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Introduction

Man actions have been producing enormous waste quanti-
ties that are being cast off into soil with or without proper treat-
ment. Soil a major factor for human survival as synthetic organic
compounds have been continuously adding in it, thus causing
environment pollution. Many detrimental organic compounds
which have identified by various field and laboratory tests in-
clude halogenated aliphatic and aromatic compounds (like bi-
phenyls, anilines and benzenes) and various pesticides [1,2].
Briefly the major sources of these organic compounds include
solid and waste water residues releases from several industries
like paper and pulp, plastic, textile, chemical and agricultural.
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Abstract

Xenobiont entrance in soil and food chain is a major con-
cern of present era. Enhanced legislation, environmental
management system and risk control procedures leads to
green and clean technologies. Therefore phytoremediation
is a best suitable option. The efficacy of phytoremediation
techniques depend upon selection of plant, fungal and
bacterial partner and situation of contaminated sites. Each
type has its own benefit and harms and can be selected by
phytoremediation decision tree. Subsequently, naturally
and genetically modified bacteria, endophytic bacteria and
Arbuscular Mycorrhizal (AM) fungi can be used that have
a great capacity to convert and mineralize various organic
compounds of both natural and xenobiotics origin. Briefly,
recent advances suggest the use of transgenic plants with
enhanced cleanup potential. Hence, this review presents
the status of phytoremediation technologies with special
emphasis on microbial and transgenic plants use.

Additionally these industries include enhancement products
such as, biocides (i.e. fungicides, algaecides, bactericides),
herbicide and pesticides residues, NSAIDs (Non-steroidal anti-
inflammatory drugs) and pharmaceutical products [3].

Subsequently, these pollutants can be mineralized and bro-
ken down by using plants and microorganisms. Natural rate of
biodegradation of these organic compounds is controlled by dif-
ferent physicochemical conditions such as pH, O, concentration,
temperature and salinity. It can also be affected by predation,
nutrients accessibility and substrates availability such as disso-
ciation from adsorbed material and solubility [4,5].
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Conversely, this biodegradation method is comparatively
slower in view of environmental and public health perspec-
tives. The slow biodegradability can caused by incapability of
microorganisms to effectively metabolize the organic pollutants
which have unusual properties and structures [6]. These com-
pounds are alien to existing enzyme systems and are called xe-
nobiotics. However, various microbial communities which come
into contact with these xenobiotics compounds have the ability
to adapt themselves and many microorganisms can completely
metabolize these xenobiotics thus can be isolated commercially
at a significantly high rate. But there is very little knowledge
about molecular events which help these microbial communi-
ties to adapt themselves to these chemicals [7].

Phytoremediation is the principal pollution control method
particularly for most of organic compounds. Therefore itis one of
the most significant parameter affecting the behavior and linked
toxicity in terrestrial and aquatic ecosystems [8]. Moreover, this
type of biodegradation is dependent on several factors such as
temperature, level of acclimation, types and characteristics of
microorganisms population, availability of metabolic cofactors
(like nutrients and oxygen etc.), growth medium, cellular trans-
port characteristics and chemical partitioning capabilities etc.
[9,10]. While using the microorganisms designed for the reme-
diation of these compounds, it is essential to keep inoculating
these microorganisms and applying nutrients for their survival
at adequate level for long period of time [11]. On the contrary, it
is possible that the microorganisms which show great efficiency
to biodegrade these compounds in laboratory conditions may
not be equally effective at real contamination sites [4,12]. It is
very difficult or almost impossible to control these parameters.
Hence, it is often challenging to assess the structure and toxicity
of products resulting from biodegradation.

Further, plants have numerous pollutant attenuation mecha-
nisms that are more viable as compared to the chemical and
physical treatments used in remediation of contaminated water
and land [13-15]. Plants have evolved a broad range of abili-
ties to deal with these environmental toxins due to their non-
migratory nature. They act as solar-driven filtering and pumping
systems because of their ability to take up the water soluble
contaminants by their roots and translocation of these con-
taminants by various tissues where they can be sequestered,
volatilized (phytovolatilization) or metabolized (phytodegrada-
tion), plant microbe contaminant interactions within root zone
[rhizospheres) [7,16,17].

The objectives of this review is to throw light on phytoreme-
diation potential on treating contaminated site and to provide
a brief view about its types, microorganism’s role and future
aspects. We emphasize on the need to better transfer phyto-
technologies to the business sector so we can explore ways to
improve the economic viability of these technologies. Depend-
ing on type of remediation, phytoremediation can be catego-
rized into following sub-categories (Table 1).

Rhizodegradation

Rhizodegradation is the augmentation of degradation that is
taking place naturally in soil by influencing plant roots that can
leads to the ideal detoxification of these organic contaminants.
This process is applied to a large number of organic compounds
like petroleum hydrocarbons, chlorinated solvents, pesticides,
surfactants, PAHs and polychlorinated biphenyls etc [23]. The
root exudates of plants possess few organic compounds that
supplies carbon and nitrogen in order to promote the growth

along with increased life span of those microorganisms that
degrade organic toxins. Furthermore, studies showed that the
development of the microorganisms is stimulated by the plant
roots as it is known that certain organic compounds like organic
acids, amino acids, enzyme, sugars, and complex carbohydrates
are released by the plant roots for the development of micro-
organisms [24,25]. Rhizospheric microbial populations help in
synthesizing compounds that lowers the stress level in plants,
conveying nutrients, shielding against pathogens and degrade
pollutants [26]. Consequently, the use of rhizospheric and en-
dophytic microorganisms (bacteria) are able to degrade poison-
ous organic compounds together with specific plants.

The density of microorganisms in the rhizosphere can be two
to four times greater as compared to microbial population in
the non-rhizospheric soil, promoting the Polycyclic Hydrocar-
bons (PAH) degradation in rhizospheric soils [27-29]. Following
annual plant growth, the PAH destroy 100 folds microbial colo-
nies in vegetated managements as compared to un-vegetated
groups [26]. It was reported that phenanthrene degradation is
significantly increased by the addition of root exudates and de-
bris of oat plant [30].

Microbial community in the rhizosphere is reliant on plant
age, root type, soil type, and plant species as well as other fac-
tors such as exposure history of the plant roots to xenobiotics.
In general, the rhizosphere is populated with mostly gram nega-
tive microbial community [31]. Carbon dioxide concentration in
the rhizosphere is usually more as compared to that in non-veg-
etated soil, and pH of rhizosphere soil differs by 1-2 units from
that of non vegetated soil. The oxygen concentrations moisture
level, redox and osmotic potentials are among the other param-
eters affected by vegetation. These parameters are additionally
influenced by certain characters of specific plant species. The
frequent change at the root soil interface, both physical and
chemical, produce stable alterations in the soil structure along
with microbial environment [17].

Microbial biomass increases in terms of size as an effect of
plant microbe communication as compared to those that are
found in bulk soils. The rhizosphere effect is usually expressed
as the ratio of number of organisms in rhizosphere soil to those
in non-rhizosphere soil. This ratio usually ranges from 5-20 but
it can be 100 or greater. The increased microbial growth and
activity in the region of rhizosphere might be responsible for
enhanced metabolic degradation rate of various xenobiotics
compounds. Therefore, an intriguing question is whether selec-
tion of plants with super modulating roots, propagation of root
hairs, or further hereditarily firm property of plant roots would
positively influence the microbial degradation rates of specific
toxicants in the rhizosphere [32].

Rhizofiltration

Rhizosphere has been focal point in agricultural research due
to its role in crop productivity. It is the area of maximum micro-
bial activity and plant biomass at plant roots-soil interface [33].
Particularly, this zone is under the control of plant roots, hence
can be distinguished from bulk soil [34]. Therefore, rhizofiltra-
tion is also called as phytofiltration mainly occur in the surface,
ground and waste water. In this process the contaminants are
removed through the absorption of contaminants into plant
roots or their precipitation/adsorption onto plants roots. Subse-
quently, accumulation of contaminant can occur in roots as well
as it can retain in any other part of plant body. However, there
is a need to firstly acclimate the plants to the contaminant, as
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such plants cannot be planted directly in situ but it makes this
process time consuming and a little tedious. The example of
this process includes sunflower which is grown in pools which
are radioactively contaminated. Other examples include Indian
mustard, tobacco, rye, spinach and corn that are proven to re-
move heavy metals especially Lead (Pb) [19,35].

Phytodegradation

It is also known as phytotransformation, a process in which
metabolization and degradation of the organic compounds is
done in the soil surface, ground water, sediments or sludge’s
through enzymes produced by the plants. Phytotransforma-
tion can be well described by term “green liver modal” because
these plants act analogically to human liver while it comes in
contact with the xenobiotics [36].

Phytovolatilization

In this process water soluble contaminants are taken up by
means of plants resulting in the discharge of volatile contami-
nants or the release of volatile degradation products of or vola-
tile form of initially non-volatile toxic compounds [37]. Volatile
radionuclides (e.g., *H) from soil are extracted by plant and then
it is volatized from the leaves. Tritium a radioactive isotope of
H,on decaying it produces helium. It pose serious health hazard
when absorbed in body by incorporating in to water body or
organic components [38].

Phytovolatilization system can be introduced by high-trans-
piring phreatophytes with idea to reduce water infiltration into
source soil, stabilize the top soil to avoid erosion, runoff and
downward sedimentation that hydraulically contain *H and
VOCs that migrate to ground water and continued remediation
of the residual VOCs in the plume. The performance of this sys-
tem depend on 3H concentration in air that is closely monitored
[38,39].

Phytohdraulics

Also known as hydraulic plume control is the degradation of
ground water contaminants by using deep-rooted plants which
come into contact with them. This technique has been used to
recover ground water column of methyl-tert-butyl-ether [40].

Phytostabilization

It is also known as phytoimmobilization. This method in-
volves the immobilization of water and soil born contaminants
by using of plants. The by-products of metabolism of such con-
taminants can be adhered or integrated into various plant com-
ponents e.g. lignin therefore, known as phytolignification [40].

Phytoextraction

Phytoextraction is also called phytoabsorption, phytose-
questration and phytoaccumulation, a method in which the
contaminants are taken up by plant roots resulting in their ac-
cumulation in above ground plant parts, therefore can be har-
vested and ultimately disposal of plant biomass can reduce the
environmental pollution. Phytoextraction is also known as bio-
mining or phytomining.

Phytomining is used to gain plant’s extracted hyper accumu-
lated metals from the soils, whether contaminated or naturally
containing high levels of these metals. This method is very use-

ful especially for the removal of metals from metal contaminat-
ing soils and sometimes metal reuse is possible with the help of
incorporation of plant incinerations [41]. These processes can
directly extract organic as well as metallic constituents from
the soils as plant uptake these contaminants and translocation
to the central plant biomass. Some hyper accumulating plants
that can be used for metal extraction include Brassica juncea,
Thlaspi goesingense, Berkeya coddii, Thlaspi caerulescens [36].
This type of metal extraction is environmental friendly but is
comparatively slower than anthropogenic method of soil clean-
up (Table 2).

Phytoextraction limits

Phytoextraction best works under specific conditions i.e. un-
derground plant length should be about 3feet and ground wa-
ter is within 10 feet of surface [19,44,45]. The soil best treated
with this method has low to moderate soil contaminant, and
the sites with small contamination level and huge volumes of
ground water [46,19]. Subsequently, Zn and Cd soil acidification
effect by Phytoextraction was studies and proposed the use of
(NH,),SO, and Phosphorus fertilizers as a soil stabilizer to pro-
vide nutrient (N, P and S) for higher yield and greater metal bio-
availability. Conversely increased soil acidification has negative
effects. For instance, the increased solubility of metals increas-
es leaching rate in ground water thus increase environmental
risk. Therefore, liming of soil to neutralize soil pH is commonly
used [47]. On the other hand, premature liming can increase
soil capacity for metal binding thus restricting potential for
Phytoextraction. Natural chelators of plants or microbial origin
seem more promising than synthetic chemical chelators [19,48]
because later have additional toxicity, thus they may increase
the uptake of metals but decrease plant growth thus proving to
be of limited benefit [19].

Aquatic plants used in bioremediation

Aquatic plants are chosen to absorb particular nutrient and
to remove pathogens, metals and other contaminants from
wastewater. Briefly, inorganic pollutants are mainly removed
by rhizofiltration, phytostabilization and phytoextraction while
organic pollutants are removed by phytodegradation, phytovol-
atilization and rhizodegradation. For instance, water Lily has a
wide ranging root system with fast growth rates, but is sensitive
to freezing temperature; it is an ideal plant for water treatment
in warm climates. Duckweed (Lemnoideae) and Penny wort (Hy-
drocotyl spp) has greater cold tolerance and has good absorp-
tion and up taking of nutrient capacity respectively [49]. Water
hyacinth uptake of heavy metal e.g., Lead, Copper, cadmium,
Mercury from contaminated water [50]. The commonly used
aquatic plants in bioremediation for water bodies are as follow
(Table 3).

Latest trends in phytoremediation

The use of various endophytic bacteria such as Pseudomo-
nas, Azospirillum, Burkholderia and Bacillus is a recent approach
to ameliorate detoxification and phytoremediation of contami-
nants [54]. This review entails the wide range of toxic synthetic
organic compounds that are recognized as environmental soil
contaminants along with the possible uses of plant associated
endophytic and rhizospheric bacteria that are involved in the
above mentioned organic compounds.
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Bacterial degradation

Role of endophytic bacteria in phytoremediation: An en-
dophytic bacterium is a microorganism that inhabits the inner
plant tissues, having no negative or infectious sign externally on
their host [55-57]. Additionally approximately 300000 plant spe-
cies that exist today serves as a host to one or more endophytes
[57,58]. Therefore, moderately hydrophobic pollutants such as
benzene, toluene, ethyl benzene and Xylene (BTEX) compounds,
chlorinated solvents, nitrotoluene ammunition wastes and ex-
cess nutrients [59,60] are recently treated with endophytic bac-
teria. Phytoremediation of organic xenobiotics involves pulling
pollutant by plants into their rhizosphere through the transpira-
tion stream [59,61]; afterward microorganisms facilitated deg-
radation in the rhizosphere or in both [59]. A large number of
endophytic bacteria found in plants are reported to be involved
in degrading the pollutants of environment. Endophytes from
BTEX-contaminated sites found on hybrid poplar trees were iso-
lated, where they showed degradation of toluene and naphtha-
lene along with chlorinated organic herbicide [62-64].

The current review puts light on various benefits of using
endophytic bacteria involved in phytoremediation of the con-
taminated soil while comparing with plants without endophytic
bacteria [65]. The likely advantages are, (1) the quantitative ex-
pression of bacterial pollutant catabolic genes could be useful
in assessing the efficacy of remediation process, (2) manipula-
tion of bacterial catabolic pathway by genetic engineering is
way easy as compared to that of a plant, (3) in plant degrada-
tion of toxic pollutants by endophytic bacteria thereby dropping
the toxic effects on flora and fauna of soil. On the other hand,
there are few disadvantages of using bacteria in bioremediation
process which includes (1) limitation to shallow contaminants
of soil, (2) slower as compared to traditional technologies, (3)
seasonally effective when it comes to the choice of a plant, (4)
the process is linked with the phytotoxic effects of the contami-
nants, and (5) there is a possibility that environmental contami-
nants or their metabolites may enter the food chain when they
are not fully detoxified also if the same plants are eaten up by
the local fauna [65]. In spite of these disadvantages, it is likely
that the bacteria make considerable contribution to the process
of bioremediation. One of the recent review claim the chief ad-
vantage of endophytic bacteria over rhizospheric bacteria is
that the population of rhizospheric bacteria is hard to control
and also different strains need to compete which usually results
in reduction of desired specie, whereas endophytes naturally
populate in the internal plant tissues without encountering the
dilemma of competition.

Increased degradation of toxic compounds by bacteria

Manipulation of bacterial strains by means of biotechnology
may lead to the production of certain enzymes that are able to
degrade the toxic organic compounds. Rhizospheric as well as
endophytic bacteria could be engineered through natural gene
transfer or by using recombinant DNA technology to get specific
enzymes that efficiently degrades the environmental pollutants.
This manipulation of bacteria is thought to be most promising
technology for the remediation of contaminated sites.

Host plants that are native to geographical region may act as
a source for the isolation of endophytic bacteria. These bacteria
can then be genetically engineered, containing specific genes to
further improve the degradation by targeting specific contami-
nants. A genetically engineered endophytic strain (Pseudomo-
nas putidaVM1441, i.e., Pseudomonas putidaVM1441 (pNAH7)

isolated from poplar trees was reported to protect the inocu-
lated pea plants from the lethal effects of naphthalene [62].
The same inoculated plants showed up to 40% higher naphtha-
lene degradation when compared to the uninoculated plants in
contaminated soil. It is reported that a genetically engineered
endophytic strain of the soil bacterium Burkholderia cepacia
G4 increases the inoculated yellow lupine plant tolerance to
toluene, and decreases phytovolatilization of toluene from the
plant into the atmosphere by 50-70% in laboratory scale experi-
ments [59] (Table 4).

Fungal degradation

Role of mycorrhizal fungi in phytoremediation: Conversely,
microorganisms forms a symbiotic association with Mycorrhizal
fungiandarealsoinvolvedin phytoremediationasafundamental
soil re-establishment programs [90]. In this respect several
studies have shown that ectomycorrhizal and ericoid mycorrhizal
fungi plays a significant part in the phytoremediation of metal-
polluted sites [91].

Arbuscularmycorrhizal Fungus (AMF)

The most prominent symbiotic fungus for potential use in
phytoremediation is the Arbuscular Mycorrhizal Fungus (AMF)
due to its ubiquity in soil environments and it enhances plant
tolerance against higher metal concentration in soil [92]. Al-
though a number of reviews have described the contributions
of the AMF in metal-contaminated soil [93], there has been no
comprehensive review linking in detail the AMF metal tolerance
means to its environmental significance.

Arbuscularmycorrhizal Fungi (AMF) are ever-present in soil
micro flora, thus comprising a significant useful constituent of
the rhizosphere. They form symbiotic associations with roots
of 80-90% land plants in agricultural, natural, and forest eco-
systems [94]. Associations like these are also frequently found
in aquatic plants under oligotrophic circumstances [95]. AMF
symbiosis is 4460 million years old where it is considered as the
most extensive type of mycorrhizal relation with plants having
true roots, i.e. gymnosperms, pteridophytes and angiosperms
[96]. Around 160 fungal taxa of Glomeromycota have been de-
scribed on the basis of their spore morphology and root infec-
tion patterns.

The amount of AMF fungal taxa is possibly higher accord-
ing to current molecular analyses [97]. AMF may also take part
in guarding the roots from heavy metal toxicity by mediating
exchanges among metals and plant roots [98]. The peripheral
fungal hyphae make use of the larger volumes of nutrients that
can’t be taken up by the plant roots alone. As a result, AMF is
considered as very crucial for the re-vegetation of metal con-
taminated soils. The effect of chitosan and AM fungus on the
accretion of copper, zinc and lead was studied in a soil that is
contaminated with copper smelt factory fly ash and it was re-
ported that mycorrhizal fungi showed increased uptake of the
metals devoid of any heavy metal toxicity when compared with
controls [99,98]. In E. splendens AMF or chitosan are not in-
volved in increasing the metal concentrations up to consider-
able level when taken alone [99]. Therefore, AM fungi have the
ability to differentiate their hot host with the help of specific
signals that are released by the roots of host plants. In case of
host root deficit, the fungi don’t make the mycelia and so com-
plete their life cycle. The root exudates of host plant of AMF are
well established to stimulate the spore germination along with
the early hyphal growth of AMF. Contrast to this, the root exu-
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dates from the non-mycorrhizal host plants like spinach, lupine,
sugar beet and mustard are known to decrease the asymbiotic
and symbiotic hyphal growths of AMF from spore and root colo-
nization level [100].

Furthermore, decreased root colonization by the AM fungi
is considered as a consequence of inhibitory compounds pres-
ent in the crucifers root exudates that play important part in
the manifestation of non-host status of certain plants. It was
currently reported that C-glycosyl flavonoids was found in the
roots of non-mycorrhizal melon which improves root coloniza-
tion, suggesting that root colonizing-stimulating compounds in
the root exudates play significant role in mycorrhization. Piche
and its associates recently reported that the root exudates of
nonmycorrhizal cucumber plant stimulates the root coloniza-
tion, but the root exudates from the nonmycorrhizal as well as
the mycorrhizal sides of split root system don’t illustrate the
same motivating effect and appeared inhibitory to some extent
[101,102]. These studies suggest that the root exudates found
in the mycorrhizal plants are likely to be partially involved in
the complete resistance to soil-borne pathogens of fungus. The
obligatory biotrophic AMF loses its viability and ability of infec-
tion in the absence of their host. Multiple cellular activities take
part for the survival of AMF alone that is growing without the
host plant [101]. The outside influence and actions of individ-
ual AMF spores germinating without appropriate host, effects
their survival because of vigorous cellular activities that are oc-
curring in the cytoskeleton of AM fungal hyphae, experiencing
the extensive growth arrest and source reallocation. Unlimited
presence of AM fungal spores found in soil in the absence of
host plants encourage the subsequent increase in the amount
of blank AM fungal hyphae, signifying the occurrence of senes-
cence phase in AMF mycelia. However, the dormant AM fungal
spores remain viable and are able to rehabilitating the growth
in reaction to host plant roots [102].

AMF in heavy metal contaminated soil

Glomeromycota AMF is a common element of the major-
ity of ecosystems. They work together with 80% of plant roots
and are consider as useful extensions that significantly increase
the soil volume for the uptake of nutrients [103]. To make use
of AM symbiosis in phytoremediation, it should be considered
that how fungus and its symbiotic organization are effected by
soil contamination. Spores and pre-symbiotic hyphae are gen-
erally sensitive to HM (heavy metal) in the lack of plants. EC50
values (effective concentration reducing hyphal growth to 50%)
vary with damage, however on the whole negative effects at
high HM concentrations are pragmatic [104]. Spores of HM
from contaminated as well as uncontaminated soils were taken
and their germination along with hyphal growth was checked
in vitro accompanied with Pb, Zn and Cd. The hyphal growth
and germination were repressed by the HM in all cultures. Con-
versely, spores taken from the contaminated soils were more
tolerant to higher concentrations of heavy metals as compared
to the spores taken from the pure soil. This natural resistance
is possibly because of phenotypic plasticity and not due to ge-
netic changes occurring in spores, since tolerance is lost subse-
quent to one generation in the shortage of heavy metals [104].
Increased tolerance of fungi to certain heavy metals like Pb, Zn,
Cu or Cd has been experiential frequently [105].

Moreover, several studies examine the spore count as well
as colonization effectiveness of sludge treated sites revealed
that the spores that can tolerate high heavy metal concentra-
tion eagerly colonize host roots in spite of the low spore counts

[106]. Even though, it is still need to be studied that either the
spore count reduces because of spore forming efficiency or as
a result of spore fatality in soil. Estimation of Cd, Pb and Zn ef-
fect on symbiotic, presymbiotic as well as fungal life stages of
Glomus species revealed that the Glomus intraradices is more
tolerant to heavy metals as compared to Glomus etunicatum
[107] Therefore, it is suggested that tolerance differs among
species depending on their genotype. The rhizospheric region
of plant is a vibrant ecosystem of diverse species, comprised
of fauna, flora and microorganisms which act collectively in
a multiplicity of intricate reactions [108]. These connections
are chiefly administered by varied range of phenolics that are
originated from the plant roots in concert with host of further
chemicals [109]. The functions that are performed by phenolics
in the rhizospheric region of plants are called as ‘rhizosphere ef-
fect’ [110,111]. The root exudates of plants usually contain ions,
water, free O,, mucilage, enzymes, numerous carbon contain-
ing primary as well as secondary metabolites and importantly,
the plant phenolics. Free phenolics differ from specie to specie
including time, space and locality. Their concentration in soil
ranges from 0.1-0.6% within dicotyledonous plants, whereas
2.1-4.4% in case of monocotyledonous plants [112].

Phenolics carry out redox reactions in the soil and specifi-
cally influence the escalation of soil microorganisms which are
found in rhizosphere. This influences the enzymatic activity,
balance of hormones, phyto-nutrients accessibility and compe-
tition among adjoining plants [113-115]. As a consequence of
active and continually varying interactions, the array and chem-
istry of soil is distorted considerably depending on the amount
and individuality of phenolics released by various plant species.
The specific activities of microorganism species in diverse root
locations is determinedly modified and shaped. Furthermore,
while phenolics pave through the rhizosphere, they get vault by
the organic matter present in the soil and are metabolized by
bacterial species present in soil [116].

Microorganisms break down phenolics into such elements
that help in the mineralization of nitrogen and progression of
humus present in soil [117]. The phenolics are involved in metal
chelation that improves the soil porosity, thereby providing the
active absorption sites as well as enhancing the mobility and
bioavailability of certain elements like calcium, magnesium, po-
tassium etc for plant roots [118]. A number of phenolic metabo-
lites like trans-cinnamic acid, salicylic acid, coumarin, benzoic
acid, para hydroxybenzoic acid and syringic acid, are phytotoxic.
Such as, the accumulation of phenolics in soil can hold back the
seed germination and growth [119]. This outcome is likely to be
caused by intrusion of cell division as well as normal functioning
of cell enzymes. Phenolics are involved in the inhibition of phos-
phatase and prolylaminopeptidase implicated in germination of
seed [120]. In addition, phenolics have been shown to affect the
course mineral uptake by plants [121]. Majority of phenolic root
exudates are endowed with chemotactic signals for numerous
soil microorganisms which recognize them and shift towards the
plant roots in carbon rich rhizospheric region [122]. Depending
upon the kind of root-derived chemicals, positive as well as neg-
ative pathways began involving the roots, roots and insects, and
roots and microbes are present. A variety of organisms are kept
away or fascinated to same chemical signal, thereby diverse re-
sponses are extracted from special receivers.

Isoflavones from soybean roots, Bradyrhizobium japonicum
as well as the pathogenic Phytopthora accurately exemplify
chemo-attractant supply for symbiosis [123].The amount and
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activity of microorganisms in root region is greatly increased by
root-microbe interactions, leading to the colonization of roots
[124]. Normally, the root elongation region present behind the
tip is involved in the growth of most important root colonizers
which utilize the readily degradable sugars in addition to or-
ganic acids.

Conversely, fungi and bacteria usually colonize in the older
root regions which contain sloughed cells with lignified cellu-
lose, hemicelluloses and carbon deposit. Grown up community
of fungus usually colonize the nutrient rich environments pro-
vided by the lately rising lateral roots as well as secondary non-
growing root tips. Colonization of vesicular AMF in response to
isoflavonoids as of soybean roots lead to increased phosphorus
accomplishment for plant nutrition, greater water associations,
which consequently show increased plant growth [125,126].
Throughout the shortage of phosphate, plant roots also derive
strigolactones. The apocarotenoid molecules are recognized
as host-derived signaling compounds at pre-symbiotic stage
[127,128]. In contrast to various flavonoids which encourage
just the hyphal branching in limited figure of host plants, the
strigolactones correspond to primary signaling factors for hy-
phal branching and growth of AMF [129].

Additional optimistic possessions of root colonizers involve
the symbiotic relations with epiphytes as well as mycorrhizal
fungi, nitrogen fixation by varied classes of Proteobacteria
[130], improved biotic and abiotic stress forbearance due to the
presence of endophytic microbes [131], along with several ad-
vantages by diverse rhizobacteria [132].

Tables

Table 1: Brief Outline of Phytoremediation.

Transgenic plants and phytoremediation

In terms of transgenic plants well established research is
present, for instance the over expression of the bacterial mer-
curic reductase in yellow poplar (Liriodendron tulipifra L.) and
eastern cottonwood (Populus deltoids) [133,134]. Subsequently
three modified merA, merA9 and merA18 constructs were used
in these plants and it was found 10 folds higher efficiency for
mercury volatilization, Hg (ll) and proembryogenic masses as
compared to wild type plants [43]. Conclusively the use of these
plant will enhance results (Table 5).

Conclusion

Anthropogenic activities can boost pollution load in environ-
ment, to tackle such situation Phytoremediation is a promising
sustainable, viable and inexpensive choice. Subsequently, the
accumulation of various pollutants and their other substitute
products can result in the formation of a xenobiont. Briefly,
these xenobiont can be treated with natural remediation pro-
cess such as microbial remediation and phytoremediation, with
their subtypes as discussed in the present review. Each tech-
nique has its own specific way to degrade the xenobiont with
some negative effects on the environment because of fragmen-
tation and bioaccumulation. Even though Phytoremediation
is slow process with some limitations, but generally it covers
wide array of recalcitrant degradation and it considered as an
improved choice due to nature of its degradation. Furthermore,
new horizons should be discovered like transgenic plants and
modified genome bacteria and fungi can give better efficiency.
Hence, the main factor driving the implementation of phytore-
mediation are low costs with significant improvements in site
and the potential for ecosystem restoration.

Sr. Phytoremediation . Contaminant A . .
Medium Process Goal Contaminants (Chemical Categories)
# Types (General Category)
Soil, Sediments,
. . . . microbial enzymatic degradation Biodegradable organics (BTEX, TPH,
1 Rhizodegradation Sludge, Ground Organic/Inorganic X X K .
of contaminants in rhizosphere PAHs, PCBS, Pesticides)
Water
Wastewater . . Metals (Pb, Cd, Cu, Ni,
o . . . Absorption/adsorption and pre- . . .
2 Rhizofiltration from Wetlands, Organic/Inorganic o Zn), Radionuclides, hydrophobic
cipitation on plant root )
ground water organics.
. X Herbicides, chlorinated aliphatics
Soil, Sediments, L . .
. Remediation by degradation (e.g. TEC) ammonium
Phytotransformation/ Sludge, Ground . .
3 . Organics by root exudates and cellular wastes, aromatics
Phytodegradation Water, Surface R X
Wat enzymes (BTEX),nutrients (nitrates, phos-
ater
phates)
Atmosphere, Remediation by extraction from
. Soil, Sediments, . . media and release in to atmo- .
4 Phytovolatilization Organic/Inorganic L Metals(Se, As, Hg), VOCs (i.e. MTBE)
Sludge, Ground sphere (volatilization) through
Water stomata
Water soluble Maximum contaminant degrada-
. Ground water, X . . :
5 Phytohydraulics organic and Inor- tion or containment by deep Metals (Pb, Cd, Cu, Ni, Zn),
surface water .
ganics rooted plants
Soil . L Metals (Pb, Cd, Zn, As,
e . ) Containment/ complexation in . )
6 Phytostabilization Sediments, Inorganic R . Cu, Cr, Se, U), Hydrophobic organics
soil matrix by root exudates .
Sludge, that are not biodegradable
. Soil, Sediments, . . X )
7 Phytoextraction Sludge Inorganic hyper accumulation and Extration Metals (Pb, Cd, Cu, Ni, Zn),
udge,

Source: [18-22]
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Table 2: Different Hyperaccumulator plants with respective metals contaminants.

Hyperaccumulator

Contaminants mainly Metals

Common names

Astragalus racemosus

Se, atrazine, nitrates,

Cotton wood

Berkheya coddi Ni Poplar
Brassica juncea Pb, Cr (VI), Cd, Cu, Ni, Zn, Sr, B, and Se Indian mustard
Gysophila spaerocephala B Alfalfa, juniper
Haumaniastrum robertii Co, U Sunflower
Ipomoea alpina Cu Mulberry
Iberis intermedia Ti, Grasses
Pteris vittata As Duck weed
Thlaspi caerulescens ,Ni, Zn, Cd Alpine pennycress

Source: [18,19,36,42,43]

Table 3: Various aquatic plants used in phytoremediation.

Aquatic plants

Common names

Metals

Eichhornia crassipes

Water hyacinth

Platinum(Pt), Palladium (Pd), Ruthenium (Ru)

Lemna minor Duckweed Pb, Cd, Cu
Azolla pinnata Water velvet Cu, Cd, Ni
Penny wort Hydrocotyl spp As, Hg
Wedelia trilobata Hitchc Water zinnia Cd, Ni
Polygonum hydropiperoides Michx. Smartweed Cu, Pb
Pistia stratiotes L. Water lettuce Hg, As and Se
Hippuris vulgaris L. Mare's tail B

Source: [50-53]

Table 4: Endophytic bacteria and plant associations in various metal/compound phytoremediation studies.

Bacteria Compound/metal Plant associations References
Pseudomonas aeruginosa strain R75
. . Petroleum hydrocarbons, X .
and Pseudomonas savastanoi strain . . L Elymus dauricus (Wild rye) [57,66]
Mono- and dichlorinated benzoic acids
B35
Populus (Poplar), Salix

P. putida VM1450 . P (Poplar) . .

i . 2,4-D Methane, TNT, RDX, HMX (willow), Populus deltoidesnigra [63,57)
Methylobacterium populi BJOO1 .
DN34 (Poplar tissues)
Populus cv. Hazendans and [62,65,67,57]
Pseudomonas sp MTBE, BTEX, TCE
cv. Hoogvorst
) Toluene, Mono- and di -chlorinated [57,68,67]
B. cepacia Bu61(pTOMBu61) PCBs Populus (Poplar)
Herbaspirillum sp. K1 TCP, TCB Triticum (Wheat) [69,57]
Burkholderia cepacia G4 VOCS (Volatile organic compounds) and toluene Lupinus luteus L. Yellow lupine. [59,57]
Aromatic compounds, including homocyclic
compounds, such as .
Arthrobacter spp. Various [67,70]
hydroxybenzoates, as well as Nheterocycles,
including pyridine and picoline
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Brassica napus (Canola), Lycoper-
Kluyvera ascorbata SUD165 and . . X
Nickel ,lead, zinc sicon esculentum(tomato), [71]
SUD165/26 Lo .
Brassica juncea (Indian mustard)
Microbacterium arabinogalac- .
. Nickel Alyssum murale [72]
tanolyticum
Thlaspi goesingense, Thlaspi
Rhizosphere and endophytic bacteria Nickel , Zinc Pl g g P [73,74]
caerulescens (Alpine pennycress)
Psuedomonas aspleni Copper Canola [75]
Variovorax paradoxus, . . . .
. Cadmium ,Pesticides and herbicides Indian mustard [67,76,70]
Rhodoccus sp., Flavobacterium sp
P. Putida knp9 Cadmium, lead Vigna radiata (Mung bean) [77]
Enterobacter cloacae Arsenic CAL2 Canola | [78]
Brevibacillus sp. Lead Trifolium pratense (Red clover) [79]
Rhizosphere bacteria Zinc, nickel cadmium, Graminaceae (grasses)
Pseudomonas sp. A4,
. P Chromium Indian mustard [80]
Bacillus sp. 32
. . Helianthus annuus
Pseudomonas fluorescens Arsenic, Nickel [81,82]
(Sunflower), Canola
P. putida 06909 Cadmium Sunflower [83]
P. putida UW4, P. putida HS-2 Nickel Canola [84]
P. brassicacearum AM3, P. margin- . i .
i Cadmium Pisum sativum (Pea) [85]
alis Dp1
Sinorhizobium sp. Pb002 Lead Indian mustard [86]
Azotobacter chroococcum
HKN-5 + B. megaterium HKP-1 + B. Zinc, copper, lead, cadmium Indian mustard [87]
mucilaginosus HKK-1
B. subtilis SJ-101 Nickel Indian mustard [88]
Pseudomonas sp. RJ10, Bacillus sp. .
RI16 Cadmium Canola [89]

Table 5: Pros and cons of phytoremediation technology.

Phytoremediation
techniques

Advantages

Disadvantages

Rhizodegradation >

> In situ and source contaminant degradation
occurs.

Mineralization of the contaminant can
happen.

> Smaller installation and maintenance price

The rhizosphere can affect an increase in the initial degra-
dation rate as compared to a nonrhizosphere soil, but the
final extent or degree of degradation might be similar in
both rhizosphere and nonrhizosphere soil.

Substantial time is required for development of extensive
root zone

Additional fertilization may be required because of micro-
bial competition for nutrients

Rhizofiltration

Both terrestrial and aquatic plants can be
used.

Either in situ (floating rafts on ponds) or ex
situ (an engineered tank system) methods
are used.

A well-engineered design is required to control influent
ph, concentration, flow rate, chemical speciation and
interaction with other species for optimal metals uptake.

The terrestrial plants may have to grow in a greenhouse
and then introduced in rhizofiltration system.

Phytodegradation/
Phytotransformation

Enzymes of a plant can degrade con-
taminants take place in microorganism free
environment.

Toxic intermediate or degradation products are formed
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Contaminants could be changed to lesstoxic
compounds, released to the atmosphere
can be more effectively degraded such as
by photodegradation.

Phytovolatilization >

The contaminant or a hazardous metabolite might ac-
cumulate in vegetation and be passed on in later products
such as fruit or lumber. Low levels of metabolites

have been found in plant tissue

. > lower costs
Phytohydraulics/ hy- )
. > Deeper roots will have a greater exposed
draulic plume control .
> volume of soil.

Plants water uptake is generally affected by climatic and
seasonal conditions; thus, the rate of water uptake will
not be constant.

It is a cheap and less disruptive method.
Re-plantation boosts environmental
Phytostabilization > P .

restoration.

Removal of risky substances/biomass and

soil is not required.

Soil, vegetation, root zone, root exudates and contami-
nant must be regularly monitored to avoid leaching and
contaminant release, metal uptake and translocation to
aboveground parts.

Phytostabilization is considered to as an interim measure.

Hyperaccumulator plants can be act as a
resource. e.g.: plant biomass with higher
Phytoextraction > selenium (Se) concentrations can be used
as animal feed and transported to less
deficient areas

These plants have slower growth rate, smaller biomass
and with shallow roots system.
These Metals possibly will have a phytotoxic effect

Source: [18,135-138]
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