
harmful impacts on humans. There is no clear understanding of the mechanism of
degradation of contaminants, role of rhizospheric microbes, and the interaction of
plants and microbes (Kuiper et al. 2004).

4.12 Conclusion

From this review, it is evident that plant–microbe interaction-associated remediation
is more beneficial compared to other conventional methods. Various regulatory
networks in plant–microbe interactions should be investigated. The synergistic
relation between plants and microbes, and their role in metal mobilisation and
degradation should be analysed clearly. Development of transgenic and recombinant
microbes along with plants may also increase the efficiency of the treatment. Plant–
microbe interaction-associated remediation will be a promising approach if the
limitations are clearly acknowledged and resolved. For utilisation of microbe–
plant combined systems to degrade contamination at industrial level, it is pretty
much essential to better understand plant–microbe interactions. There is an urgent
need in developing novel strategies for pollutant degradation so that we can create a
better and safe environment.

98 R. Chidambaram et al.



References

Afzal M, Yousaf S, Reichenauer TG, Kuffner M, Sessitsch A (2011) Soil type affects plant
colonization, activity and catabolic gene expression of inoculated bacterial strains during
phytoremediation of diesel. J Hazard Mater 186(2–3):1568–1575

Agrawal N, Kumar V, Shahi SK (2021) Biodegradation and detoxification of phenanthrene in
in-vitro and in-vivo conditions by a newly isolated ligninolytic fungus Coriolopsis byrsina
strain APC5 and characterization of their metabolites for environmental safety. Environ Sci
Pollut Res. https://doi.org/10.1007/s11356-021-15271-w

Al-Baldawi IA, Abdullah SRS, Anuar N, Suja F, Mushrifah I (2015) Phytodegradation of total
petroleum hydrocarbon (TPH) in diesel-contaminated water using Scirpus grossus. Ecol Eng 74:
463–473

Alotaibi F, Hijri M, St-Arnaud M (2021) Overview of approaches to improve rhizoremediation of
petroleum hydrocarbon-contaminated soils. Appl Microbiol 1(2):329–351

Appannagari RR (2017) Environmental pollution causes and consequences: a study. North Asian
Int Res J Soc Sci Human 3(8):151–161

Becerra-Castro C, Kidd PS, Rodríguez-Garrido B, Monterroso C, Santos-Ucha P, Prieto-Fernández
Á (2013) Phytoremediation of hexachlorocyclohexane (HCH)-contaminated soils using Cytisus
striatus and bacterial inoculants in soils with distinct organic matter content. Environ Pollut 178:
202–210

Chandra R, Kumar V (2017a) Detection of Bacillus and Stenotrophomonas species growing in an
organic acid and endocrine-disrupting chemicals rich environment of distillery spent wash and
its phytotoxicity. Environ Monit Assess 189:26. https://doi.org/10.1007/s10661-016-5746-9

Chandra R, Kumar V (2017b) Detection of androgenic-mutagenic compounds and potential
autochthonous bacterial communities during in-situ bioremediation of post methanated distill-
ery sludge. Front Microbiol 8:87. https://doi.org/10.3389/fmicb.2017.00887

Chandra R, Kumar V (2018) Phytoremediation: a green sustainable technology for industrial waste
management. In: Chandra R, Dubey N, Kumar V (eds) Phytoremediation of environmental
pollutants. CRC Press, Boca Raton. https://doi.org/10.1201/9781315161549-1

Chandra R, Dubey NK, Kumar V (2018) Phytoremediation of environmental pollutants. CRC
Press, Boca Raton. https://doi.org/10.1201/9781315161549

Chen Y, YangW, Chao Y, Wang S, Tang YT, Qiu RL (2017) Metal-tolerant Enterobacter sp. strain
EG16 enhanced phytoremediation using Hibiscus cannabinus via siderophore-mediated plant
growth promotion under metal contamination. Plant Soil 413(1–2):203–216

De Mandal S, Singh S, Hussain K, Hussain T (2021) Plant–microbe association for mutual benefits
for plant growth and soil health. In: Current trends in microbial biotechnology for sustainable
agriculture. Springer, Singapore, pp 95–121

de Weert S, Vermeiren H, Mulders IH, Kuiper I, Hendrickx N, Bloemberg GV, Vanderleyden J, De
Mot R, Lugtenberg BJ (2002) Flagella-driven chemotaxis towards exudate components is an
important trait for tomato root colonization by Pseudomonas fluorescens. Mol Plant-Microbe
Interact 15(11):1173–1180

Gaur VK, Sharma P, Gaur P, Varjani S, Ngo HH, Guo W, Chaturvedi P, Singhania RR (2021)
Sustainable mitigation of heavy metals from effluents: toxicity and fate with recent technologi-
cal advancements. Bioengineered 12(1):7297–7313

Hartmann A, Klink S, Rothballer M (2021) Plant growth promotion and induction of systemic
tolerance to drought and salt stress of plants by quorum sensing auto-inducers of the N-acyl-
homoserine lactone type: recent developments. Front Plant Sci 12:1026

He LY, Zhang YF, Ma HY, Chen ZJ, Wang QY, Qian M, Sheng XF (2010) Characterization of
copper-resistant bacteria and assessment of bacterial communities in rhizosphere soils of
copper-tolerant plants. Appl Soil Ecol 44(1):49–55

Hu M, Li L (2021) Treatment technology of microbial landscape aquatic plants for water pollution.
Adv Mater Sci Eng. 2021

4 Plant–Microbe Associations in Remediation of Contaminants. . . 99

https://doi.org/10.1007/s11356-021-15271-w
https://doi.org/10.1007/s10661-016-5746-9
https://doi.org/10.3389/fmicb.2017.00887
https://doi.org/10.1201/9781315161549-1
https://doi.org/10.1201/9781315161549


Kabra AN, Khandare RV, Govindwar SP (2013) Development of a bioreactor for remediation of
textile effluent and dye mixture: a plant–bacterial synergistic strategy. Water Res 47(3):
1035–1048

Karnwal A (2017) Isolation and identification of plant growth promoting rhizobacteria from maize
(Zea mays L.) rhizosphere and their plant growth promoting effect on rice (Oryza sativa L.). J
Plant Protect Res

Kaul S, Choudhary M, Gupta S, Dhar MK (2021) Engineering host microbiome for crop improve-
ment and sustainable agriculture. Front Microbiol 12:1125

Khan Z, Roman D, Kintz T, delas Alas, M., Yap, R. and Doty, S. (2014) Degradation,
phytoprotection and phytoremediation of phenanthrene by endophyte Pseudomonas putida,
PD1. Environ Sci Technol 48(20):12221–12228

Khonsue N, Kittisuwan K, Kumsopa A, Tawinteung N, Prapagdee B (2013) Inoculation of soil with
cadmium-resistant bacteria enhances cadmium phytoextraction by Vetiveria nemoralis and
Ocimum gratissimum. Water Air Soil Pollut 224(10):1–9

Kristanti RA, Toyama T, Hadibarata T, Tanaka Y, Mori K (2014) Sustainable removal of
nitrophenols by rhizoremediation using four strains of bacteria and giant duckweed (Spirodela
polyrhiza). Water Air Soil Pollut 225(4):1–10

Kuiper I, Lagendijk EL, Bloemberg GV, Lugtenberg BJ (2004) Rhizoremediation: a beneficial
plant-microbe interaction. Mol Plant-Microbe Interact 17(1):6–15

Kumar V (2021) Phytoremediation of distillery effluent: current progress, challenges, and future
opportunities. In: Saxena G, Kumar V, Shah MP (eds) Bioremediation for environmental
sustainability: toxicity, mechanisms of contaminants degradation, detoxification and challenges.
Elsevier, Amsterdam. https://doi.org/10.1016/B978-0-12-820524-2.00014-6

Kumar V, Chandra R (2018a) Bacterial assisted phytoremediation of industrial waste pollutants and
eco-restoration. In: Chandra R, Dubey NK, Kumar V (eds) Phytoremediation of environmental
pollutants. CRC Press, Boca Raton

Kumar V, Chandra R (2018b) Characterisation of manganese peroxidase and laccase producing
bacteria capable for degradation of sucrose glutamic acid-Maillard reaction products at different
nutritional and environmental conditions. World J Microbiol Biotechnol 34:32. https://doi.org/
10.1007/s11274-018-2416-9

Kumar V, Chandra R (2020a) Bioremediation of melanoidins containing distillery waste for
environmental safety. In: Bharagava R, Saxena G (eds) Bioremediation of industrial waste for
environmental safety. Springer, Singapore. https://doi.org/10.1007/978-981-13-3426-9_20

Kumar V, Chandra R (2020b) Metagenomics analysis of rhizospheric bacterial communities of
Saccharum arundinaceum growing on organometallic sludge of sugarcane molasses-based
distillery. 3 Biotech 10(7):316. https://doi.org/10.1007/s13205-020-02310-5

Kumar V, Shahi SK, Singh S (2018) Bioremediation: an eco-sustainable approach for restoration of
contaminated sites. In: Singh J, Sharma D, Kumar G, Sharma N (eds) Microbial bioprospecting
for sustainable development. Springer, Singapore. https://doi.org/10.1007/978-981-13-0053-0_
6

Kumar V, Thakur IS, Shah MP (2020a) Bioremediation approaches for pulp and paper industry
wastewater treatment: recent advances and challenges. In: Shah MP (ed) Microbial bioremedia-
tion & biodegradation. Springer, Singapore. https://doi.org/10.1007/978-981-15-1812-6_1

Kumar V, Thakur IS, Singh AK, Shah MP (2020b) Application of metagenomics in remediation of
contaminated sites and environmental restoration. In: Shah M, Rodriguez-Couto S, Sengor SS
(eds) Emerging technologies in environmental bioremediation. Elsevier. https://doi.org/10.
1016/B978-0-12-819860-5.00008-0

Kumar V, Shahi SK, Ferreira LFR, Bilal M, Biswas JK, Bulgariu L (2021a) Detection and
characterization of refractory organic and inorganic pollutants discharged in biomethanated
distillery effluent and their phytotoxicity, cytotoxicity, and genotoxicity assessment using
Phaseolus aureus L. and Allium cepa L. Environ Res 201:111551. https://doi.org/10.1016/j.
envres.2021.111551

100 R. Chidambaram et al.

https://doi.org/10.1016/B978-0-12-820524-2.00014-6
https://doi.org/10.1007/s11274-018-2416-9
https://doi.org/10.1007/s11274-018-2416-9
https://doi.org/10.1007/978-981-13-3426-9_20
https://doi.org/10.1007/s13205-020-02310-5
https://doi.org/10.1007/978-981-13-0053-0_6
https://doi.org/10.1007/978-981-13-0053-0_6
https://doi.org/10.1007/978-981-15-1812-6_1
https://doi.org/10.1016/B978-0-12-819860-5.00008-0
https://doi.org/10.1016/B978-0-12-819860-5.00008-0
https://doi.org/10.1016/j.envres.2021.111551
https://doi.org/10.1016/j.envres.2021.111551


Kumar V, Kaushal A, Singh K, Shah MP (2021b) Phytoaugmentation technology for
phytoremediation of environmental pollutants: opportunities, challenges and future
prospects. In: Kumar V, Saxena G, Shah MP (eds) Bioremediation for environmental
sustainability: approaches to tackle pollution for cleaner and greener society. Elsevier,
Amsterdam. https://doi.org/10.1016/B978-0-12-820318-7.00016-2

Kumar V, Singh K, Shah MP, Kumar M (2021c) Phytocapping: an eco-sustainable green technol-
ogy for cleaner environment. In: Kumar V, Saxena G, Shah MP (eds) Bioremediation for
environmental sustainability: approaches to tackle pollution for cleaner and greener society.
Elsevier, Amsterdam. https://doi.org/10.1016/B978-0-12-820318-7.00022-8

Kumar V, Ferreira LFR, Sonkar M, Singh J (2021d) Phytoextraction of heavy metals and ultra-
structural changes of Ricinus communis L. grown on complex organometallic sludge discharged
from alcohol distillery. Environ Technol Innov 22:101382. https://doi.org/10.1016/j.eti.2021.
101382

Kumar V, Singh K, Shah MP, Singh AK, Kumar A, Kumar Y (2021e) Application of omics
technologies for microbial community structure and function analysis in contaminated
environment. In: Shah MP, Sarkar A, Mandal S (eds) Wastewater treatment: cutting edge
molecular tools, techniques & applied aspects in waste water treatment. Elsevier, Cambridge,
MA. https://doi.org/10.1016/B978-0-12-821925-6.00013-7

Kumar V, Agrawal S, Shahi SK, Motghare A, Singh S, Ramamurthy PC (2022) Bioremediation
potential of newly isolated Bacillus albus strain VKDS9 for decolourization and detoxification
of biomethanated distillery effluent and its metabolites characterization for environmental
sustainability. Environ Technol Innov 26:102260. https://doi.org/10.1016/j.eti.2021.102260

Ma Y, Oliveira RS, Freitas H, Zhang C (2016) Biochemical and molecular mechanisms of plant-
microbe-metal interactions: relevance for phytoremediation. Front Plant Sci 7:918

Mehmood A, Hussain A, Irshad M, Khan N, Hamayun M, Ismail, Afridi SG, Lee IJ (2018) IAA and
flavonoids modulates the association between maize roots and phytostimulant endophytic
Aspergillus fumigatus greenish. J Plant Interact 13(1):532–542

Mesa V, Navazas A, González-Gil R, González A, Weyens N, Lauga B, Gallego JLR, Sánchez J,
Peláez AI (2017) Use of endophytic and rhizosphere bacteria to improve phytoremediation of
arsenic-contaminated industrial soils by autochthonous Betula celtiberica. Appl Environ
Microbiol 83(8):e03411–e03416

Molina L, Wittich RM, van Dillewijn P, Segura A (2021) Plant-bacteria interactions for the
elimination of atmospheric contaminants in cities. Agronomy 11(3):493

Nadalig T, Farhan Ul Haque M, Roselli S, Schaller H, Bringel F, Vuilleumier S (2011) Detection
and isolation of chloromethane-degrading bacteria from the Arabidopsis thaliana phyllosphere,
and characterization of chloromethane utilization genes. FEMS Microbiol Ecol 77(2):438–448

Nurzhanova A, Mukasheva T, Berzhanova R, Kalugin S, Omirbekova A, Mikolasch A (2021)
Optimization of microbial assisted phytoremediation of soils contaminated with pesticides. Int J
Phytoremediation 23(5):482–491

Ontañon OM, González PS, Ambrosio LF, Paisio CE, Agostini E (2014) Rhizoremediation of
phenol and chromium by the synergistic combination of a native bacterial strain and Brassica
napus hairy roots. Int Biodeterior Biodegradation 88:192–198

Pawlik M, Cania B, Thijs S, Vangronsveld J, Piotrowska-Seget Z (2017) Hydrocarbon degradation
potential and plant growth-promoting activity of culturable endophytic bacteria of Lotus
corniculatus and Oenothera biennis from a long-term polluted site. Environ Sci Pollut Res
24(24):19640–19652

Ponce MA, Scervino JM, Erra-Balsells R, Ocampo JA, Godeas AM (2004) Flavonoids from shoots
and roots of Trifolium repens (white clover) grown in presence or absence of the arbuscular
mycorrhizal fungus Glomus intraradices. Phytochemistry 65(13):1925–1930

Rajkumar M, Nagendran R, Lee KJ, Lee WH, Kim SZ (2006) Influence of plant growth promoting
bacteria and Cr6+ on the growth of Indian mustard. Chemosphere 62(5):741–748

4 Plant–Microbe Associations in Remediation of Contaminants. . . 101

https://doi.org/10.1016/B978-0-12-820318-7.00016-2
https://doi.org/10.1016/B978-0-12-820318-7.00022-8
https://doi.org/10.1016/j.eti.2021.101382
https://doi.org/10.1016/j.eti.2021.101382
https://doi.org/10.1016/B978-0-12-821925-6.00013-7
https://doi.org/10.1016/j.eti.2021.102260


Sandhu M, Jha P, Paul AT, Singh RP, Jha PN (2020) Evaluation of biphenyl- and polychlorinated-
biphenyl (PCB) degrading Rhodococcus sp. MAPN-1 on growth of Morus alba by pot study. Int
J Phytoremediation 22(14):1487–1496

Singh S, Anil AG, Khasnabis S, Kumar V, Nath B, Sunil Kumar Naik TS, Subramanian S,
Kumar V, Singh J, Ramamurthy PC (2021) Sustainable removal of Cr(VI) using graphene
oxide-zinc oxide nanohybrid: adsorption kinetics, isotherms, and thermodynamics. Environ Res
203:111891. https://doi.org/10.1016/j.envres.2021.111891

Sun X, Sun M, Chao Y, Wang H, Pan H, Yang Q, Cui X, Lou Y, Zhuge Y (2020) Alleviation of
lead toxicity and phytostimulation in perennial ryegrass by the Pb-resistant fungus Trichoderma
asperellum SD-5. Funct Plant Biol 48(3):333–341

Upadhyay A, Srivastava S (2010) Evaluation of multiple plant growth promoting traits of an isolate
of Pseudomonas fluorescens strain Psd. Indian J Exp Biol 48(6):601–609

Uroz S, D'Angelo-Picard C, Carlier A, Elasri M, Sicot C, Petit A, Oger P, Faure D, Dessaux Y
(2003) Novel bacteria degrading N-acylhomoserine lactones and their use as quenchers of
quorum-sensing-regulated functions of plant-pathogenic bacteria. Microbiology 149(8):
1981–1989

Varnier AL, Sanchez L, Vatsa P, Boudesocque L, Garcia-Brugger ANGELA, Rabenoelina F,
Sorokin A, Renault JH, Kauffmann S, Pugin A, Clément C (2009) Bacterial rhamnolipids are
novel MAMPs conferring resistance to Botrytis cinerea in grapevine. Plant Cell Environ 32(2):
178–193

von Rad U, Klein I, Dobrev PI, Kottova J, Zazimalova E, Fekete A, Hartmann A, Schmitt-Kopplin
P, Durner J (2008) Response of Arabidopsis thaliana to N-hexanoyl-DL-homoserine-lactone, a
bacterial quorum sensing molecule produced in the rhizosphere. Planta 229(1):73–85

Wang Q, Xiong D, Zhao P, Yu X, Tu B, Wang G (2011) Effect of applying an arsenic-resistant and
plant growth–promoting rhizobacterium to enhance soil arsenic phytoremediation by Populus
deltoides LH05-17. J Appl Microbiol 111(5):1065–1074

Yadav AN (2021) Beneficial plant-microbe interactions for agricultural sustainability. J Appl Biol
Biotechnol 9(1):1–4

Yan X, Huang J, Xu X, Chen D, Xie X, Tao Q, He J, Jiang J (2018) Enhanced and complete
removal of phenylurea herbicides by combinational transgenic plant-microbe remediation. Appl
Environ Microbiol 84(14):e00273–e00218

Ying X, Dongmei G, Judong L, Zhenyu W (2011) Plant-microbe interactions to improve crude oil
degradation. Energy Procedia 5:844–848

Yutthammo C, Thongthammachat N, Pinphanichakarn P, Luepromchai E (2010) Diversity and
activity of PAH-degrading bacteria in the phyllosphere of ornamental plants. Microb Ecol 59(2):
357–368

102 R. Chidambaram et al.

https://doi.org/10.1016/j.envres.2021.111891

	4: Plant-Microbe Associations in Remediation of Contaminants for Environmental Sustainability
	4.1 Introduction
	4.2 Plant-Microbe Interaction
	4.2.1 Endophytic Microbiome
	4.2.2 Plant Growth-Promoting Rhizobacteria
	4.2.3 Plant-Released Signals
	4.2.4 Microbial Signals
	4.2.5 Quorum Sensing

	4.3 Remediation of Contaminants by Plant-Microbe Combination
	4.3.1 Removal of Pollutants from Aquatic Environments
	4.3.2 Removal of Pollutants from Terrestrial Environment
	4.3.3 Removal of Pollutants from Atmosphere

	4.4 Examples of Bacterial-Assisted Phytoremediation
	4.5 Microbial-Assisted Phytoextraction
	4.6 Microbial-Assisted Phytostabilisation
	4.7 Microbial-Assisted Phytovolatilisation
	4.8 Rhizoremediation
	4.9 Phytostimulation
	4.10 Microbial-Assisted Phytodegradation
	4.11 Challenges Faced During Remediation by Plant-Microbe Associations
	4.12 Conclusion
	References


