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A B S T R A C T

Soil is a vital life supporting system of the Planet Earth. However, it has been estimated that around 25%
the global soils are highly degraded and 44% are moderately degraded mainly due to the pollution of
metals and metalloids, persistent organic pollutants, pesticides, radionuclides etc. Additionally, the
pollution due to new and emerging pollutants such as antibiotics, disinfectants, flame retardants,
nanoparticles etc pose an additional threat to the homeostasis of the soil system. Therefore, sustainable
management of contaminated soils are essential for maintaining the ecosystem services. Though
chemical and physical methods are widely pursued for the remediation of contaminated soils,
phytotechnolgies (plant-based clean-up technologies) are outweighed and often preferred as a clean and
carbon-neutral solution for the remediation and sustainable management of the contaminated soils.
Apart from that, plant-based clean-up also provide phytoprodcuts such as biomass, biofuels and other
industrially important chemicals for bio-based entrepreneurial activities during remediation. However,
phytoremediation does not give desired results in soil contaminated with mixed/multiple pollutants.
Furthermore, it is unclear that how changing climate will affect the plant-microbe interactions and
pollutants behaviour in the soil system. Moreover, there is only limited information available on the
plant-microbe-pollutants nexus under changing climate. Therefore, the present work is aimed to (i)
address the difficulties in remediation of soils contaminated with multiple pollutants (ii) delineate the
plant-microbe-pollutant and climate nexus and (iii) identify the key sustainability indicators for
evaluating the remediated system.
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1. Soil remediation: the need of the hour

The past few decades have seen an upsurge in the anthropo-
genic activities leading to the unprecedented pollution of the
biosphere. Rapid industrialization, urbanization and intensive
agricultural activities have resulted in the release of large amount
of heavy metals, pesticides, radionuclides, petroleum hydro-
carbons etc. Moreover, the advancement in pharmaceutical,
biomedical, electronics and materials science etc have lead to
the pollution of the ecosystems with new and emerging pollutants
such as antibiotics, antiepileptics, analgesics, anti-inflammatories,
lipid regulators, betablockers, diuretics, contrast media, cosmetics,
psycho-stimulants, disinfectant, antidepressants, plasticisers and
phthalates, wood preservatives, paint additives, nanoparticles etc.
(Table 1.) (Abhilash and Singh, 2009; Jamil et al., 2009a,b;
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Srivastava et al., 2011; Vijgen et al., 2011; Srivastava et al., 2013;
de Oliveira et al., 2014; Bakshi et al., 2014; Dubey et al., 2014;
Tripathi el al., 2014a,b, 2015; Gavrilescu et al., 2015). Most of these
contaminants are resistant to chemical, pholytic, hydrolytic and
biological means of degradation so that they would persist in the
receiving system for a very long period of time. Since soil is a major
sink of these pollutants, the contamination of the soil system poses
a serious threat to human existence as it provides food, fibre,
fodder and other basic necessities to human beings. Moreover, it
also support biodiversity and regulate all biogeochemical cycling in
nature. Unfortunately, around 25% of the global soils are highly
degraded and 44% are moderately degraded (FAO, 2011) and the
growing body of evidences suggest that the number is steadily
increasing. So there is an urgent need to clean-up the contaminat-
ed soils for maintaining their homeostasis. For example, European
Environmental Agency (EEA) has estimated that there are 3 million
contaminated sites in Europe, out of which, around 250,000 sites
are highly contaminated and need immediate remediation (EEA,
2007; Gillespie and Philp, 2013). Moreover, by 2050, the number of
contaminated sites needing remediation may increased by >50%
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Table 1
List of common and emerging pollutants.

Type of pollutants Examples

Metals and metalloids As, Ni, Cd, Hg, Pb, Mn, Cr, Mg etc.
Persistent organic
pollutants

Aldrin, chlordane, dieldrin, dioxins, endrin, endosulfans, heptachlor, mirex, toxaphane, chlordecone, HCB, a-, b-, g- HCH, PCB, DDT, PCDF,
PBDE, HBCD etc.

Petroleum hydrocarbons Hexane, benzene, toluene, xylenes, naphthalene etc.
Organophosphorus
pesticides

Chlorpyrifos, dichlorvos, dimethoate, malathion, parathion, parathion-methyl, phenthoate, phorate etc.

Carbamate insecticides Aldicarb, aminocarb, carbaryl, carbofuran, carbosulfan, fenoxycarb, methiocarb, methomyl etc.
Herbicides 2,4-D-, atrazine, simazine, glyphosate etc.
Radionuclides Uranium, thorium, plutonium, strontium, caesium etc.
New and emerging
pollutants

Antibiotics, antiepileptics, analgesics, anti-inflammatories, lipid regulators, betablockers, diuretics, contrast media, cosmetics, psycho-
stimulants, disinfectant, antidepressants, plasticisers and phthalates, wood preservatives, paint additives etc.

Nanoparticles Carbon nanotubes, TiO2, SiO2, fullerenes, metal-phosphates, aluminosilicates, silver nanoparticles, ZnO nanoparticles etc.
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(EEA, 2007). Although the remediation efforts are progressing, only
80 000 have been successfully cleaned up in Europe during the last
30 years (Gillespie and Philp, 2013). Similarly, more than 66, 0000
sites are already demarked by the United States Environmental
Protection Agency (US EPA, 2013) for multipurpose phytoreme-
diation. However, there is no official documentation of the number
of contaminated sites in developing countries. Although developed
countries have suitable technological frameworks for the onsite
clean-up of contaminated sites, no such efforts are available in
developing countries and even they do not have such policies or
any methodical frame works for the onsite remediation of
contaminated sites (Doberl et al., 2013; Tripathi et al., 2014a,b).
Therefore there is an urgent need to design suitable policy frame
works based on green and clean technologies for the immediate
remediation and management of contaminated soils in developing
nations.

In this context, plant-based clean-up technologies (phytotech-
nologies) are gaining popularity as a clean and sustainable
technology for the remediation of contaminated soils (Peuke
and Rennenberg, 2005). Apart from the removal of pollutants from
soils, phytoremediation also provides additional benefit such as
soil quality improvement, soil carbon sequestration and phyto-
biomass for fiber, biomass and biofuel production (Abhilash et al.,
2012). However, the successes of plant-based technologies are
limited by many factors. For instance, phytoremediation often does
not show the desired results when the polluted sites are co-
contaminated with multiple pollutants. Similarly, phytoremedia-
tion is also governed by pollutant behaviour, microbial inter-
actions, edpahic and climatic conditions. However, recent studies
proved that changing climate will affect the plant-microbe
Fig. 1. Plant-microbe-pollutant nexus play a key role
interactions in the soil system. Furthermore, the warming climate
may also alter the mobility, leaching, global transport, bioavail-
ability, volatilization, fate and behaviour of the chemical pollutants
present in the soil system (Lamon et al., 2009; Miraglia et al.,2009;
Tripathi et al., 2015). Most importantly, there is a paucity of
information regarding the indicators for assessing the sustainabil-
ity of a remediated soil sites. Therefore, the present work is aimed
to address three important challenges in plant-based clean-up
technologies such as (i) the difficulties in remediation of soils
contaminated with multiple pollutants (ii) the plant-microbe-
pollutant and climate nexus and (iii) identifying key sustainability
indicators for the remediation of contaminated soil system

2. Phytoremediation of soils contaminated with multiple
pollutants

Several microbial and plant species are being tested for the
remediation of the soil pollutants (Macek et al., 2000; Chiang et al.,
2006; Glick 2010; Abhilash et al., 2009; Abhilash et al., 2013a,b;
Kcil et al., 2015). However, the success of any phytoremediation
technology depends upon the three important factors such as (i)
inherent nature of the plant species (ii) microflora present in the
soil and (iii) physico-chemical properties of the pollutant itself
(Fig. 1.) Globally, most of the soils are either contaminated with
organic or inorganic pollutants or a mixture of both (Wang et al.,
2010). According to USEPA, more than 67% of the polluted sites are
co-contaminated with heavy metals and organic pollutants
(USEPA, 2004). As a result, the remediation of the soils
contaminated with mixed pollutants is a difficult task as the
organic and inorganic compounds differ in their properties and
 in the phytoremediation of contaminated soils.
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behaviours in the soil system (Wang et al., 2010; Cang et al., 2013;
Lesley and Colette, 2013). This is a serious issue of global concern as
many of the sites are co-contaminated with wide nature of
pollutants (Lesley and Colette, 2013). Heavy metals, petroleum
hydrocarbons, pesticides, organic solvents, wood preservatives,
flame retardants, nanoparticles etc are the key component of the
multiple pollutants contaminating the soil system. Hence the
clean-up of the soils co-contaminated with multiple pollutants is a
difficult task as the uptake, accumulation, phytodegradation,
translocation and cellular sequestration processes differ for each
group of pollutants (Sandrin and Maier, 2003; Abhilash et al.,
2012). Moreover, the physicochemical properties of the heavy
metals and organic pollutants contrast in nature. For instance,
heavy metals are mostly either water or acid soluble thus they
easily migrate through the soil and integrate with Fe–Mn and soil
organic matter. However, the organic pollutants integrate with the
soil organic matter due to their higher hydrophobicity (Cang et al.,
2013). Although various microorganisms are capable for the
complete mineralization of various organic pollutants, the co-
contamination with heavy metals often suppresses the microbial
activity and their subsequent degradation in soil (Lu and Zhang,
2014) due to the synergistic toxicity of heavy metals and organic
pollutants (Dong et al., 2013). On the other side, heavy metals are
resistant to microbial degradation process (Bolan et al., 2014). They
are mostly remediated through the help of hyperaccumulator
plants (Peer et al., 2005). However, the toxicity of the organic
pollutants may reduce the survival and phytoremediation poten-
tial of such hyper accumulators in a heavy metal-organic pollutant
co-contaminated soil system. Therefore, it is imperative to identify
new candidate species of plants and microbes for the remediation
of soil system contaminated with mixed pollutants and develop
innovative ways for reducing the toxicity of mixed pollutants to
remediator species.

3. Plant-microbe-pollutants and climate nexus

As we discussed earlier, the success of a phytoremediation
technique mainly depends upon the plant-microbe-pollutant
interactions. However, it is commonly believed that climate
change will have direct or indirect effects on plant-microbe-
pollutant interactions which in turn affect the phyto/
Fig. 2. Plausible effects of climate change on fate
bioremediation of pollutants (Abhilash et al., 2013a,b). For
example, the elevated CO2 will enhance the plant productivity
due to the increase in photosynthetic rate (Ma et al., 2012; Abhilash
et al., 2015). As a result, it will lead to the enhanced root exudation
and microbial activity in the rhizosphere (Zheng et al., 2008;
Phillips et al., 2009; Abhilash and Dubey, 2014) mainly due to the
increased photosynthate allocation to the root system. It has been
generally perceived that an increase in root exudation might
enhance the availability of the pollutants for phytouptake and
microbial degradation due to the decrease in soil pH and an
increase in dissolved organic matter content (Kim and Kang, 2010)
in the rhizospheric system. Apart from this, the climate change can
also affect the microbial composition and structure of the soil (Wu
et al., 2009; Castro et al., 2009) due to the alteration in soil
biochemistry. Hence, the change in microbial community structure
will also affect the rhizospheric processes supporting the
phytoremediation of the pollutants (Fig. 2). Moreover, as discussed
in the section 2, it is also evidenced that climate change can alter
the fate, behaviour, mobility, leaching, global transport, bioavail-
ability and volatilization of the chemical pollutants (Lamon et al.,
2009; Mrigalia et al., 2009). Furthermore, it is speculated that the
rise in temperature will reduce the phytoremediation potential of
plants by limiting the availability of the pollutants to plants for
uptake and accumulation. However, still it is unclear that how
changing climate will affect the plant-microbe-pollutant inter-
actions and phytoremediation of mixed pollutants. Therefore,
more studies are essential to understand the plant-microbe-
pollutant nexus under changing climatic conditions.

4. The sustainability indicators for the remediated soils

Defining benchmarks for evaluating the performance of a plant-
based clean-up technology is another important challenge
regarding the onsite remediation of polluted soils. Currently most
of the remediation systems are solely targeted to the pollutant
removal from the soil with less or no attention to the sustainability
components such as soil biology, biodiversity and biochemistry
(Tripathi el al., 2014a,b). Moreover, no emphasis is given to the
carbon emission and socioeconomic component of the revitalized/
restored system. Therefore, in order to analyse the sustainability of
the remediation process, suitable indicators should be framed and
, behaviour and bioremediation of pollutants.



Fig. 3. Strategies required for the sustainable remediation of contaminated soils. (A) thorough monitoring must be conducted in contaminated sites for knowing the extent
and level of pollution (B) selection of suitable plant species from the field and the validation of their phytoremediation potential under controlled and field conditions (C)
isolation and characterization of rhizospheric and endophytic microorganisms for enhanced bioremediation and plant growth promotion potential (D–E) continuous
monitoring of the soil quality (before and after the phytoremediation).

Table 2
Sustainability indicators for evaluating the performance of the remediated soil system.

Sustainability
component

Indicators

Clean-up potential Pollutant removal, residual concentration in soil, metabolites, end products.
Soil quality pH, EC, soil moisture, soil texture, water holding capacity, bulk density, particle density, porosity, permeability, aggregate stability, soil organic

matter, cation exchange capacity, sodium, potassium, calcium, nitrogen, phosphorous, soil enzymes.
Soil microorganisms Microbial diversity, functional diversity, microbial biomass carbon, catabolic genes.
Biodiversity Plant diversity, presence of ecological indicators/sensitive species like earthworms, honeybees, butterflies, lichens.
Groundwater quality pH, EC, nutrients, pollutant level
Carbon emission Total carbon emission, total carbon in standing biomass, soil carbon sequestration.
Bioeconomy Phytobiomass for timber, biofuel, bioethanol and fiber.
Social aspects Stake holder involvement, job opportunities, community participation and entrepreneurial opportunities.
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validated periodically (Fig. 3). As detailed in Table 2, the following
sustainability components must be considered such as (i) pollutant
level/residual concentration after the phytoremediation process
(ii) key variables depicting the improvement of the physico-
chemical properties of soil (iii) the enrichment of microbial
biomass and their functional diversity in soil (iv) the positive
changes in biodiversity component including the sensitive and key
indicator species after the remediation process (vi) positive
changes in the improvement of groundwater quality (vi) the
carbon emission/accounting during the each and every step of the
remediation process (vii) stocktaking of potential phytoproducts
for biobased economy and entrepreneurial activities and most
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importantly (viii) the social aspects including the social accept-
ability of the remediation process. All of these components/
indicators should be taken together for evaluating the sustainabil-
ity certification of the clean-up program. Most importantly, the
social acceptance of the remediation process should be assessed by
the level of stakeholder involvement/community participation,
whereas the economic feasibility can be judged by the cost-
effectiveness of the overall remediation process. Importantly, the
feasibility for obtaining pollutant free phytoproducts for bio-based
entrepreneurial (Gillespie and Philp, 2013) activities should also be
assessed in detail.

5. Conclusions and future perspectives

Although the remediation of soils contaminated with multiple
pollutants is difficult and will be more challenging under changing
climate, recent advances in omics technologies may provide ample
solution to alter the traits of plant and microbe for accumulation
and degradation of heavy metals and organic pollutants. Various
proteomic, metabolomic, genomic, metagenomic and transcrip-
tomic approaches could exploited for identifying the desirable
traits that could maximize the benefits of field remediation
technologies. Suitable plants could be engineered for enhancing
their biomass production and rhizosecretions and thereby
increasing the phytouptake of the pollutants and also the microbial
activity in the rhizosphere which in turn enhance the degradation
of organic pollutants and the phytouptake of heavy metals. For
example, with the advent of next generation sequencing technol-
ogies like single cell genomics, ultra-fast pyrosequencing technol-
ogies, it would be possible to screen large number of metagenomes
in a very short time span for identifying novel microbes, pathways,
operons and catabolic genes for designing customized microbes
and transgenic plants for the sustainable remediation of soils
contaminated with multiple pollutants and also for conferring
improved traits in selected plants and microbes for their easy
growth and establishment in contaminated soil.

Thus it is imperative to develop novel and customized strategies
for remediation of soils contaminated with multiple pollutants
under changing climate. Therefore, future research priorities
should be given due consideration for studying the plant-
microbe-pollutant nexus under changing climatic conditions.
Moreover, as we suggested earlier, it is very essential to study
the effect of changing climate especially the global warming on
plant-microbe-pollutant interactions and microbial-assisted phy-
toremediation of soils contaminated with mixed/multiple pollu-
tants.
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